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ARTICLE INFO ABSTRACT

Keywords: Working with heritage is complex and projects often include scientific, structural, and documentary studies.
HBIM Every step requires a systematic approach in which the contribution of the diverse experts that participate in the
Parametric objects conservation of heritage assets is analysed following the logical sequence of the project execution phase.
ﬁfgilttal twin However, there are still no scientific contributions that record the complete process. A logical sequence, called a
Restoration project ‘systematic approach’ in this paper, should start with data acquisition using remote sensing techniques, the
insertion of point cloud data in a Building Information Modelling (BIM) environment, ontologies applied to HBIM
(Historic BIM), data classification, and evolution towards the Digital Twin (DT) concept. This paper also analyses
the modelling workflow of a case study, the construction of a column base of the Santiago church in Jerez de la
Frontera (Spain). This component has been automatically modelled from a mesh in an Autodesk Revit family and
through an adaptive mesh process in ArchiCAD. Furthermore, one of the objectives was the data organisation by
following and extending a standard data structure of the column components. This paper presents a novel holistic
approach from data capture, analysis of complex geometry, construction of the semantically enriched parametric
model, and exchange of it among all involved professionals in open source IFC formats. This systematic approach

therefore makes it possible to obtain a validated DT for the life-cycle management of architectural elements.

1. Introduction

Cultural heritage (CH) is an essential aspect in architectural research
and knowledge. The complexity of the process to preserve cultural assets
implies that new study perspectives and implementations are continu-
ously suggested to reach the recommendations made by UNESCO in
1962. These were safeguarding landscapes, natural and anthropic en-
vironments, which are of cultural or aesthetic interest or constitute a
harmonious, natural whole [1]. CH is a substantial and dynamic re-
pository of knowledge considered as a unique and irreplaceable source
of aesthetic, historical and cultural values [2] and should be docu-
mented to keep both the object and its knowledge. The multimedia
technologies developed at late 1980s are useful to create digital models
for architecture and engineering students. Both archaeology and archi-
tecture have taken advantage from these digital resources to improve
management and dissemination processes, even using other technolo-
gies such as virtual reality [3,4]. Virtual reconstruction has taken an
important place in the ways of representation and visualisation, bringing
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new perspectives for research. Static representations, such as projection
or perspective drawings, have been replaced by dynamic representations
in which numerous modifiable parameters included in new and recent
digital platforms take part. Three-dimensional (3D) digitisation is the
creation of a 3D computer model in which the digital facet holds an
essential place to create images, virtual representation, and building
models of their phases [5]. Thanks to the evolution of the Computer-
Aided Design (CAD) systems, which began in the 1980s, the vector
graphic representation resulted in a more advanced and dynamic virtual
model. However, the Architecture, Engineering and Construction (AEC)
sectors required a new change to get closer to the efficiency of other
production industries such as the automobile or the aeronautical in-
dustries. For this reason, at the beginning of the 21th century, processes
began to be reformulated and a new technology to represent and manage
construction was established. In this way, a new term, Building Infor-
mation Modelling (BIM), emerged and gave name to the renewed 3D
digital tools, recognised as BIM platforms (BIMP). The process is
nowadays applied to the life cycle of buildings and civil infrastructure,
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becoming a work methodology that provides a new interdisciplinary
view going beyond the simple creation of the design.

In CH, as in the AEC and Operation (AECO) sectors, the methodology
describes the intervention and research process in both the archaeo-
logical site and the historic building. Therefore, BIM is an evolution of
the traditional system based on orthogonal projections and perspectives
in order to include new information units. The working process for an
heritage asset is a complex set [2] in which many study variables take
part, from the geometric, mechanical, chemical and physical analysis to
the documentary study. Every step requires a systematic approach in
which the various fields taking part in the conservation of the heritage
asset are analysed from the same perspective, representing the logical
sequence of the project execution phase. Recording a great amount of
information during the conservation process requires the collaboration
of professionals, with various specialists, and technical teams committed
to the project execution. Today, the information of historic buildings is
usually included in individual reports, each involving dispersed projects
with datasets provided by various technical teams. In addition, the di-
versity of projects that can be executed on an historic building, such as
conservation and restoration, adaptive reuse, preventive maintenance,
documentary management, interpretation, and research, requires a
systematic perspective. The BIM methodology applied to this context
aims to solve these issues, including documentary management, geo-
metric management, and the container of semantic information. The
new approach to management and conservation related to historic
buildings was called HBIM (Heritage Building Information Modelling)
[6]. The application of HBIM in the CH domain has been mainly
developed in three general lines: data capture in the BIM system, i.e.,
Scan to BIM; software implementation to develop parametric and similar
designs; and finally, the construction of a semantically enriched digital
model. Murphy et al. [6] and Dore and Murphy [7] firstly investigated
the HBIM approach to convert it into the core of an architectural heri-
tage intervention project. The benefits of this approach have subse-
quently been studied by other researchers [8-10]. Several literature
review studies have examined the evolution of HBIM and current gaps in
knowledge [11,12]. Later, some publications were related to HBIM
modelling procedures [13]; Lopez et al. [14] explored the effectiveness
and the usefulness of the different methodologies that were developed to
model families of elements of interest; while, Radanovic et al. [15]
reviewed methods for geometric accuracy evaluation and semantic
richness. Silvana Bruno et al. [16] proposed an approach for diagnosis
and performance assessment of architectural works within the HBIM
methodology. Khalil and Stravoravdis [17] studied the state of the art of
HBIM in the various data domains that can be included in the research
and documentary process of built heritage. Nevertheless, these studies
do not discuss methodologies to build a complete HBIM useful to support
all the stages of restoration and valid for life-cycle management. In this
way, this paper aims to define a novel systematic approach to generate
Historical Building Information Modelling (HBIM) in the architectural
restoration project.

