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Abstract: Romanesque churches are among the most significant elements of Portuguese heritage, due to their
architectural and technical-constructive quality and the stonework. The regions of Minho and Douro have
the highest concentration of examples. The use of Heritage Building Information Modelling (HBIM) tools now
facilitates their protection, conservation, and promotion. This study presents the Romanesque church of S. Jodo
de Calvos (Guimardes, Portugal), which contains a wealth of architectural, historical, and technical-scientific
information, recovered using different analysis tools applied to the study of its architecture and construction
materials. A complete set of archaeological and physicochemical data on the materials was integrated into a
Heritage Building Information Modelling model capable of managing geometric and non-geometric information.
Thisis a pilot study for future initiatives, such as the “Route of the Romanesque” (Rota do Romdnico), incorporating
the information into a municipal Heritage Building Information Modelling database for different purposes.

Keywords: building materials; stratigraphic analysis of walls; HBIM; geo-archaeology; Rota do Romdnico;
medieval ecclesiastical architecture.

Resumen: Las iglesias romdnicas constituyen uno de los elementos mas significativos del patrimonio portugués,
por su calidad arquitectdnica, técnico-constructiva, y el trabajo de canteria. Las regiones del Minho y el Duero
concentran una mayor densidad de ejemplos. El uso de herramientas de Modelizacién de Informacién de Edificios
Patrimoniales (Heritage Building Information Modelling, HBIM) favorecen hoy su proteccién, conservacion
y promocion. Se presenta el estudio de la iglesia romanica de S. Jodo de Calvos (Guimaraes, Portugal), que
contiene una gran cantidad de informacion arquitectdnica, histdrica y técnico-cientifica, recuperada mediante
diferentes herramientas de andlisis aplicadas al estudio de su arquitectura y materiales de construccion. Un
conjunto completo de datos arqueoldgicos y fisico-quimicos de los materiales fueron integrados en un modelo
HBIM capaz de gestionar informacion geométrica y no geométrica. Un estudio piloto para futuras iniciativas,
como la “Rota do Romdnico”, incorporando la informacion a una base de datos municipal Heritage Building
Information Modelling con diferentes finalidades.

Palabras clave: materiales de construccion; analisis estratigrafico de paramentos; HBIM; geo-arqueologia; Rota
do Romanico; arquitectura eclesiastica medieval.
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1. INTRODUCTION

Romanesque architecture is not the product of a single nation, but rather a widespread European
phenomenon that developed almost simultaneously across Italy, Spain, Germany, France, England, and
Portugal. Throughout its evolution, it was shaped by complex exchanges and influences, contributing
to a shared architectural culture across central-western Europe (Rudolph, 2019). Romanesque-style
buildings, predominantly religious but also including military and, to a lesser extent, civil, represent a
fundamental component of Europe’s cultural heritage.

Today, the conservation, monitoring, and valorisation of this legacy, alongside traditional methods
inherent to integrated heritage management, increasingly rely on advanced digital tools. Among
these, Heritage Building Information Modelling (HBIM) has emerged as a key methodology over the
past decade. The main reason is that it enables the creation of intelligent three-dimensional models

Arqueologia de la Arquitectura , 23, 2026, 464 https://doi.org/10.3989/arq.arqt.2026.464



https://doi.org/10.3989/arq.arqt.2026.464
https://creativecommons.org/licenses/by/4.0/

From the quarry to the monument: integrated study of Sdo Jodo de Calvos Church (Guimaraes, Portugal)

that integrate not only geometric data, but also historical, archaeological, and technical-scientific
information (Volk, Stengel, and Schultmann, 2014).

Unlike conventional Building Information Modelling (BIM), which is primarily used in contemporary
constructionandwheretheassetisbuiltaccordingtothe model, Heritage Building Information Modelling
is generated retrospectively from survey data, such as Unmanned Aerial Vehicle photogrammetry
and laser scanning, and progressively enriched with additional datasets (Nguyen and Adhikari, 2023).
Within the European context, BIM processes are regulated by the 1ISO 19650 standards, which have
contributed to defining international and community frameworks for information management
(Godager et al., 2022; Pan et al., 2024).

Both BIM and HBIM approaches rely on the integration of geometric and non-geometric datasets
(Bastem and Cekmis, 2022; Borkowski and Kubrat, 2024; Charef et al., 2019; Croce et al., 2021; Wang
and Kim, 2019).

These include: (i) historical, archaeological, and archaeometric data, which support analysis, research,
education, and heritage dissemination; and (ii) documentation of the current condition of buildings
and materials, primarily aimed at conservation professionals working in public administrations and
heritage authorities. Considering the complexity of cultural heritage and the need for a common
framework for collaboration between stakeholders, open Building Information Modelling practices
reliant on Industry Foundation Classes (IFC), a standard vendor-neutral data schema defined in ISO
16739-1, are considered essential to allow data exchange and future reuse. The integration of datasets,
such historical and archival documentation, as well as management and lifecycle data within Heritage
Building Information Modelling applications has been explored by various authors (Chelaru et al., 2024,
Fitz and Saleeb, 2019; Lovell, Davies, and Hunt, 2023; Nieto-Julian et al., 2025; Puerto et al., 2024).

Heritage Building Information Modelling can support not only digital reconstruction and data
standardisation, but also the analysis of building deterioration processes, including structural instability,
material decay and performance (Coll-Pla et al., 2019; Garagnani, Gaucci, and Gruska, 2016; Karasaka
and Ulutas, 2023; Nieto-Julidn et al., 2025).

This study adopts an HBIM approach to perform an interdisciplinary, comprehensive analysis of a
building included in the ‘Route of the Romanesque’ (Rota do Romdanico), a cultural itinerary comprising
58 monuments located in northern Portugal, along the Sousa, Tdmega, and Douro river valleys. This
route includes churches, monasteries, bridges, castles, and towers, all characterised by Romanesque
architecture. The sites are located within a geographical area defined by Porto, Guimardes, and the
Douro Valley, all recognised as UNESCO World Heritage Sites.

The inclusion of these monuments as part of the route has not always been accompanied by an
exhaustive study of the selected examples, at least not through more recent methodologies closely
connected to the materiality of the building, nor through a cross-disciplinary approach. This may lead
to misinterpretations, for instance, of their construction sequence, or to insufficient data, resulting in
oversimplifications and, at times, the transmission of incomplete information to visitors.

The underlying objective of this work is therefore to develop a management model for this type of built
heritage that is rigorous, interdisciplinary, integrated, and easy to use for professionals responsible
for promoting, maintaining, and enhancing the entire route or for managing individual buildings. At
the same time, it should be simple, so that it can be effectively implemented by professionals without
extensive technical expertise, which would otherwise require specialized training not always feasible
within small municipal administrations.

The case study focuses on the Romanesque-style Church of Sdo Jodo de Calvos (Guimardes, 13th
century AD).

The proposed integrated model combines Heritage Building Information Modelling with archaeometric
and archaeological stratigraphicanalysis. This latter processis based on the identification of stratigraphic
units (SU), defined as individual constructive or destructive actions preserved within the structure.
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Each unit reflects either human or natural processes and can be grouped into distinct phases. The
reconstruction of their spatial and temporal relationships enables a detailed interpretation of the
building’s construction history.

In addition, through Heritage Building Information Modelling, this study includes the identification
of the types of building materials, as a necessary preliminary phase for future research aimed at
determining the quarries from which the construction stones were extracted. Likewise, a series of
pathologies have been identified, resulting either from the building’s own constructional evolution or
from its abandonment until the reconstruction of the roof in the second half of the 20th century.

The case study of Sdo Jodo de Calvos highlights how the monuments included in the ‘Route of the
Romanesque’ often extend beyond a strictly Romanesque phase, revealing more complex construction
histories that require accurate documentation and interpretation.

Within this framework, the paper discusses the integration of semantic data into HBIM models, including
historical, archaeological, and restoration-related information. Attention is given to the representation
of construction materials through thematic mapping techniques. These include ultrasonic pulse
velocity (UPV) surveys and geological analyses, which are used to assess the conservation state of
the building (Casula et al., 2026; Fais et al., 2017; Hatir, Korkang, and Basar, 2019; Pucci, 2014; Stiick,
Siegesmund, and Radrich, 2011). These datasets are implemented as interactive layers within the 3D
model, allowing for advanced visualisation and analysis.

Furthermore, laboratory analyses using different diagnostic techniques have been carried out to
identify the physicochemical features of building materials. This information is essential for supporting
restoration interventions, particularly in selecting compatible materials for the replacement of
deteriorated stone elements (Colao et al., 2010; Columbu et al., 2022).