In this overviewed context, modelling has been considered as a
digital representation that includes the geometric and simplified prop-
erties of a building, archaeological site, or object. These models imme-
diately represented the architecture designed in the three dimensions.
The progress of BIM digital platforms implies including semantic com-
ponents that are represented as digital objects with relations, attributes,
and properties [18]; also, at the CH level, geometry plays an important
role since most buildings present damages and structural deformations.
Although the goals of BIM regarding CH do not include a design phase, it
could be useful to enrich the knowledge of the building [19], thus
facilitating the management of the information throughout the years.
However, geomatics plays an outstanding role in the 3D digital recon-
struction, the accuracy of the model dimensions, and their reliability.
The most important aspect to transfer the geometric information to a 3D
model is the reverse engineering process [20]. This process based on
obtaining the ideal geometric parametric model, i.e., obtaining the
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geometric properties of the element by scanning, is among the unsolved
problems. Most scientific studies on HBIM have highlighted the impor-
tance of transferring point cloud data from the survey to the 3D para-
metric modelling in BIM platforms [21,22] There are adaptability
studies of Scan to BIM [23-25]. For instance, the latest works on auto-
mation in HBIM parametric modelling from point clouds were carried
out by Andriasyan et al. [26] and by Constantino et al. [27] in the Rhino
environment for Revit. Other studies have shown the potential of
Terrestrial Laser Scanning (TLS) for indoor spaces data segmentation
[28-30], and other research works reinforced the creation of 3D models
based on terrestrial images [31]. This means obtaining a subset of
classification points that are useful for the 3D modelling, but this
workflow requires the use of independent software and additional
components that could hinder the process.

Another interesting issue is whether the DTs, turned into parametric
elements, should be structural or elemental units when they are in BIM
platforms, i.e., to what extent the architectural elements should be
semantically segmented. A pillar of a church could be a structural unit,
but its parts are structured in masonry ashlars and cornices. Thus, the
following questions arise: Where the parametric subsets should be
established? How the semantic classification of these pieces should be
interpreted? Establishing a knowledge limit, i.e., the intended Level of
Development (LoD) for the HBIM project, defines the semantic classifi-
cation [22]. Capone and Lanzara [23] established two approaches to
create an HBIM system: the simplified identification of the shape
grammar by compiling objects of the library and the construction of the
geometry itself. The hypothesis considered is the identification of both
architectural rules and form. Nonetheless, the operator modelling
should consider the structural units in which the point cloud is going to
be segmented and correlate the information of the construction histor-
ical knowledge with the information provided by the point cloud. Thus,
the operator segmenting should have a deep knowledge of both the
structure and the construction units of the building. The original,
irregular and detailed forms are often modelled with an excessive
simplification instead of semi-automatically from point clouds using
algorithms as in [32]. The simplified approach implies using geometries
away from parametric object libraries that represent ideal models or
shapes based on plane profiles or sections [33,34]. Therefore, the 3D
reconstruction, either manually or semi-automatically, is not always
exhaustive. The digital representation of a surface that is not already
treated does not have semantic properties, i.e., a mesh with textures is
not a classified parametric object before being included in a BIM plat-
form. When the surface is included in BIM, it turns into an object and
could have its own attributes, except editable properties, thus implying
that the mesh is part of the 3D model when generating parametric ele-
ments and can be enriched from a semantic point of view. This area of
knowledge aims for objects to have extensive properties and charac-
teristics. Most BIM digital platforms are not effective to apply native
forms of complex shapes because interfaces do not provide such flexi-
bility. However, some attempts have been made to create practical
methodologies including open Application Programming Interfaces
(APIs) to address the interoperability of complex geometry [35]. Some
techniques, following command sequences in various software, enable
the creation of parametric models from point clouds. According to Bruno
[19], the ways of representing a 3D model could be mesh surfaces,
NURBS surfaces, B-Rep surfaces, CSG, and parametric objects. This
classification is appropriate, although some authors include B-Rep,
swept solid, CSG, and clipping for IFC in the representation methods
[36]. Meshes are surfaces described by a set of vertexes, edges and sides
that defines a polyhedron object. Although meshes could be generated
using various reverse engineering software such as Agisoft Metashape,
CloudCompare, Geomagic Design X and MeshLab, triangulated meshes
must first be converted to NURBS curves and surfaces for transformation
into a parametric element. In this way, the adaptation of the sides of the
object is eased, and Rhinoceros is the software par excellence for this.
Regarding NURBS, some intervention works on architectural heritage
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have included point clouds in BIM platforms by using a programme to
manage the scan data. The 3D model of the Collemaggio Basilica is an
example of this [37]. This study divided the structural elements by
following the construction logic of the building, i.e., columns, walls,
vaults, wooden elements of the roof, stone ashlars, and decorative ele-
ments were created through Boolean operations and NURBS surfaces
from Rhinoceros software. For its part, B-Rep can be considered as a
wireframe extension, but it has been used for limited goals. Zhu et al.
[36] used B-Rep to convert essential data between BIM and GIS. Solihin
et al. [38] also used CSG and B-Rep for parametric goals in an IFC.
Consequently, ideal primitive geometries are solved in BIM, but not the
adaptability of complex geometric shapes, a field that still needs to be
studied. Most of the studies that address the complexity of geometry
focus on solving this specific problem, but without defining strategic
methodologies in a general context. In this research, this problem is
approached in a broader sense that includes all the steps (the accurate
geometric survey, the evaluation of the model built, the record based on
ontologies, and the representation and export to IFC). This systematic
approach, in which different technical teams take part, e.g., engineers
and restorers, includes geomatics and the graphic representation and
preservation of heritage. The BIM methodology is developed through
various processes. Firstly, the construction of the 3D parametric model
that could provide an ideal model built from a point cloud without
considering Scan-to-BIM flows or creating DTs. This involves a major
software interoperability effort to obtain an actual 3D parametric twin
model. The 3D parametric model aims to provide a static geometry of
objects whose shape can be modified and the numeric values of the set of
parameters can be changed [39]. Secondly, the information model in-
cludes a database with attributes, materials, and geometry-related en-
tities [40]. Thirdly, the 3D model integrates semantic information on
aspects related to the history of the CH restoration. Finally, the model is
exported for further processing in IFC.

2. Historic scope
2.1. Overview

Santiago Church in Jerez de la Frontera (Fig. 1) is selected as case
study to validate the approach proposed in this paper. This church,
among the bordering churches of the Cathedral of Seville, is in the late
Gothic style. Its origin is a small chapel from the 13th century to which
three side naves were added in the 15th century, thus forming the cur-
rent temple [41]. The church was designed by Alonso Rodriguez, the
master builder of the Cathedral of Seville [42]. This reflects the simi-
larity of their columns [43], the quadripartite vaults, except the apse and

Fig. 1. Main facade of the church in 2018.
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the first section, the three naves (central, higher and deep) ending in a
polygonal head, and the hall church. The construction of the temple may
have started some time before 1496 and was mostly completed twenty-
five years later [44]; however, it was totally finished in the 17th century
by Diego Moreno Meléndez, the architect and master builder of the
church. As shown by Rodriguez-Mayorga et al. [41], the church has been
restored throughout the years, although this paper is focused on the
lastest intervention by the architect Emilio Yanes in the pillar no.5 of the
central nave. The technical team commenced the restoration work in
2007 when there was a concerning detachment of the church facade;
works finished in 2016 after two years of inactivity. A structural analysis
was carried out in 2005 revealed that the masonry damage was essen-
tially due to two causes: partial collapses in the 17th and 19th centuries
and the replacement of two pillars in the central nave in 1902 [41]. The
diagnosis was published by Rodriguez-Mayorga et al. [45], who focused
on the suitability of the grout injection with sleeve port pipe in the
masonry structure.

The intervention in the building is written in three subsections in
relation to the elements studied.

2.2. Analysis of the structural effects of the Santiago Church in Jerez de la
Frontera

From the beginning, the analysis of the main deterioration of the
temple was studied by Rodriguez-Mayorga [46]. This doctoral disser-
tation attributed the causes of the problems of the temple to six main
aspects: i) the lack of symmetry in the spatial organisation of the church;
ii) the difference between mass of volumes within the church compound;
iii) the agglutination or lack of elements; iv) the incorporation of
ornamental elements after its construction to magnify the trends of that
period; v) material degradation and the presence of underground water
resulting in a loss of loadbearing capacity of the masonry; and vi)
geologic and meteorological actions that affect the collapse of the
church.

2.3. Interventions

Rodriguez-Mayorga et al. [41,45] described the interventions and
repairs carried out after finishing the temple, and this research is focused
on the intervention of the column located in the entrance of the church,
next to the main entry in the epistle nave. The column is called column
number 5. It was built in limestone by the master builder Rafael Esteve,
also a municipal architect, in 1905. At this time, Esteve proposed the
reinforcement of the pillar by means of a series of wooden boards, along
the perimeter of the shaft and tightened using steel clamps to compress
the pillar. Afterwards, in the 21st century, with the development of the
works in 2016, consolidation works were carried out to find out that this
pillar was one of the most deteriorated. The first actions taken were
previous works based on security and topographic control. Detachments
took place in the facade during the beginning of the 21st century, so the
temple was closed to conduct restoration works. All processes studying
the restoration of this type of church require a methodology that follows
the initial part represented in the workflow of Fig. 3; the historic
building is better known thanks to an operational evaluation, a historical
analysis, a topographic analysis, and data acquisition phase. This part
could also be completed by developing structural statistical models.

2.4. Intervention in column 5

One of the first works was the installation of a gallow net, B2 class
according to UNE-EN 1263:2004 [47], placed on metallic profiles
anchored to the stone through resin after testing its correct clamping.
Subsequently, to avoid collapse, a triple twist hexagonal metal mesh (50
x 70 mm) was placed, clamped and reinforced through lower diago-
nalisation of 12 mm diameter. An instrumented system of reflectors
attached to previously established strategic points was installed to
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control the movements of the temple (Fig. 2). The strategic points were
referenced to a fixed point placed in situ inside the temple, and accurate
readings took place periodically.