2. RESEARCH BACKGROUND

Existing approaches to integrating stratigraphic information into Heritage Building Information
Modelling models typically rely on geometric-driven segmentation, frequently handled by explicitly 3D
modelling (Brusaporci et al., 2018; Mammoli, Mariotti, and Quattrini, 2021; Santoni et al., 2021). While
this strategy enables the generation of phased models and hypothetical reconstructions of heritage
assets, it is inherently time-consuming and demands advanced expertise in both geometric modelling
(e.g., Non-Uniform Rational B-Splines NURBS-based workflows) and Building Information Modelling
authoring. More critically, it assumes that the semantic structure of the building can be adequately
represented through a predefined geometric subdivision.

Alternative strategies explored semantic enrichment at earlier stages of the workflow using machine
learning techniques to classify point clouds, associating semantic information directly with survey data
(Croce et al., 2021). However, this approach operates at the level of data preprocessing and does not
address how heterogeneous and potentially non-aligned analytical layers can be managed within a
Heritage Building Information Modelling environment.

In an earlier approach, Chiabrando, Lo Turco, and Rinaudo (2017) introduce two-dimensional surfaces
to document material decay, thereby circumventing the need for geometric subdivision, yet these seem
to remain external or auxiliary to the HBIM model. Although their approach focused only on material
damage, it is highly relevant to the current study. They use image textures as a repository of semantic
information at low Level of Detail (LoD), which constitutes a flexible approach for ongoing studies.
They also present work on two more levels of detail, subdividing walls into brick elements, although
highlighting the non-standard nature of the resulting IFC models. A similar approach for integrating
non-destructive testing results into Heritage Building Information Modelling was explored by (Solla
et al., 2020) with JPEG images attached to virtual surfaces overlayed on wall objects in Revit. Yet, the
application specific approach prevented exporting the data to IFC.
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The assumption of a predefined geometric subdivision becomes problematic when multiple analytical
layers are considered simultaneously, as in this study. Stratigraphic units, material classifications,
and degradation patterns often define spatial partitions that are non-coincident and originate from
different disciplinary perspectives. Representing these overlapping and heterogeneous interpretations
through geometric subdivision leads to a rapid increase in model complexity. Each additional layer of
analysis potentially requires further segmentation of the model, resulting in a combinatorial expansion
of elements.

An apparently straightforward solution is to adopt the smallest possible unit of subdivision, such as
the individual stone block. However, this approach does not resolve the issue. Different analytical
frameworks may still require finer or alternative partitions that do not align with the chosen geometric
discretization (e.g. weathering gradients or mineral heterogeneity). More fundamentally, there is no
stable or universal minimum unit of analysis across disciplines. As a result, the model becomes both
increasingly complex and structurally inadequate to accommodate evolving knowledge.

Moreover, this geometry-driven approach necessitates an “a priori” coordination between stakeholders
to define a shared subdivision logic before modelling begins. Such a requirement introduces a rigid
and synchronous workflow, which is at odds with the iterative and cumulative nature of heritage
documentation, where new data and interpretations emerge over time.

To address these limitations, this study proposes an alternative approach based on the decoupling of
semantic information from geometric subdivision. Instead of encoding analytical results through the
fragmentation of the 3D model, information is represented using two-dimensional masks that are mapped
onto the surface of a simplified geometric model. In this framework, the three-dimensional model acts
as a stable spatial support, while analytical layers—such as stratigraphy, material characterisation, or
degradation—are independently defined and overlaid as surface-based representations.

This approach is more closely aligned with how data is produced in heritage studies, where analyses
are typically conducted through drawings, maps, or image-based annotations. By preserving this logic,
stakeholders can contribute using their own domain-specific tools without requiring expertise in 3D
modelling. At the same time, the model remains open to incremental updates, as new analytical layers
can be incorporated without modifying the underlying geometry.

Ultimately, this shift from geometry-driven segmentation to surface-based semantic layering enables a
more flexible, scalable, and epistemologically consistent integration of heterogeneous datasets within
an HBIM environment. The contribution of this study is therefore not the introduction of semantic
information into HBIM per se, which is already established in the literature, but rather the proposal of a
lightweight IFC-compatible strategy for managing heterogeneous and non-coincident analytical layers
without requiring geometric subdivision of the architectural model.

3. THE ROMANESQUE-CHURCH OF S. JOAO DE CALVOS

The church of S. Jodo de Calvos (geographical coordinates: 41° 22’ 29.74” N, 8° 21’ 53.06” W, Fig. 1), has
been classified as a Property of Public Interest since 1955. It currently belongs to the parish of Lordelo,
a situation already documented in the mid-16th century (Pina, 1952). It originally served an old parish,
already mentioned in the 1220 inquiries of King Afonso Il, and referred to as Sancto Johanne de Calvos,
in the land of Vermuy, which disappeared during the Middle Ages.!

Additionally, there are other references to the parish in various documents from the 12th and 13th
centuries, notably in a deed of exchange dated 1172 referring to the vila Calvos; in a sales contract
dated 1246, referred to as Pactum venditionis fundi in Sancto Johanne de Calvos; and in the 1290,
1301, and 1308 inquiries of King Dinis. Concerning the structure itself, it is recorded in the inquiries
of King Afonso Il as Ecclesie Sancti Johannis de Calvis. Later, it is mentioned again in the Memorias

1 hittps://servicos.dgpc.gov.pt/pesquisapatrimonioimovel/detalhes.php?code=73726
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Paroquiais of 1758 (Cardoso), in the inquiry concerning Lordelo, in which the parish priest reports on
the chapel of Sdo Jodo de Calvos, situated in the place of the same name, noting that it was not the
destination of any pilgrimage. Very little additional information about the building is provided in either
primary or secondary sources, with only brief references to its existence and a few limited studies of
its architecture, generally defined as Romanesque in style.

The church preserves some elements of the original construction, but the nave and the apse are
from different periods. Several construction phases are visible, resulting from changes made over
time, particularly during the modern era. In several locations, negative imprints reveal the remains
of structures that have since disappeared, notably those associated with the main and side doors, or
with a high choir once located inside the church. The altarpieces installed in the 18th century were
removed and taken to a private residence in the 1950s (De Pina, 1952). Left in a state of ruin during the
20th century, with its interior completely exposed, the church was restored by the Direc¢do Geral dos
Edificios e Monumentos Nacionais in the 1970s.2

Portugal

Church position

100 km

QR code to the online 3D model

Figure 1. Geographic location and online-consultable 3D model of the church of S. Jodo de Calvos
(12th/13th century AD). Digital processing by authors.

S. Jodo de Calvos is clearly an example of late rural Romanesque architecture from the 12th/13th
centuries: modest, solid, and artistically simple. However, as we shall see, the analysis of masonries
has revealed a greater complexity than was initially thought, according to the historiographical studies
carried out to date. Small in size, it has a longitudinal plan consisting of two juxtaposed rectangular
volumes: the nave and the apse. The main facade, south-west facing, ends in a gable topped by a bell
tower also finished with a gable. The walls are made of granitoid roughly-hewn ashlars, horizontally
arranged, with a somewhat rough cut, and displaying varying colours and textures. Many of the
elements are heavily eroded, and some visible damage can also be observed.

The interior benefits from limited natural lighting, provided by seven openings: three doors and four
narrow slit windows (one on each fagade). In the mid-20th century, the interior was lime-coated (Pina,
1952), and traces of wall paintings are still visible today. On the walls, at mid-height and engraved
into the masonry with traces of red paint, several Maltese crosses inscribed within circles have been
preserved, corresponding to various stations of a Via Crucis.

2 https://atlas.cm-Guimardes.pt/pt/projeto/equipa
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Also noteworthy are the corbels on the side facades, supporting a simple cornice formed by 16 elements,
10 on the north-western and south-eastern walls of the church’s nave, simple in design, and another 6
on the walls of the apse, more elaborate and differing from one side to the other. All the corbels are in
cavetto style, but some on the apse feature small geometric decorations, such as a sphere.

4. MATERIALS AND METHODS

4.1. Identification of stratigraphic units: the stratigraphic analysis of the building’s walls

An essential part of the study conducted was the identification of the church’s construction sequence
to determine which preserved elements belong to the original phase and which represent later
transformations, including their chronology and decorative characteristics. To achieve this, we applied
one of the main methodologies of the archaeological discipline known as Archaeology of Architecture
(Azkarate, 2013; Azkarate, Caballero and Quirds, 2002; Blanco-Rotea, 2017) specifically the reading
of elevations or stratigraphic analysis of fagades (Caballero, 1995). This discipline aims to explain past
societies from a spatial perspective, through their immovable material culture, using archaeological
methods in collaboration with other fields such as architecture, geospatial technologies, art history,
and documentary history.

The reading of elevations consists of identifying the construction sequence by adapting the
archaeological excavation and recording method known as the Harris Matrix (Harris, 1989) to the
study of historical buildings. These are understood as stratified entities, in which construction and
destruction actions are seen as stratigraphic units (SU) that accumulate over time within the structure.

The method involves identifying, georeferencing on the building’s elevations, recording, and
subsequently organizing the construction and destruction actions into the building’s stratigraphic
sequence, which represents the chronological order of these actions. For example, the nave wall would
be a stratigraphic unit of the constructive element type (SU012); a window opened later would be a
stratigraphic unit of the interface type (SU065) that cuts into the wall (SU012); and the infilling of the
window opening (SU070) would be a new SU of the element type. In this sequence, wall SU012 is cut
by interface SU065, and SUQ70 fills the cut made by SU012.

Once units are identified, plotted on the plans, and described, recording their physical relationships (cuts,
joins, abuts, covers, fills) and temporal relative chronology, they are organized into a stratigraphic diagram
(Harris Matrix). Here the oldest elements are at the bottom and the most recent at the top. Thanks to
the final stages within the stratigraphic analysis of elevations—synthesis, correlation, and periodization—
stratigraphic units (SU) with the same function and chronology are grouped into Activities (A), and these in
turn into construction phases. The application of this methodology has made it possible to identify three
construction phases in Sdo Jodo de Calvos, each with their corresponding sub-phases. This information
was subsequently incorporated as images into the Heritage Building Information Modelling with the aim
of making the sequence understandable within the geometry of the monument.

4.2. Building materials analysis

To perform physical and mineralogical analyses, stone materials were sampled from the closest
outcrops exhibiting lithologies comparable to those of the monument.

Petrographic characterisation was done by thin sections observation according to the standard UNI EN
12407:2007 (Natural stone test methods — Petrographic examination). Physical characterisation was
done following the recommendations of UNI EN 1936:2001 (Natural stone test method — Determination
of real density, apparent density, total and open porosity).

On the building, the ultrasonic pulse velocity was measured by a Proceq PL200 pundit and 54 kHz
exponential transducers. For each ashlar, the ultrasonic velocity was recorded at five distinct points
(10 cm offset). The resulting data were averaged to determine the mean velocity for each block.
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By using these values, the Velocity Ratio Index (VRI, Equation [1]) was calculated:
_ 0.5 3
VRI = (fo/Vpi) [equation 1]

This index allowed for the measurement of the quality of building materials proposed by Kahraman, Ulker,
and Delibalta (2007), which is also adopted by other researchers in the application of non-destructive
integrated techniques (Casula et al., 2024; Cuccuru, Fais, and Ligas, 2014). fo represents the average
ultrasonic pulse velocity measured in every ashlar, and Vv, is the value of speed of the quarry fresh
specimens hamely 3700 m/s for the coarse-grained granitoid and 2800 m/s for fine-grained granitoid.

This index provides a quantitative means to evaluate material degradation and, consequently, to
classify the quality of building materials (QBM). According to this scale, Velocity Ratio Index values
below 0.25 indicate very poor material condition, typically associated with severe internal damage
or loss of cohesion. Values between 0.25 and 0.50 correspond to poor quality, reflecting moderate
to significant deterioration. The range of 0.50 to 0.75 is considered fair, indicating materials that are
partially degraded but still structurally serviceable. Velocity Ratio Index values between 0.75 and 0.90
classify materials as good, while values above 0.90 represent very good condition, suggesting minimal
to no alteration when compared to the reference intact stone.

4.3. Digitalisation

The surveying phase involved the comprehensive collection of data using both terrestrial and aerial
methods. In this study, terrestrial images were captured using a Nikon Z6 Il camera equipped with a
24-70 mm /2.8 lens. Despite the lens’s zoom capability, the focal length was kept constant at 24 mm
with a fixed aperture. A total of 1382 images were acquired, 1192 of which were selected for alignment
after quality filtering. Aerial data for both interiors and exteriors were collected using a DJI Mavic
2 Pro UAV, equipped with a Hasselblad L1D-20c camera featuring a 1” CMOS sensor (20 MP). This
camera provides a field of view of approximately 77° (28 mm equivalent focal length) and an adjustable
aperture range from /2.8 to f/11. In total, 2,043 aerial images were collected, with 1525 successfully
aligned.

This stage ensures the geometric and semantic accuracy of the resulting Heritage Building Information
Model. The integration of multi-scale, multi-source surveys was facilitated through precise preliminary
geo-referencing and the placement of Ground Control Points (GCPs). To ensure the seamless alignment
of datasets from different cameras and to support the transition from exterior to interior environments,
seven GCPs were strategically placed both around and inside the building. All photosets were oriented
using Agisoft Metashape Pro (v. 2.2). To optimize the quality of the point cloud, the sparse point cloud was
refined following the methodology proposed by Over et al. (2021). The following metrics were achieved:

RMS reprojection error: 0.318 (0.779 pix)
Max reprojection error: 2.2689 (7.94885 pix)

Mean key point size: 2.40364 pix

Average tie point multiplicity: 7.45847

A dense point cloud consisting of 241864735 points, with a camera visibility range of 3 to 132 after
confidence filtering, was generated from depth maps. The point clouds were scaled using site-
measured distances between GCPs. A pre-processing stage followed, including clipping, decimation,
and segmentation of the point set.

Micro-photogrammetry was performed on specific elements of the monument, including a lesion on
the entrance lintel and three wall sections (100 cm? each) affected by stone decay. These surveys were
conducted using a Nikon D3300 camera with an 18-55 mm lens and 24 MP resolution. Each reconstruction
involved 60 to 80 photos, depending on the spatial complexity of the sample. A digital caliper (0.1 mm
tolerance) was used to obtain measurements for scaling the Digital Elevation Model (DEM). Each area
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was marked with a physical mask to ensure the exact repositioning of the scanned surface in subsequent
surveys. This step is critical for replicating the photogrammetric survey for ongoing monitoring and
diagnostic analysis. All processing was carried out using Agisoft Metashape Pro (v. 2.2).

4.4. Heritage-Building Information Modelling methodologies

As a preliminary approach to the study of the chapel, a low Level of Detail HBIM model was developed
to support the integration and visualization of semantic information related to stratigraphic research
and building material analysis thematic maps. The choice of using low Level of Detail is related to the
flexibility and lightness, allowing an interdisciplinary group of stakeholders to easily interact with the
model. The focus of this study is on the stone elements which compose the walls and floor of the
chapel. Therefore, the approach described herein can be seen as a step in a documentation process
that leads to a higher Level of Detail model.

VisualARQ and Rhino were used as Building Information Modelling authoring platforms for importing
the point clouds, creating parametric object, and interactive modelling of building elements. Although
this platform supports UV coordinate generation for texture mapping it currently does not export UV
Maps to Industry Foundation Classes (IFC) format. Hence, semantic classification and UV Mapping were
conducted in Blender, using BonsaiBIM 0.8.3 (formerly BlenderBIM), which allows native authoring of
IFC, as well as scripting with the ifcopenshell library.

The proposed approach involves using geometrical proxies aligned with the parametric object
representation, as proposed by Solla et al. (2020). These duplicated geometries were exported as
independent IfcBuildingElementProxy entities geometrically coincident with the original BIM elements.
The original architectural objects (e.g., IfcWall) were preserved as the primary semantic architectural
representation, while the proxy objects acted as carriers for thematic information such as stratigraphic
interpretation, building material quality mapping, ultrasonic testing, or architectural phasing (ARQ).
This strategy avoids the need for permanent geometric subdivision of the architectural model when
multiple non-coincident analytical interpretations coexist.

Figure 2. Building model showing a proxy object metadata classified as ifcBuildingElementProxy, and the
respective custom Property Set. Digital processing by authors.
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The classification of these thematic layers as IfcBuildingElementProxy provides the flexibility to encode
non-standard information without compromising IFC model validity. Each proxy was assigned a
USERDEFINED predefined type and accompanied by a custom property set and external references
linking to the original images (Fig. 2).

The thematic mapping workflow relied on tessellated mesh representations and UV texture mapping.
Proxy geometries were triangulated prior to export and represented in IFC using IfcTriangulatedFaceSet.
UV coordinates were associated with the tessellated geometry through IfcindexedTriangleTextureMap
and IfcTextureVertexList. The thematic maps themselves were stored as external PNG image files
referenced through IfcimageTexture. Texture definitions were associated with the proxy geometry
through IfcSurfaceStyleWithTextures, linked to the corresponding IfcSurfaceStyle and assigned to
the proxy representation through IfcStyleditem relationships, allowing each thematic layer to be
independently represented while preserving the original architectural geometry.