The installation involved placing metallic mechanised supports,
firmly joined to the masonry element whose displacement was quanti-
fied by the technical team. This process was based on point coordinates
(x,y,2) to calculate their spatial coordinates by the reverse three-section
method [48], a geometric solution based on knowing the law of equality
of angles in equal arches, and the point coordinates were included from
three vertexes of known and steady coordinates. Afterwards, the foun-
dation was improved by consolidating the ground through reinforced
injection by using pipes with forming tubes with perforation of lower
diameter of 76.2 mm. These works were described by Rodriguez-May-
orga et al. [45]. The auxiliary means to consolidate the first phase of
column 5 are described based on several actions: stabilisation of the
sheath of the column by making a 15 cm thick reinforced base by
installing the corresponding anchorage plaques. For the horizontal
treatment of columns, a sheath system for the column was used,
coupling it by pouring plaster. In order not to damage the stone and
facilitate the removal, QUIMIFLOR 25 Q, a stone sealant, was used. The
metallic sheath was composed by a 3 mm thick curved sheet. Once the
foundation of pillar 5 was consolidated, and the treatment of the hori-
zontal perforations in its first 6 m was carried out, the reinforcement was
placed in the areas where the triple twist mesh was installed, and the
reinforcement where the support collar was fixed. All these actions
required a reasonable time to study the work planning. To consolidate
the structure, a support system was designed to surround and free the
column from its load to conduct the safety works for all operators taking
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part in the process. This support system presents a hydraulic central to
load through hydraulic jacks. The column was surrounded by a metallic
strengthening hoop at 6 m height. The key step to consolidate the col-
umn was the concrete grout injection with the sleeve port pipe as the
repairing technique. This was a consolidation phase through reverse
cement injection in which the ornamental elements of the roof were
dismantled. The strengthening hoop was placed at 9 m height. The sub-
vertical treatment of the pillar was carried out in two phases, a first
regeneration to ensure its stability, and a subsequent definitive
strengthening. The core was drilled, and, at the same time, the first
reverse injection was conducted to strengthen the column to be later
treated and reinforced. Afterwards, the core created with micro-concrete
was again perforated, and an inclinometer pipe was placed to control
movements and deviations of the columns in the future. The column was
treated by drilling and fitting a high elastic limit forming tube
(commonly used in the oil industry), equipped by manchette valves. In
this system, the injection ends when the volume established in the
project is reached or the pressures are maintained. Otherwise, the grout
could be passing by discontinuities and filling gaps in domes, roof voids,
among others. After carrying out the injection, a 25 mm corrugated bar
(type Gewi), i.e., a high-quality bar joined by forming tubes, was intro-
duced. However, if the geophysics tests performed in the column after
the treatment are compared with the initial ones and yield different data
from that of the first column, two other treatments would be required:
the injection of resins and a radial horizontal reinforcement with
stainless steel reinforcing bars to counteract the Poisson effect. In this
intervention, satisfactory results were obtained, although the horizontal
regeneration treatment was reinforced with shutters in the first five

Fig. 2. Distribution of corner reflectors.
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plans where it had been conducted.
3. Proposed approach

The state-of-the-art (Section 1) and the historic framework about the
selected case study (Section 2) supported the organisation of the pro-
posed systematic approach to generate a Historical Building Information
Model (HBIM) for this architectural restoration project. The knowledge
and intervention processes can be streamlined by structuring a digital
environment able to fulfil the objectives of each process and based on
this systematic approach (Fig. 3), validated in the pillar number 5 of the
Santiago Church in Jerez de la Frontera. This methodology has laid the
foundations for an efficient procedure that takes into account the aspects
of access to historical data, maintenance, and conservation of the pillar.
Exact replicas are not possible in the field of restoration since the in-
terventions depend on the decisions of architects and engineers for, in
this case, each pillar. The entire approach is divided into two main
parallel environments: 1) the project environment comprising the study
of the as-is condition of the architectural heritage asset and previous
interventions through Analysis phase, Project level and Construction stage,
and 2) the Modelling environment to manage the information acquired
and defined in the Project environment within an up-to-date HBIM
model created from 3D reality-data capture. The Project environment
comprises the Data processing outputs, the Historical summary, the
Analysis, and the Evaluation phases. The Data processing phase consists
in capturing the point cloud, and performing semantic classification and
HBIM. In this paper, the digital survey equipment used included: (i)
traditional topographic measurement techniques, such as the laser
metre and the tape metre; (ii) TLS and total station; and (iii) photo-
grammetry using a reflex camera [49]. In this manner, the entire
investigation area was covered, thus avoiding lack of data in the
acquisition. In particular, the TLS device permitted the accurate acqui-
sition of geometry, calibrated and scaled with control points recorded
using pieces of equipment (i) and (ii); an integrated high-resolution
camera enabled colour mapping onto the point clouds through HDR
images. A parallel activity was the semantic classification of the heritage
components into architectural typologies dated to a specific period. The
semantics were identified to divide objects into elements, the structure

Project environment
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to build the topological relationships among them, and the representa-
tion of geometries of each separated object. The next phase aimed at the
Heritage construction information modelling. This phase is propaedeu-
tic for the Modelling environment, as its output is the three-dimensional
model—point cloud and mesh—to be later converted into a parametric
BIM of the architectural element and become its accurate DT. The TLS
data were processed to obtain the global point cloud, subsequently
segmented into morphological units according to the semantic classifi-
cation of the heritage components into elements via ad-hoc class-tree
defined by an expert based on geometry, morphology, material, and
previous interventions. The modelling process could sometimes be a
tedious work because objects and shapes are uncommon. For this reason,
the proposed workflow for BIM involves the use of a complex mesh
obtained from the point cloud using modelling software such as Rhino or
Meshlab. This is possible due to the interoperability with the BIM plat-
form that converts the mesh into a parametric element. The accurate
parameterisation of CH construction elements with complex geometries
such as floral decorations, organic forms, and mythological sculptures
from the history of the building, is something of a challenge for the
scientific community. However, semantic models in an HBIM project do
not emerge just from the parametric elements from the library, such as
the case of a 15th-century late-Gothic church. Each detail is customised
to fit the geometric properties of the historic building. In this study, two
alternative methods were tested to select the one yielding more accurate
results. In particular, the first parametric modelling approach uses the
adaptive meshing techniques in Graphisoft ArchiCAD; the second
alternative takes place in Autodesk Revit, where customised parametric
objects (families) are created from the mesh using an algorithm devel-
oped in Visual Programming Language within Autodesk Dynamo. Once
the parametric models have been obtained, it is worth evaluation the
quality of the reconstruction using CloudCompare C2M (from cloud to
model). Next, the execution units should be established for the HBIM by
inserting all the restoration information and enriching the model
semantically. With this structure, the definitions of restoration actions
are being developed in a BIM environment and defining the mainte-
nance programme in this structure.

Modeling environment
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4. Data processing
4.1. Capturing the point cloud

Numerous current works focus on capturing point clouds for the 3D
reconstruction of immovable heritage assets [50-54]. Thus, architec-
tural and archaeological heritage should be documented using the new
Massive Data Capture Systems (MDCSs). Using image capture tech-
niques or laser scanning is a daily challenge to study and analyse heri-
tage. In general, the three survey methods mentioned in Section 3 (i, ii,
and iii) are used for suitable documentation and recording. The area
chosen in Santiago Church is column number 5, which is in the Epistle
Nave. Three scan locations were set to cover the 360° of the column to
record point subsets of the foundation, base, shaft, capitals, and arches.
The whole area to be studied was covered by this procedure. Measure-
ment was conducted using a Leica ScanStation C10 laser scanner,
reaching 120 m for geometry capture, and an integrated camera of 4
megapixel was used to map colours onto the point cloud data. The high-
speed pulse laser scanner determined the mean distance through the
Time of Flight (ToF) technology with the specifications indicated by
Pukanskd, K. [55]. However, given its greater resolution, the NCTech
Istar camera was used to obtain HDR images to map the colours onto the
TLS data. According to the manufacturer's information, the Leica Flex-
line TSO2 total station with an accuracy of 2 mm [56] was used to record
the control points. The range clouds were processed using Leica Geo-
systems Cyclone software.

4.2. Semantic classification

From the architectural analysis point of view, the semantic classifi-
cation is important due to the many architectural typologies existing in
various historical periods [19]. The same object could have various
names, materials, or construction techniques. A semantic platform from
the building morphology point of view could have three levels [57]:
semantic, structure, and a representation level. The semantic level al-
lows shape objects to be separated; the structure level allows the ele-
ments to be organised; and the third level enables the geometric
representation of each separated object. To segment a column from the
geometric construction perspective, the semantic description of the
morphology in its different parts should be considered: the plinth as a
settling element of the main structure, the decorative base in the col-
umn, the shaft, and vault arches. When developing the model, these
conceptual entities should be segmented according to their geometric
shapes. The selection procedure does not distinguish materials, so the
morphological units are usually composed by various materials and are
considered valid for a 3D structure. This definition would be appropriate
to reach a LOD 300. The subdivision guarantees that the construction
model generally presents geometric properties of a DT. However, the
semantic classification should also be studied [58]. Selection mecha-
nisms generally focus on classification studies through simple geome-
tries, such as plans, cylinders and spheres. Diverse studies address this
issue, taking the point cloud from SfM [59-61] or TLS [62,63] as
reference.

4.3. Heritage construction information modelling

Three-dimensional architectural objects have been created since the
advent of the digital age, an inducement to create small CH objects.
Through the traditional use of CAD, in the early 1980s, graphic
expression lied on vector entities with a simple representation function:
2D and 3D. This procedure was modified in the 1990s with the emer-
gence of software that aimed to represent or model buildings semanti-
cally. This type of software was called BIM at the beginning of the new
century. An example is Graphisoft ArchiCAD, an architectural pro-
gramme that uses an advanced technology supported by the Geometric
Descriptive Language (GDL) programming. This innovative software has
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met AEC industry users' requirements by modelling various parametric
objects in an intelligent and comfortable way.

To model new buildings, manufacturers provide technical teams
with new construction components to be used by the operators of BIM
digital platforms. These operators are useful to generate the building
model in certain LOD levels. However, CH architectural elements have
singular geometric and physical characteristics. Thus, to accurately
model GDL, the process in CH should start by remotely compiling
topographic data through TLS or SfM to create DTs. Although there are
studies based on the digital workflow to model complex structures in
BIM [64], procedures are still very complex. In previous research studies
[7]1, the GDL programming language solved the problem of the data
exchange file format to create parametric objects. GDL allows dimen-
sional, physical, and environment properties to be manipulated and
adapted to the characteristics of the building. Another advance arises
when historical models remain difficult to automate without a fully
effective methodology, which constitutes a knowledge gap in the 3D
reconstruction of archaeological, architectural, and artistic heritage.
Even nowadays, most projects include parametric elements modelled
influenced by the operator's intuition in the BIM digital platform without
establishing automatic procedures. This way of working allows primi-
tive geometries to be used from plans, drawings or the point cloud
included in the BIM project; however, other rapid visual programming
procedures use applications that reinforce and facilitate modelling in the
BIM platform such as Dynamo and Revit, or Grasshopper+Rhino and
ArchiCAD. These new workflows graphically introduce the program-
ming language in modelling. A very recent example is a stone pavement
road located in the Archaeological Site of Pompeii [65]. In this regard,
ArchiCAD 25 includes a GDL visual programming with PARAM-O,
available for Windows and macOS [66]. Customised parametric li-
brary objects and construction elements are created in a quick and
simple way without including any code line or GDL script. Similarly, the
new connection with Python allows scripts to be executed to automate
processes by providing accuracy, thus enriching the workflow in the BIM
project environment [67].

The problem arises when digital modelling software, which are
commonly used for contemporary construction projects, are required to
create complex geometries accurately but without an established or
referential order. Most BIM solutions are not appropriate to handle
complex designs natively [35], particularly when the designs are unique
pieces to be protected that include singular features or are affected by
the transposition of techniques throughout their historical development.
A family is a group of elements with a common set of parameters and
graphic representation [68]. The parametric model of column 5 of the
Santiago Church in Jerez de la Frontera was created using the families of
the Revit system, thus allowing to work with components from the
software library to model simple surfaces. Afterwards, these families
facilitated interoperability by exporting the customised components of
the entities to a file.