The texturing workflow involved the following steps outlined by SirreJ in 2022:3

1. Create an ifcMaterial for each combination of thematic map and wall and assign it to the
corresponding IfcBuildingElementProxy

2. An IfcSurfaceStyle was created for each thematic layer and associated with the corresponding
IfcMaterial and proxy representation

3. Triangulation of proxy geometries using the Geometry and Materials > Force Triangulation
option

4. UV unwrapping of proxy meshes using Smart UV Project tool to generate UV coordinates for
texture projection

5. Creation of materials definition and assignment of textures to corresponding UV maps

6. Export of UV coordinates and texture references to IFC using BonsaiBIM and ifcopenshell
scripting workflows

Semantic classification is enriched by using two strategies:

1. Custom property sets (IfcPropertySet) were created to encode structured metadata including
theme type, data collection date, data collector, and associated wall ID

2. External References (lfcDocumentReference) were created to link original image files to the
relevant IfcBuildingElementProxy instances via IfcRelAssociatesDocument but can also be used
for diagnostic reports or other relevant data

5. RESULTS AND DISCUSSIONS

5.1. The construction sequence of S. Joao de Calvos

The working method was based on the in situ differentiation of stratigraphic units (SU, Annex SF1),
documented on both the exterior and interior of the church. The tasks of correlation, synthesis, and
dating made it possible to group the SU into Activities (A) and Phases (Annex SF1), and to construct the
stratigraphic sequence (Annex SF2). The SU (Figs. 3, 4, 5) and the Phases (Figs. 6, 7, 8) were represented
on a graphical documentation, produced from the photogrammetric model. This analysis enabled the
identification of three construction phases organized into several sub-phases, which are described below.

3 https://github.com/Sirrel/UV-mapping-IFC-BlenderBIM/blob/main/Uv_mapping_IFC_step_by_step.pdf
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Figure 3. View from inside the church of the various walls with relative indications of the SU.
Digital processing by authors.

5.1.1. Phase I: Middle Ages, 12th—14th centuries

This phase corresponds to the initial construction period, although the analysis reveals two distinct
moments: the apse, locally known as the capela-mor, as well as the remains of an earlier nave, of which
only some foundation vestiges are preserved (Phase la). A subsequent remodelling of the nave led to
the enlargement of the original church (Phase Ib). It is unclear whether this was due to the collapse of
the first nave or to the need to increase its size. The nave’s orientation differs from that of the apse, and
possibly, from the original nave, as can be seen in Fig. 4. The distinctions between these two phases
are evident in three key aspects: their orientation, the distinct construction techniques employed, and
the typology of the corbels.
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5.1.1.1. Phase la: Apse and remains of an earlier nave. Pre-1220, possibly late 12th to early 13th century
This sub-phase includes three Activities.

A100 (SU001, 007, 043, and 113) corresponds to the construction of the main chapel and the beginning
of the original nave. The main chapel (SU001) has a rectangular floor plan, oriented approximately
E-W, and is built in regular granitoid ashlar laid in horizontal courses; however, the two uppermost
courses are narrower than the rest. It includes a row of cavetto-type corbels, some decorated with
geometric motifs, and a cornice with a double moulding. A narrow-slit window on the north-eastern
elevation, which was partially blocked (SU047-SU115), is also included. The remains of the earlier nave
(SU043) display the same construction technique as the apse (SU001); they are only visible on the
interior and exterior north-western elevation and are separated from the wall of Phase Ib (SU012) by
a stepped cut (SU042). Also belonging to this phase are the remains of the presbytery wall (SU113),
preserved above the chancel arch built in Phase Ib, and constructed using the same technique as walls
SU001 and SUO043. This activity also includes the antefix cross (SU007), a simple cross inscribed within
a circle crowning the roof.

A101 (SU104 and SU105) corresponds to the apse floor, composed of granitoid slabs (SU104) of varying
size and shape, with a raised north-eastern section (SU105), sharing the characteristics of SU104.

Finally, A102 (SU107) corresponds to the base of the original altar, consisting of a reused ara with
a space for a lipsanoteca (reliquary), SU107), an element commonly found in medieval altars where
materials from earlier periods were reused.

e

-
L]
l
3

Figure 4. View from above of the church floor with relative indications of the SU.
Digital processing by authors.
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5.1.1.2. Phase Ib: Remodelling/enlargement of the nave and south-side portico. 13th—14th centuries

: SUo{g SUO1S
... SUO16 B

South-Wester side South-Eastern side

5U007 —§

~5U047 = 5U115

51003 5U003

North-Eastern side North-Western side

Figure 5. View from outside the church of the various walls with relative indications of the SU.
Digital processing by authors.

In this sub-phase, seven Activities have been identified.

A103 (SU012, 013, 042, and 112) corresponds to the construction of the nave. Among the identified
elements is a base course (SU013 and 112) supporting the nave wall (SU012), visible on the exterior
south-eastern elevation and, in the case of SU112, also on the interior. It is composed of granitoid
ashlars of greater height than those of wall SU012, projecting from the wall and only roughly dressed,
thus resembling a plinth. On the exterior, it can be observed that there may have been another course
below this one. The nave also has a rectangular plan and is built in granitoid ashlar masonry; however,
it features courses of irregular height, many of them slightly sinuous rather than fully horizontal, and
includes some headers and wedges. The ashlars are not regular, and some appear to have been reused.
The cavetto-type corbels in this phase are wider and rougher than those of the apse, and the cornice
has a simple square-section moulding. The cut of the original nave (SU042) on the north-western
elevation has also been included in this activity, where the courses differ in height from those of Phase
la, indicating they belong to different phases.

A104 (SU060, 061, 098, 099, and 102) corresponds to the renovation of the entrance arch to the main
chapel. During this sub-phase, the chancel arch was also remodeled by cutting into the previous wall
(SU099) and the floor (SU102) in order to construct a pointed arch (SU060) with a central keystone,
supported on cavetto-type imposts (a feature characteristic of the early Gothic) resting on piers (SU061).
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A105 (SU101) corresponds to the construction of the nave floor, composed of irregular granitoid slabs
which are, in general, roughly quadrangular in shape and arranged in courses running north—south.
In some cases, the courses narrow and consist of two granitoid pieces instead of one. Some slabs are
reused elements bearing different types of marks. As in the case of the apse, this would correspond to
the original floor. The blocking of the lower part of the slit window located above the original chancel
arch (SU098) has also been included in this activity.

A106 (SU015, 016, 017, 018, and 019) corresponds to the construction of a portico attached to the
south-eastern facade of the nave. Of this structure, two granitoid corbels used to support a beam
running parallel to the wall are preserved, along with two cuts above the corbels for the supporting
beams of the roof inserted into the wall. In addition, four beam holes beneath the eaves of the cornice
were identified for the placement of the sloping roof beams, which are of smaller section than the
former. All beam holes are quadrangular.

A107 (SUQ79) corresponds to the execution of a Via Crucis on the interior walls of the church, of
which nine Maltese crosses engraved in the ashlar masonry are preserved, inscribed within circles and
showing traces of red pigment. These are found on both the nave and apse walls.

A108 (SU021) corresponds to a cut documented in the nave, whose function remains unknown.

Finally, A109 (SU 075, 076, 083, 091) corresponds to the earliest wooden doors fitted into the north-
western and south-western openings, consisting of various cuts in the jambs (SU075, 083, and 091), as
well as the hinges of a former door in the south-eastern opening of the nave.

5.1.2. Phase lI: Early Modern Period, 15th-16th centuries

This phase corresponds to a series of transformations carried out at the beginning of the Early Modern
period, among which the construction of the bell gable and the south-west facing portico stand out. It
has no sub-phases, and nine Activities have been identified.

A200 (SU030, 031, 032, 033) corresponds to the construction of the bell gable on the south-western
facade. For this purpose, cuts were made into the cornice of the fagade (SU030), upon which two
granitoid bases (SU031) were placed, and the bell gable (SU032) was erected. It is built with granitoid
ashlar piers of square section, topped by an impost supporting a pointed arch with a central keystone.
Within this, a cast-iron bell (SU033) is located beneath a wooden support.

A201 (SU029) is interpreted as the construction of a portico on the south-western fagade. It consists of
six beam holes, three of square section and the other three irregular, distributed across the entire width
of the facade at three different heights: three aligned above the doorway, two aligned at the sides of
the lintel, and one in the same vertical line as the beam hole located to the left of the lintel. Based
on both their configuration and location, they may have had a dual function: supporting a porticoed
structure in front of the facade and providing access to the bell gable for maintenance purposes.

A202 (SU027) corresponds to the abrasion tracks left by the friction of the rope used to ring the bell,
between the cornice and the door lintel. This action caused alterations to the slit window located
above the door, as well as a crack in the lintel.

A203 (SU071, 072, 073, 074, 077, and 081) corresponds to the remodelling of the south-east door of
the nave, evidenced by a series of cuts documented in its jambs (SU071, 072, 074, 077) and on the right
side of the doorway (SU081), as well as the filling of some of these cuts (SU073).

A204 (SU084, 085, 086, 087, 088, and 089) corresponds to the remodelling of the south-west door of
the nave, indicated by a series of cuts documented in its jambs.