The modelling process could sometimes be a tedious work because
objects and shapes are uncommon. This type of software should be very
intuitive when working with walls, concrete columns, metallic columns,
and slabs, among others. Today, they focus on daily elements that are
used to construct new buildings. These elements are parameterised in
the various programmes used, although they may have very different,
even unusual shapes. However, the design of complex architectural el-
ements is a more complicated issue; these elements could involve
ornamental elements supporting them. When creating a complex ge-
ometry in Autodesk Revit, geometries should be analysed, thus turning
them into simple geometries. In the case study, column 5 was divided
into several geometries grouped based on their semantic features. The
process first consisted in processing the point cloud in .e57 format in
Autodesk ReCap software to make it compatible with the point cloud file
in Revit (see Fig. 3). Once the point cloud was imported into Revit, five
levels were created; this significantly changed the column geometry.
Fig. 4 shows the segmented geometry of the column model based on the
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Fig. 4. Workflow of the modelling phases.

structure proposed according to an ad-hoc semantic classification
defined based on restoration expertise. The segmentation scheme units
were structured from the TLS global point cloud to segmented
morphological units, considering the most optimal geometric construc-
tion process (TLS;x, TLS;y) in the general set. (see Fig. 5.)

The following workflow involved the transition from the point cloud
to a complex mesh using a digital modelling programme such as Rhino
or Meshlab. These units of complex meshes were exported to the BIM
digital platform through a conversion operation between the mesh and
the parametric element. Adaptive meshing techniques were used, and
practical interoperability was implemented. The workflow of the
adaptive meshing in ArchiCAD is complex:

Fig. 5. Ideal model of column 5 generated from segmentation.

i) Manual or automatic segmentation of the point cloud in subsets with
semantic content, i.e., choosing parts by an adjustment selection of
models in a particular meshing software, and next treated in the BIM
environment;

ii) transfer of the complex mesh geometry to the BIM software by an
interoperability process of the elements using one of the several
openBIM formats, such as IFC (.ifc), IFCXML (.ifcxml), and IFCzip,
and native files such as .3ds (3DStudio), .3 dm (Rhino), .Skp
(SketchUp) or stereolithography formats (.stl).

This mesh should have enough geometric accuracy to be used as a
replica of the actual component. The most used way to convert the point
cloud into a mesh is through software packages such as MeshLab, Rhi-
noceros, CloudCompare [69] or Agisoft Metashape programme [60]. If
C2C is used, Rhino can also be used to export to .3DS format, which is a
simple procedure. Converting the point cloud with a non-structured
format, such as .e57, into a mesh is more complex in Rhino, but it is
widely used because this software has been selected by its popularity as
a platform to edit and create geometries [35]. Metashape allows point
cloud files from the TLS to be recovered, which makes it an interesting
tool to generate lighter meshes against other programmes. Therefore, it
is worth highlighting the operability of this process given the wide
export options of formats; iii) after obtaining the mesh, it is automati-
cally adapted to a GDL object and included in the ArchiCAD library. The
complex part of this step is rotating the objects so that the mesh surface
is in the XY plane; iv) the GDL objects should be transformed into a
morph element; v) after creating a regular parametric solid (Wall, Slab,
Pillar, or Mesh), the surface defined by the point cloud was adapted
through Boolean operations to that parametric element. The actual
shapes of the segmented objects were used as division surfaces (sub-
traction with extrusion upwards Boolean operation in ArchiCAD). As
Fig. 7 shows, this workflow was used by Nieto et al. [70] to manage the
distorted geometry of the Pavilion of Charles V of the Real Alcazar of
Seville in an HBIM project and to exchange correct information among
the experts involved in the conservation of the historic building. This
work encourages the creation of an as-built HBIM with detailed struc-
tural deformations created from TLS point clouds. Moyano et al. [70]
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also used this workflow in the primitive solid volumes of the walls of a
megalithic monument of the Copper Age. The workflow to establish
parametric models generated from an adaptive mesh (AM) is a process
developed in two environments: CloudCompare and ArchiCAD. Fig. 6
shows a model that includes the process described.

As mentioned above, the transition from mesh to BIM requires sig-
nificant efforts. This fact has been recently showed. To model a church,
Constantino et al. [27] worked with point clouds in Rhino 7 and Arena
4D to generate the model through Boolean operations, extrusions, and
lofts. This process requires very solid and rapid hardware, although the
authors indicated that they obtained a parameterised model with which
a material could be associated.

Another interesting study into the transformation of meshes into BIM
objects is that by Yang et al. [71]. The workflow leads to obtaining a
mesh from TLS data or SfM in low-density meshes [72], converting the
holistic mesh into NURBS using Rhino and then using the Revit Dynamo
package. Finally, a parametric object with the geometric properties of
the shape of a complex element can be obtained, and therefore its
structure cannot be modified in BIM. There is a Mesh Tool Kit for Dy-
namo on the market [73], which describes the transformation of the
point cloud to a Revit model. In this sense, the modelling of door and
window frames with an organic and geometric geometry consists of
various workflows through CloudCompare, Recap, and MeshLab to
obtain a mesh exported to .dxf in Revit. The parametric model presented
as a complex shape aims to simplify by modelling the Revit family file
through rigid relationships. According to the authors, the model accepts
variations of the wall thickness or the width and height of the frames by
simplifying forms, so the true DT is not reproduced. Thus, the challenge
when using Revit is including a complex holistic mesh in the software
itself. In this regard, there are various software packages speeding up the
process. For instance, Convert a mesh [74] is a Rhino plug-in that
transforms the mesh directly into Revit families. The same section es-
tablishes the limitations of the workflow: i) the meshes imported cannot
obtain the materials assigned, and ii) users should use visibility graphic
overrides or object styles to control the graphs of the mesh imported.
Another proprietary application is Mesh import from OBJ files [75], an
add-in of Autodesk Revit. However, it has certain limitations in the size
of the mesh and several aspects of the OBJ format, e.g., the smoothness is
not exported.
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A Rhino model can also be imported directly to ArchiCAD and turned
first into a non-editable GDL object maintaining the logic structure of the
original Rhino model. It is placed in the embedded library of the BIM
project, but the segmentation of the model can be adjusted before or
after the import, according to the definitions of smoothness of a curve
object. Nevertheless, a great amount of polygons has an impact on both
the file size and the hardware performance.