A205 (SU092) corresponds to the remodelling of the north-west door of the nave, represented by a cut
interpreted as the possible removal of a previous lintel.
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A206 (SU078, 120, and 121) corresponds to the construction of a high choir at the western end of the
nave, above the main entrance to the church. The surviving evidence consists of a series of beam holes
located on the north-western and south-eastern elevations for the placement of beams supporting the
floor and access and fastening elements, as well as two chases cut into the north-western, south-western,
and south-eastern walls (SU120, 121), corresponding to the insertion of the floor into the walls.

A207 (SU114) corresponds to the repair of the north-eastern wall of the main chapel, possibly related
to a modification of the roof. It is composed of two courses of granitoid ashlar masonry laid in stretcher
and header, with perfectly regular courses.

Finally, A208 (SU100) corresponds to the installation of a wooden donation box on the wall of the
chancel arch.

5.1.3. Phase lll: Contemporary Period, 20th—-21st centuries

Following an extended period of neglect, a series of interventions aimed at improving the facilities and
rehabilitation of the church began in the 20th century and continued into the early 21st century. Four
construction sub-phases have been identified.

5.1.3.1. Phase llla: Interior renovations and limewash, pre-1952
In sub-phase Illa, four Activities have been identified.

A300 (SU049, 053, 054, 055,066, 067,108, 116, 117, and 118) corresponds to the installation of a lighting
system in the main chapel, evidenced by a series of perforations and chases made to accommodate
electrical wiring, light switches, and lamps.

A301 (SU080, 095, and 119) corresponds to the installation of a lighting system in the nave, also
reflected in a series of perforations and chases made to accommodate electrical wiring in the walls
and floor, as well as switches and lamps.

A302 (SU009 and 059) corresponds to the limewashing of the church, with traces of lime preserved
both in the interior (SU059) and the exterior (SU009).

Finally, A303 (SU056) corresponds to the installation of wooden liturgical elements in the main chapel,
of which a pedestal and a cross on the south-eastern elevation (SU056) have been preserved.

5.1.3.2. Phase lllb: Cracks and structural damage due to abandonment (1950-1970)

Sub-phase llib has been associated with A304 (SU004, 005, 028, 044, 046, and 111), which corresponds
to a series of cracks and breaks resulting from the abandonment and lack of maintenance of the
building. Cracks typically occur in elements that have been affected over time by different actions, such
as the friction of the bell rope, which causes damage to the door lintel (SU028), or in vulnerable and
exposed areas such as eaves (SU005), corbels (SU004), and lintels (SU044), as well as in deteriorated
ashlars (SU046, 111). It is noteworthy that all these features have been documented on the exterior of
the building, indicating the greater exposure of the outer fagades to various forms of decay.

5.1.3.3. Phase llic: Direc¢ao Geral dos Edificios e Monumentos Nacionais’s restoration, post-1970

In this sub-phase, a series of interventions were carried out by the DireccGo Geral dos Edificios e
Monumentos Nacionais (Portugal), which define the building’s current state, although the roof has also
been modified at a later stage. Seven Activities have been identified.

A305 (SU022, 034, 038, 039, 040, 041, 051, 052, 057, 058, 090, and 098) includes a series of unspecified
recesses (SU038, 040, 041, 051, 057) and their corresponding repairs and fillings of interfaces opened
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in earlier phases (SU022, 034, 039, 052, 058, 090), typically carried out using small stone blocks and
Portland cement. This activity also includes the blocking of the window opened above the chancel arch
(SU098).

A306 (SU047, 048, 065, 070, 082, 094, and 115) corresponds to the opening or modification of a series
of windows in the nave and their closure with glass. The slit window in the apse was partially blocked
with a stone (SU047-SU115) and fitted with glass (SU048). A small window was opened above the
south-east door (SU065) and closed with glass (SU070), as were the remaining windows (SU082, 094).

A307 (SU024, 026, 036, 064, and 093) corresponds to the renovation of the wooden doors. It includes
a series of cuts made to install these new doors on the north-western elevation (SU064, 093), as well
as the placement of three rectangular wooden doors on the north-western, south-western, and south-
eastern facades (SU024, 026, 036).

A308 (SU002, 003, 014, 025, 035, and 106) corresponds to a series of interventions on the interior and
exterior pavements of the church. On the exterior, a pavement or walkway (SU003) was laid around
the church, which in some areas is bonded with cement to the fagades (SU002). Raised thresholds were
also installed at the three doorways (SU014, 025, 035), possibly to prevent water ingress, as the interior
floor level is lower than the exterior. This activity also includes the repointing of the nave floor joints
with cement (SU106). The threshold beneath the entrance to the chancel arch was also repaired.

A309 (SU103) corresponds to the installation of new electrical wiring in the floor of the church, using
the joints of the paving. It runs from the main chapel to the south-west door.

A310 (SU010, 050, 063, 096, 097, and 098) corresponds to the repair of the church roof. This includes
part of the nave’s gabled roof covered with arabic tiles (SU010), as well as the wooden coffered ceilings
of both the nave (SU063) and the main chapel (SU050). In both cases, the central section is flat while
the sides are sloping; they rest on a main beam supported by the north and south-eastern elevations
and include rafters upon which the boards supporting the roof covering are laid. To install this roof, the
presbytery wall was raised using masonry bonded with cement (SU096, 097), which also entailed the
blocking of the window in that same wall (SU098).

Finally, A311 (SU020) involves the repointing of the joints of the church’s exterior fagcades with cement,
which is preserved only intermittently.

5.1.3.4. Phase llld: Roof renovations, late 20th—early 21st century

The most recent sub-phase corresponds to a single activity, A312 (SU006, 008, 011, and 045), which
involved the partial repair of the nave’s tiled roof (SU011) and the complete repair of the apse roof
(SU006), using the same type of tiles as those employed in sub-phase llic. In addition, the junction
between the apse roof and the exterior wall of the presbytery was sealed with cement and a metal
plate (SUOO08, 045) for preventing water infiltration into the church.

5.1.4. Undetermined

Finally, several stratigraphic units were recorded but remain undated or with unclear functions. These
are SU021, 023, 037, 038, 040, 051, 068, 069, 109, and 110, all of which are cuts or interfaces.
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Figure 6. View from inside the church of the various walls with relative indications of the construction phases.
Digital processing by authors.
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Figure 7. View from above of the church floor with relative indications of the construction phases. Digital
processing by authors.
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Figure 8. View from outside the church of the various walls with relative indications of the construction phases.
Digital processing by authors.
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5.2. Building materials analysis

A detailed analysis of the building materials was undertaken to characterise the current weathering
phenomena, to understand the performance and compatibility of past repair interventions, and to
establish a scientifically grounded baseline that can support future conservation and maintenance
strategies, even though the monument does not presently exhibit a critical level of deterioration.

As shown in Fig. 9, the church, inits current state, is characterised by three main construction materials:
blocks of two different types of granitoid, which will be discussed later, bonded together with Portland
cement. The latter was poured and spread during the restoration work carried out by the local Direcgdo-
Geral dos Edificios e Monumentos Nacionais after 1970 (Phase llIc). The cement fillings were most likely
applied due to the deterioration of the original bedding mortar, which in monuments from that period
was often air-lime type and poorly resistant to weathering processes. It is believed that the mortar
experienced significant washout and disaggregation, which exposed the edges of the ashlars. This issue
is quite common and has also been observed in other buildings of the same age (Sitzia, 2024).

Additionally, the church was constructed using two different types of granitoid. About 10% of the structural
elements, such as ashlars and corbels, particularly those with decorative or artistic features, are made
of fine-grained granitoid. The remaining approximately 90% consists of coarse-grained granitoid, mainly
used for larger blocks. Some corbels on the north-western side are also crafted from this stone.

Coarse-grained granitoid

Fine-grained granitoid

Portland cement -

South-western side South-Eastern side

Figure 9. Results of the ashlar’s geological mapping across the south-western and south-eastern side of the
church. Digital processing by authors.

The analysis of the two granitoids in thin section is shown in Fig. 10a and 10b, while Table 1 presents
some basic physical properties of the fresh stone. According to the geological map provided by
the Laboratdrio Nacional de Energia e Geologia, the coarse-grained granitoid used in the church is
described as Guimardes-Santo Tirso biotitic granitoid and coarse-grained porphyritic monzogranites,
belonging to the late-tectonic Hercynian lithologies.

The provenance of the fine granitoid could be attributed to the fine-grained monzogranite of Fafe-
Sendim or the Santo Antdo granite. Determining the exact origin of this stone is still underway. In any
case, all the lithotypes are local and outcrop near the church.

Within the building, sparse ashlars of both coarse and fine-grained granitoids are characterised by
“golden facies,” displaying a warm, golden hue caused by the alteration of ferro-magnesian minerals.
These originally dark minerals undergo chemical weathering and alteration processes, which produce
the distinctive golden or yellowish tones. These granites, in outcrop, are frequently associated with
hydrothermal activity and fault zones with circulating fluids that accelerate mineral alteration.
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Figure 10. Thin section of coarse-grained granitoid (a) and fine-grained granitoid (b).
Both photographs were taken by crossed nicols. Photos from authors.

In any case, it is not possible to identify the precise location of the ancient quarry, nor to hypothesize
two different supply quarries. In fact, these lithologies can outcrop within short distances while being
in contact with each other. Moreover, as often happens in medieval constructions, the use of erratic
boulders was frequently employed (Czubla et al., 2024; Gérska-Zabielska, 2024).

The two stones certainly present similar properties in terms of workability, hardness, and cleavability,
differing instead in durability and carvability. This difference is much more pronounced in the fine-
grained facies, allowing for the easier production of artistic elements such as corbels. However, these
elements are also made using the coarse-grained facies which, despite its lower carvability, is still well
suited for this type of architectural element. In the past, the use of coarse-grained stones to produce
artistic elements did not seem to pose a problem. In Portugal, an example is the Trigaches marble, used
in various historical periods and comparable in grain size to the coarse-grained granite present in the
church (Rosa et al., 2023).

In the building there is no clear evidence that allows the use of one stone or the other to be attributed
to a specific construction phase. The fine-grained granite appears to have been used more frequently
in Phase la; however, some scattered ashlars are also present in areas of the building associated
with Phase Ib. It should be emphasized that the use of different lithologies does not reflect aesthetic
requirements, since the building was originally rendered with multiple mortar layers, with a probable
thickness on the order of 5 cm.

Both granitoids appear to be affected by various weathering processes, both meteoric and biological.
In some cases, granular disintegration of the coarse-grained granitoid is very advanced. Additionally,
rare but observable exfoliation phenomena also affect this lithology. In contrast, the fine-grained
granitoid does not appear to be subject to this type of weathering.

The more advanced weathering of the coarse-grained granitoid is primarily controlled by its textural
features, and only secondarily by the physical properties reported in Table 1. Although helium open
porosity (one of the parameters influencing decay, Lisci et al., 2023) is lower than in the fine-grained
granitoid (3.36 + 0.49 % vs 10.72 + 1.79 %), and water retention properties (0.99 + 0.10 % vs 3.20 *
0.45 %) are more favourable, the large crystal size and lower intergranular cohesion promote grain
detachment and sanding, leading to greater susceptibility to alteration. To assess the current decay
state of both stones, a comprehensive ultrasonic pulse velocity survey was conducted across the four
main elevations. An example of the survey conducted on the elevations south-western and south-
eastern is illustrated in Fig. 11.
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According to the survey, the coarse-grained granitoid ashlars show average ultrasonic velocities of
1060 m/s on the south-western facade, 1267 m/s on the north-eastern facade, 1140 m/s on the north-
western facade, and 1170 m/s on the south-eastern side. These values should be compared with the
ultrasonic velocity of the same lithology measured on fresh quarry samples (~ 3700 m/s).

In contrast, the fine-grained granitoid ashlars show average values of 1830 m/s on the south-western
facade, 1570 m/s on the north-eastern facade, 1580 m/s on the north-western facade, and 1467 m/s
on the south-eastern fagade. Again, these values should be compared with the ultrasonic velocity
measured on fresh quarry samples of the same stone (~ 2800 m/s).

Table 1. Physical features of coarse-grained granitoid and fine-grained granitoid. Data from authors.

Litholo Real density Imbibition Bulk density | Helium open | Water open | Saturation
gy (g/cmd) coefficient (%) (g/cm3) porosity (%) | porosity (%) | index (%)
2.65 0.88 2.57 3.05 2.26 73.96
2.64 0.91 2.57 291 2.33 80.14
Coarse-grained 2.65 1.13 2.55 4.10 2.89 70.44
granitoid
2.65 1.05 2.56 3.12 2.69 85.96
2.72 0.96 2.62 3.61 2.52 69.91
Average 2.66 0.99 2.57 3.36 2.54 76.08
S.D. 0.03 0.10 0.03 0.49 0.26 6.86
2.71 3.69 2.40 11.50 8.84 76.88
2.75 2.73 2.47 10.36 6.75 65.12
Fine-grained 271 2.96 234 13.42 6.92 51.61
granitoid
2.73 2.94 2.48 9.17 7.29 79.51
2.70 3.69 2.45 9.17 9.03 98.43
Average 2.72 3.20 2.43 10.72 7.77 74.31
S.D. 0.02 0.45 0.06 1.79 1.08 17.43
= 2600 m's
2300-2600 m/s
2000-2300 m/s
1 700-2000 m/'s
1400-1 700 m/'s
1100-1400 m/'s
BO0-1100 m/s

S00-800 m/s
< 500 m's

South-western side South-Eastern side

Figure 11. Results of the ultrasonic survey across the south-western and south-eastern side of the church.
Digital processing by authors.

As explained in the methods section, Kahraman, Ulker, and Delibalta (2007) provide a practical and
guantitative basis for interpreting ultrasonic test results, enabling the identification of priority zones
for conservation interventions, and supporting a systematic approach to heritage material assessment.
For each ashlar, a Velocity Ratio Index was calculated using reference values measured from fresh
quarry specimens. The Velocity Ratio Index provides a normalized module of material integrity and
allows classification into categories. The results were grouped by elevation to allow comparative
assessment across different sections of the structure (Table 2, Fig. 12).
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5.2.1. South-western elevation — Most Degraded

This fagade presents the lowest average Velocity Ratio Index (0.54), with only 2.9% of ashlars classified as
“Good or very good” and a notable 20.6% rated as “Poor or very poor.” The remaining 76.5% fall within
the “Fair” category, indicating generalized but not critical degradation. These results are consistent with
visual assessments that revealed surface scaling, advanced granular disintegration and biological crusts.

This orientation is particularly vulnerable due to a combination of factors: prevailing westerly winds,
higher exposure to driving rain, and limited morning sunlight which delays drying cycles (Lisci et al.,
2022). Moreover, the structural damage identified in the lintel beneath the bell gable, previously
documented via micro-photogrammetry, reinforces the need for immediate stabilization and
continuous monitoring. The material in this zone is not only physically stressed by structural loading
but also suffers from thermal gradients and water ingress.

5.2.2. North-western elevation — Critical Zones Emerging

With a mean Velocity Ratio Index of 0.57, the north-western elevation shows the highest proportion of
“Poor or very poor” quality stones (24.4%) among all fagades. Only 6% were classified as “Good or very
good”, while the majority (69.6%) fall within the “Fair” category.

This degradation pattern reflects typical north-western exposure, characterised by limited solar
radiation, persistent humidity, and extensive biocolonization. Additionally, evidence of historical
interventions and repointing with Portland cement (identified in previous stratigraphic assessments)
may have induced differential stress concentrations and microcracking, exacerbating decay in specific
zones. Consequently, this facade should be considered a priority for non-invasive biocidal cleaning,
water run-off improvement, and microstructural consolidation of the most degraded ashlars.

5.2.3. South-eastern elevation — Intermediate Degradation

Despite its southern orientation, this facade shows only a moderate state of conservation, with a
mean Velocity Ratio Index of 0.57 and 16.8% of ashlars classified as “Poor or very poor.” The majority
(79.4%) are in “Fair” condition, while only 3.7% fall into the “Good or very good” category.

Given its relatively favourable exposure, these results suggest the influence of localized pathologies
rather than environmental factors alone. Potential contributors include thermal fatigue, particularly
in stones with anisotropic thermal expansion, and architectural detailing that provides inadequate
protection for joints or horizontal surfaces, thereby promoting water retention and salt crystallization.
Although this facade does not exhibit severe generalized degradation, specific isolated zones would
benefit from water-repellent treatments (or hydrophobic protection) and surface consolidation.

5.2.4. North-eastern elevation — Best Preserved

With a mean Velocity Ratio Index of 0.61, this facade shows the highest material integrity, with 6.9% of
stones classified as “Good or very good” and only 12.1% falling into the “Poor or very poor” category.

These results confirm the preliminary visual inspection, which revealed limited biological colonization
and minimal surface loss. The microclimatic conditions of this orientation, particularly balanced solar
exposure and reduced wind-driven rain, appear to support the natural resilience of the materials. This
facade may serve as a baseline for defining acceptable decay thresholds in future monitoring campaigns.