The second alternative for BIM parameterisation of the mesh of
column 5 (.obj format from Rhino) is based on the use of VPL in Auto-
desk Dynamo. The mesh nodes were detected through meshtoR-
evitElement.dyn, a code package. For this process, the mesh triangles
were reduced, and the element was created in Revit by determining the
family and the material. Fig. 7 shows the Dynamo code.

4.4. Evaluation of the model quality for the heritage reconstruction

The (TLS;) global point cloud includes sectors that are not required to
evaluate the model. The aim is therefore to segment the points that do
not represent the sample. One of the elements identified is the floor. For
that purpose, CloudCompare, a widely used open-code programme
[32,49,76] was used. TLS,, was considered as a referential auxiliary to
produce the model under the Mesh to BIM (MBIM,) approach using
Revit software. Nieto et al. [77] showed that including point cloud data
in the BIM software (ArchiCAD and Revit) is essential to compare geo-
metric measurements against traditional techniques. Dynamo was used
to assess the quality of the model built and to analyse the structural
deviations between the parametric model and the actual geometry, for
whichthe data were converted into an .xIs file. To assess the potential of
the method used, structural deviations were measured using the para-
metric model in .stl format and the point cloud in .e57 with C2C. This
dataset showed the capacity of both the aforementioned techniques and
the BIM parametric models to analyse structural deviations. At first, the
model of the column was structured in three point clouds in. ptx format
from the postprocessing. That was the result of TLS,. Evaluating the
quality of the model should be the first step. For this purpose, this
research used the closest point algorithm that recalculated the trans-
formation parameters for the distance of the homologous points. The
maximum estimate of the roto-translation between TLS and Model to
BIM is obtained by reducing Eq. (1) [78].

v
From .3ds to
GDL

[Convert selection |
to morph

s 4

Fig. 6. Parametric model generated from an AM in ArchiCAD.
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4.4.1. Evaluation of the ideal model

After obtaining the TLS; point subset of the whole column (survey 1),
the HBIM construction model was aligned to the subset sample of Fig. 9
through common points selected between the. stl model and the point
cloud in .e57 format. The 6 pairs of points were obtained in the base of
both the plinth and the pillar. The record was applied with the Iterative
Closest Point (ICP) algorithm implemented by CloudCompare M3C2 and
created by Lague et al. [79] to automatically optimise the alignment.
The algorithm yielded a standard deviation with an RMS of adjustment
of 0.07237 m.

After the roto-translation, the TLS point cloud was aligned to the
model of the whole column generated in BIM in which the differences
between the two geometric models could be evaluated. Evaluating the
quality of the construction with BIM is among the challenging tasks for
professionals, lecturers, and researchers [80]. This is a critical point to
determine the construction in BIM. This evaluation should be estab-
lished by C2C, providing the results of Figs. 1 and 2 and obtaining the
following values (Table 1).

The distance between the model and the segmented pointset of the
portico was calculated (Fig. 8 a) and b)). The parameters studied were
the Root Mean Square Error (RMSE), the minimum and maximum dis-
tances between the model and the point cloud, the average distance, the
standard deviation, and the estimated error in metres, according to Eq.
(2). The deviation between the DT model and the actual geometry
presented two characteristics: as indicated by Antén et al. [32], the high
presence of points in Value O (Fig. 8 b)) in comparison with the other
distance intervals; also, the high standard deviation that can be calcu-
lated through Eq. (2):

n 2 2 2
RMSE — Z(AX,») + (AY)" 4 (AZ) @
i=1

n—1

Where:

Table 1
Data from the comparative study between TLS and whole column.

o AX; AY; AZ are the differences between the coordinates of the point
cloud and the coordinates of the closest points of the 3D model.
o “N” is the number of control points.

The lowest part of the column, including the plinth, was next
segmented. Both the parametric model and the TLS point cloud behaved
similarly, and the point difference was obtained Fig. 9.

4.4.2. Evaluation of the parametric twin

The parametric DT was obtained in ArchiCAD through an adaptive
mesh (Fig. 6) by following the workflow involving CloudCompare and
the BIM software. However, to obtain a 3D model as a parametric twin
element in Revit, the process adopted a workflow already started by
Constantino et al. [27] but in a very simplified way. Although Grass-
hopper and Rhinoceros were used to achieve an implementation in
Revit, a workflow based on multiple point cloud profiles was also fol-
lowed to construct parametric elements.

Experimentation was reached by simplifying the meshes using Rhino
V7 with Quad Remesh (Fig. 10). Simplification and NURBS generation
were enough to achieve parameterisation in Revit. This simplifies the
workflow, as Fig. 11 shows. Thus, after obtaining the point subset of the
lower part of the column, the .stl format exported to Revit was obtained.
According to Eq. (1), the comparison was performed through a roto-
translation between the TLS;; subset and the Quad Remesh exported
to .stl through common selected points. Survey 2 included the analysis of
the 6 pairs of points obtained both in the base of the plinth and the pillar.
The record was applied with the Iterative Closest Point (ICP) algorithm
implemented by CloudCompare M3C2 and created by Lague et al. [79]
to automatically optimise the alignment. After applying that algorithm,
the software yielded a standard deviation with an RMS of adjustment of
0.01402 m.