The distribution of ultrasonic velocities suggests a partial influence of facade orientation on the degree
of weathering. In particular, the lower values recorded on the south-western facade, especially in the
coarse-grained granitoid, likely reflect greater exposure to prevailing winds, driving rain, and solar
radiation, all of which accelerate decay processes.
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However, this pattern is not sufficiently consistent across all measurements to allow for a definitive
interpretation. The observed variability is likely the result of multiple interacting factors, including local
micro-exposure, differences in moisture retention, and the intrinsic textural properties of the stone.
In particular, the higher susceptibility of the coarse-grained granitoid appears to remain the dominant
control on degradation. No substantial differences between the two main construction phases (la and
Ib) were identified based on the ultrasonic velocity analysis.

The combination of ultrasonic testing, Velocity Ratio Index classification, and facade-based spatial
mapping provides a high-resolution understanding of decay processes in granitic heritage buildings.
This diagnostic layer, integrated into the HBIM environment, enables targeted conservation planning
and data-driven prioritization:

— Thesouth-western and north-western elevations represent the zones of highest vulnerability
and should be prioritized in early-stage conservation campaigns.

— The proposed differential photogrammetric survey technique, aimed at tracking material
volume loss over time, should be focused on the most affected elevations, particularly
around structural discontinuities such as lintels and joints.

— Integration of these results into the monument’s HBIM model supports not only condition
assessment but also long-term monitoring, simulation of deterioration scenarios, and
optimization of resource allocation.

Overall, this facade-by-facade analysis demonstrates the critical importance of combining material
science, non-destructive diagnostics, and digital workflows to support the sustainable management of
historic stone buildings.

These results underscore the value of elevation-based analysis in diagnosing degradation trends in
historic masonry. The Velocity Ratio Index and the quality of building materials, when integrated into
Heritage Building Information Modelling of the church, supports a data-driven approach to preventive
conservation. Risk-prone fagades, such as the south-western and north-western elevations, should
be prioritized in future interventions, which may include consolidation treatments, surface cleaning,
and enhanced drainage. Moreover, the integration of ultrasonic pulse velocity and quality of building
materials data into the HBIM model enhances spatial understanding of deterioration, enabling the
development of customized conservation strategies for each elevation.

Table 2. Summary of ultrasonic survey results by elevation measured in every ashlar.

Elevation Mean VRI Poor or(;e)ry poor Fair (%) Gogc;ci)gr(;oe)ry Actual state
South-western 0.54 20.6 76.5 2.9 Most Degraded
North-western 0.57 24.4 69.6 6 Critical Zones Emerging
South-eastern 0.57 16.8 79.4 37 Intermediate

Degradation
North-eastern 0.61 12.1 79.3 6.9 Best preserved

The table presents the average Velocity Ratio Index values and the corresponding classification of the quality of building
materials for each fagade of the Church of Sdo Jodo de Calvos. Quality of Building Materials percentages reflect the
proportion of ashlars categorized as “Poor or very poor,” “Fair,” or “Good or very good,” based on the comparison between
in situ ultrasonic pulse velocity and reference values from fresh quarry specimens. Data by authors.
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e — VRI > 0.0 (very good)

0.75 < VRI < 0.90 (good)

0.50 < VRI < 0.75 (fair)
0.25 < VRI < 0.50 (poor] “:"“

VRI = 0.25 (very poor) -

North-Eastern side North-Wester side

Figure 12. Results of the QMB characterisation across the north-eastern and north-western side of the church.
Digital processing by authors.

5.3. Digitalisation

An important aspect of the building’s digitization involved the production of detailed micro-
photogrammetric models over areas of approximately 100 cm? This approach aimed to document
the masonry to quantify material loss. The same method was used for monitoring the opening and
evolution of fractures detected in the monument, specifically the crack in the lintel of the south-
western fagade caused by the structural load of the bell tower (Fig. 133, b).

In the case of the lintel crack, differential micro-photogrammetry was preferred over traditional
contact-based techniques, such as extensometers. While they provide accurate point measurements,
require the installation of physical devices on the monument. In contrast, the proposed method is
entirely non-invasive, preserves the aesthetic integrity of the structure, and allows for the simultaneous
monitoring of fracture evolution and surface material loss over wider areas. Moreover, the absence of
permanently installed sensors mitigates issues related to maintenance, potential vandalism, or theft,
which are common in exposed heritage contexts.

The digitalization strategy adopted in this study combines non-contact diagnostic techniques
with Heritage Building Information Modelling to support long-term monitoring within a 3D framework.
To carry out these surveys, micro-photogrammetric reconstruction of selected areas should be
repeated at one-year intervals, allowing for comparison between the initial survey (t0) and subsequent
acquisitions (tn, Fig. 13c, d, e).

By monitoring volume loss and, consequently, material mass loss, this integrated approach across all
facades could enable an overall estimation of the monument’s annual mass loss due to stone decohesion.
This procedure is defined as a differential micro-photogrammetric survey. Based on this method, the
following equation (referring, for example, to the coarse-grained granitoid) can be formulated:

AVt =AVs_x (At /As)  [equation 2]
Where:
AVt = total volume loss in the monument in one year (cm?)
AVs_=volume lost in the sample area in one year (cm?)
As = reference area of 100 cm?

At = total area of the monument’s wall interested by coarse-grained granitoid (cm?)
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Consequently, the mass lost in one year (AMt_ in g) is calculated by the volume and the bulk density (p,)
of the selected stone (2.57 g/cm?3), considering the data in Table 1.

AMt = AVt x p_[equation 3]

Figure 13. Micro-photogrammetry survey: (a, b) lesion affecting the architrave on the south-western fagade, (c)
scanned area by micro-photogrammetry on the north-western side of the church, (d) snapshot of the scanned
area, (e) model of the 100 cm? scanned area, contour line spacing = 0.001 m. Digital processing by authors.

The proposed method for estimating annual material loss follows established principles used in
geomorphology and stone-weathering research, particularly the Digital Elevation Model (DEM)
differencing applied to highresolution image-based reconstructions. The calculation is not intended
as an exact quantification of yearly erosion but as a first-order, scalable approximation that enables
integration of surface-change data into HBIM. By repeating microphotogrammetric surveys over a fixed
reference area, surface recession can be measured with submillimetric precision and subsequently
extrapolated to the total surface area of the same lithology (At). Volume loss is then converted into
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mass using the bulk density of the relevant stone. This approach aligns with quantitative workflows in
built-heritage diagnostics, which rely on multi-temporal 3D surveys to model micro-scale erosion over
time (Galantucci and Fatiguso, 2019; Kong and Hucks., 2023; Mohan and Poobal, 2018).

To reinforce the methodological transparency of this approach, the manuscript distinguishes between
the diagnostic capability of the technique, including its ability to detect minute surface variations and its
role as an indicative metric for supporting preventive conservation strategies at monument and route
scale. Although simpler physical instruments can complement the monitoring of the crack aperture,
the non-contact, surface-based micro-photogrammetric method provides a richer dataset, better
suited to the broader objectives of deterioration mapping, HBIM integration, and the development of
a replicable monitoring protocol for the Romanesque Route.

Additionally, the photogrammetric survey planned within the monitoring programme would enable
the evaluation of the extent of rock disintegration and the definition of a safety threshold. If this is
exceeded, intervention through the application of water-repellent or consolidating products would
become necessary. Continued surveys after treatment could also provide an effective means of
assessing the performance of the applied products.

5.4. Heritage-Building Information Modelling

The dense point cloud generated from photogrammetric processing was exported in PLY format
and imported into the modelling environment (VisualARQ/Rhino). This enabled direct modelling of
the chapel geometry without requiring prior point cloud subsampling. Architectural elements were
modelled interactively using a combination of parametric BIM objects, NURBS geometries, and custom
parametric components implemented through Grasshopper, following an approach similar to that
proposed by (Sun et al., 2019). The resulting Level of Detail 200 HBIM model was exported to IFC,
with semantic overlay generation and thematic mapping subsequently conducted in BonsaiBIM, as
described in section 4.4 (Fig. 14).

The proposed texture-based semantic overlay methodology enabled independent annotation
of heterogeneous analytical datasets without requiring permanent geometric subdivision of the
architectural model. After establishing UV coordinates for the proxy geometries and exporting the
corresponding unwrapped texture maps, updates to thematic information could be performed
directly through modification of the associated 2D raster maps. Adding new thematic layers was done
successfully by generating additional proxy geometries and their corresponding texture maps without
requiring remodelling of the primary HBIM elements. Fig. 15 shows the stratigraphic units and the
construction phases of the south-western and south-eastern facades added at a later stage.

Interoperability testing demonstrated that UV coordinates and texture references were correctly
stored in IFC using IfcTriangulatedFaceSet, IfcindexedTriangleTextureMap, IfcTextureVertexList, and
IfclmageTexture entities. However, visualization and reconstruction of UV-mapped textures remained
inconsistent across IFC software platforms. Tests conducted using BonsaiBIM, OpenlFC Viewer, and
KITModelViewer showed that, although texture references and UV coordinate data persisted within the
IFC schema, OpenlFC Viewer and BonsaiBIM failed to automatically reconstruct the UV mappings after
reopening the model. KITModelViewer generates procedural UV coordinates ignoring or replacing those
stored in the IFC file (Fig. 16). Additional scripting workflows using ifcopenshell were therefore required
to rebuild UV layers from IFC file and preview materials within Blender after reopening the files.
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granitoid -

VRI = ) (poor) -

VRI < 0.25 (very poor)

Figure 14. Digitalisation of the monument in a Building Information Modelling environment and related
thematic maps. RGB texture (a), lithological features (b), ultrasonic characterisation (c), Velocity Ratio Index
and quality of building materials data based on ultrasonic survey (d). Digital processing by authors.

Ib first half of 20th century

- Phase Illc seconf half of 20th century

Phase [11d late 20th and carly 21st centuries

Figure 15. View of the south-western and south-eastern facades showing added thematic maps of construction
phases (a) and stratigraphic units (b). Digital processing by authors.
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Figure 16. South-western fagade with incorrectly mapped texture in KitModelViewer.

Two strategies for enabling selective viewing of the thematic layers within an HBIM environment
were explored. The first involved assigning proxy objects belonging to the same thematic category to
dedicated IfcSpace entities. In this approach, all proxies associated with a specific analytical domain,
such as building material quality mapping (QBM), were grouped within corresponding virtual semantic
containers (e.g., IfcSpace/ThematicMap_QBM). The second strategy involves creating ifcGroup entities
to organize thematic overlays. In this approach, a group collects all proxies belonging to a specific
thematic category (e.g., IfcGroup/ThematicMap_QBM) and the remaining elements that do not have
thematic overlays. This enabled the creation of complete thematic “views” in which analytical proxy
layers could be visualized simultaneously with the remaining architectural context of the chapel.

The first strategy is semantically ambiguous since ifcSpace is conventionally intended to represent
spatial or functional subdivisions of the building rather than analytical visualization layers. Conversely,
the second strategy provides greater semantic consistency with the IFC schema, further supporting
arbitrary logical associations without implying spatial or topological relations.

Nevertheless, interoperability testing revealed that support for selective visualization mechanisms
remained heterogeneous across IFC software platforms, with ifcSpace showing wide support across
the tested model viewers, and ifcGroup either unavailable (e.g. in OpenlFCViewer) or with less control
over visualization than ifcSpace.
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6. DISCUSSION

The integration of two-dimensional geological, historical-archaeological, ultrasonic, and building
material quality maps onto three-dimensional representations of monuments constitutes a strategic
approach for the diagnosis, conservation, and enhancement of cultural heritage.

This methodology overcomes the reading limitations of traditional 2D surveys by offering an intuitive,
three-dimensional representation of the condition of the structure. Integrating diagnostic data directly
onto the real geometry of the artifact makes it possible to precisely identify risk areas, visualize
discontinuities, cracks, or hidden deterioration, and facilitate the planning of restoration interventions.
The proposed workflow demonstrates that heterogeneous analytical datasets can be integrated within
an HBIM environment without requiring permanent geometric subdivision of the architectural model.
This avoids the combinatorial increase in model complexity typically associated with geometry-driven
semantic partitioning approaches.

The proposed methodology prioritizes lightweight semantic visualization and interdisciplinary annotation
over object-level semantic decomposition. Consequently, thematic information encoded exclusively
within texture masks remains primarily visual unless accompanied by external metadata structures or
additional semantic indexing mechanisms. Thus, in this framework the semantic interpretation emerges
from the combination of IFC metadata structures, visual overlays and grouping relationships.

From a methodological perspective, the proposed workflow combines surveying techniques (such as
laser scanning or photogrammetry) non-destructive diagnostic techniques, and IFC-based semantic
modelling creating an informative digital model that can be constantly updated over time.

Because the methodology is independent of the subdivision, other heterogenous thematic maps can
be incrementally added, including degradation maps, thermographic surveys, humidity maps (Solla
et al., 2020) and other non-destructive mechanical data such as rebound tests to assess compressive
strength and homogeneity.

Moreover, these hybrid models provide an ideal basis for structural simulations, predictive analyses,
or augmented and virtual reality applications, including the construction phases, thus making
communication more effective between professionals, heritage authorities, and the public.

In a context where heritage conservation increasingly demands precise and sustainable solutions, the
combined use of 2D diagnostic maps on 3D models stands out as an essential tool for the informed and
scientific management of monumental assets.

The current approach is effective for any type of analysis that is surface based, such as degradation.
Although intersection and overlapping of proxy geometries may produce unused areas in their
respective UV maps, it does not introduce spatial and semantic ambiguities. Conversely, this
methodology becomes less effective with volumetric analyses where the derived semantic information
pertains to elements of different depths.

Analternativeapproachtothecurrentlyproposed methodologycouldinvolve assigning multiple thematic
textures to a single architectural object, thus overcoming the need for overlapping proxy geometries.
Although IFC supports the assignment of multiple textures through IfcSurfaceStyleWithTextures, the
standard does not define how these textures should be interactively visualized or selectively controlled
within viewing applications. Consequently, the interpretation and presentation of texture layers is
delegated to softwareimplementations such as KITModelViewer. Arguably, IfcSurfaceStyleWithTextures
was notdesignedto support multipleindependently viewable analytical textures. Yet, due tothe abstract
nature of IFC, this is a possible approach that may be implemented as a plugin for a viewer to support
the specific needs of the Cultural Heritage field. Future work should investigate the development of
custom IFC viewer extensions or shader-based visualization systems capable of interactively managing
multiple analytical texture layers within HBIM environments.
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Another potential development of the proposed methodology involves complementing the visual
texture overlays with categorical semantic indexing structures. In this scenario, thematic maps
would continue to operate as lightweight visual representations, while individual color ranges or
texture regions could be associated with semantic classes, metadata tables, or external classification
structures. Such an approach could partially address the querying limitations of raster-based semantic
representations without requiring exhaustive geometric subdivision of the architectural model. Future
work should evaluate mechanisms for linking texture-based classifications with IFC property structures
or external semantic databases.

7. CONCLUSIONS

This study establishes a replicable multidisciplinary protocol for the documentation, diagnosis,
and monitoring of architectural heritage, using the Church of S3do Jodo de Calvos as a pilot case. By
combining archaeological stratigraphy, petrographic analysis, and non-destructive testing (NDT) within
a Heritage Building Information Modelling (HBIM) framework, the research moves beyond static 2D
documentation toward a dynamic, data-driven tool for preventive conservation.

The stratigraphic analysis of the elevations allowed for the identification of a complex “building
biography” characterised by three main phases. The results redefine the church’s chronology, revealing
that the medieval structures previously considered Late Romanesque actually correspond to two
distinct moments between the 12th and 13th centuries. This evolution, from a modest rural temple to
a Gothic-influenced nave, followed by modern interventions, demonstrates that HBIM can effectively
spatialize historical narratives, making them accessible for both scientific research and cultural-tourism
itineraries like the Rota do Romdanico.

A central outcome of this research is the definition of a standardized diagnostic protocol designed to
be adopted by heritage managers. The methodology consists of four integrated phases:

1. Multi-source Survey: High-resolution 3D capture paired with stratigraphic analysis to establish
the geometric and historical baseline

2. Material Diagnosis: Use of Velocity Ratio Indices (VRI) to quantify stone degradation and
correlate it with environmental exposure

3. Semantic HBIM Integration: The use of texture-based overlays to visualize analytical datasets
(e.g. ultrasonic) without compromising the model’s computational lightness

4. Continuous Monitoring: The implementation of Differential Photogrammetric Surveys to track
structural pathologies (such as the lintel crack) and quantify annual material loss with sub-
millimetric precision

The integration of these diagnostic layers into an OpenBIM environment ensures interoperability and
long-term data persistence. The study demonstrates that this approach is particularly effective for
surface-based degradation, providing a scalable model for the sustainable management of monumental
assets. While traditional sensors (extensometers) remain valid for point measurements, the proposed
non-contact digital workflow offers a richer, more comprehensive dataset for large-scale preventive
strategies.

Furthermore, while this study focuses on the pilot case of Sdo Jodo de Calvos, the methodology is
designed to be scalable to the entire ‘Route of the Romanesque’. The transition from a single-site HBIM
to a territorial-scale digital system is facilitated by the adoption of a standardized semantic protocol,
which ensures data harmonization across diverse assets. By utilizing a common lexicon for material
decay and stratigraphic units, the proposed framework allows for the creation of a multi-asset digital
repository. This system can serve as a centralized Decision Support System (DSS), enabling regional
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authorities to implement long-term monitoring and prioritize conservation efforts based on objective,
cross-comparable data. Consequently, this research establishes the groundwork for a distributed digital
management model, transforming individual heritage records into a cohesive territorial management

tool.
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