After the roto-translation, the TLS;y point cloud was aligned with the
model generated in BIM. Here, the differences between the two geo-
metric models could be evaluated using C2C. The results of this evalu-
ation are shown in Figs. 1 and 2, and Table 2.

The distance between the model and the segmented pointset of the
portico was calculated (Fig. 11 a) and b)). The parameters studied were

Experimental Standard deviation (m) RMS Min. distance Max. distance Average distance Estimated standard error RMS adjustment
surveys (©) (m) (m) (m) (m) (m) (m)
Survey 1 0.0536 0.0534 0 0.3718 0.0191 0.0831 0.07502
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Fig. 8. a) Parametric model of column 5 generated from the segmentation of the point cloud. b) Histogram. Units: metres (X-axis) and number of points (Y-axis).
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Fig. 9. Parametric model of column 5 generated by the segmentation of the point cloud.

the Root Mean Square Error (RMSE), the minimum and maximum dis- 5. Model management
tances between the model and the point cloud, the average distance, the
standard deviation, and the estimated error, according to Eq. (2). 5.1. Ontology use

One of the main advantages of digital BIM platforms is the possibility
of transferring information content to graphic representation units in
structural and architectural sites. Coordinated information must be
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Fig. 10. 3D model generated by simplifying Quadmesh in Rhino V7.

transmitted among operators to find new paths to improve product
quality. In this regard, BIM platforms enable operations within the same
software, such as TeamWork-HBIM in ArchiCAD [81]. An ontology de-
fines a common vocabulary for operators or researchers that need to
share information within a domain. Thus, ontology in BIM is an analysis
method of semi-structured information used to acquire knowledge and
communication among people, representing the interactions among BIM
users through attributes, concepts and relations [82]. Ontologies applied
to BIM convey or carry part of the knowledge between the operators and
the technical teams taking part in restoration. Operators should recog-
nise the ontologies and define levels of semantic data integration to
contribute to users' dynamic communication. The case study in this
research was based on associating semantic information with the ac-
tivities carried out various stages of the restoration process of the col-
umn of the Santiago Church. Each component represented non-
geometric aspects, including construction characteristics, execution
date, and material properties. Semantic implementation enriched the 3D
representation by adding information stored, formalised and verified in
the knowledge base of the activities of the heritage process [83]. Se-
mantic implementation is not new in relation to CH. Messaoudi et al.
[84] and Acierno et al. [83] worked on this issue with Revit BIM through

a)
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Protegé, an open database software.

One of the goals was to transfer the information obtained from the
execution phase when restoring column 5 into an information model to
be created. Thus, the various interventions by the technical teams could
be recorded, and such teams would be able to interact. Fig. 12 represents
the vertical connectors through longitudinal injections from the base to
the upper part of the column. Fig. 13 represents horizontal injections.

5.2. Use of open standards for information transfer

The use of the BIM methodology through open standards, the so-
called OpenBIM, should be encouraged, thus strengthening the inter-
operability among agents, processes, and tools. The creation of a BIM for
remodelling or renovation purposes based on IFC implies what is defined
by Scherer and Katranuschkov [85] as BIMification, a process that goes
through two stages. The first stage is anamnesis, dedicated to the survey
and collection of facts about the building; and second is the diagnosis,
the analysis and interpretation of the needed facts collected. The use of
common standards and internationally agreed by all agents from the
AECO sector is crucial to increase the benefits of the BIM methodology.
The IFC ISO 16739 [86] (Industry Foundation Classes) works as a
container of information that eases the exchange of a BIM information
without losing or distorting data. The IFC format is therefore neutral to
facilitate the interoperability among several specialists that use various
software. The structure of the IFC file consists of entities such as con-
struction, geometric and basic elements, and the BIM software turns the
file first into layers and, secondly, into parameters. BIM platforms export
building elements to an IFC file. In Revit, it is established according to
the categories or subcategories of such elements. When creating sub-
categories, the IFC to which the elements of a family belong should be
specified. The last goal of this study was to have an IFC data container to
represent the column, using the IfcColumn specification as the most
appropriate semantic definition, thus establishing starting limitations to
geometrically represent all the elements of the column and the provision
of the use of materials, parameters, and systems used in the restoration.

5.3. Building classification for HBIM
One of the goals is providing the heritage sector with a standardised
C2M signed distances (384240 values) [256 classes]
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Fig. 11. a) Analysis of the construction model and the point cloud of the base of the pillar. b) Histogram. Units: meters (X-axis) and number of points (Y-axis).

Table 2

Data from the comparative study between the TLS;, data and the parametric model.

Experimental Standard deviation (m) RMS Min. distance Max. distance Average distance Estimated standard error RMS adjustment
surveys c) (m) (m) (m) (m) (m) (m)
Survey 2 0.0074 0.0073 0 0.0671 0.0496 0.0075 0.01402
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terminology and semantics. There is a need for using classification sys- [88] show.
tems in the HBIM context. The aim of ISO 12006-2 is to ease the com- A widely acknowledged system is Uniformat, from the US and Can-
parison of the standards definitions for the systems of various countries ada [89], which standardises the nomenclature of all the building ele-
[871. Using a classification system allows the model to be structured by a ments [90]. The ASTM E1557 standard (Standard Classification for
known basis to be shared among agents. More and more countries are Building Elements and Related Sitework- UNIFORMAT II) provides a
establishing their own classification system, as BIM Content packages common structure in which the construction programme, specifications,
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and estimates are bound together. Including this standard in the design
improves the communications and coordination among all participants
in the projects, thus enabling a quick design, and an important increase
of productivity. There is a parameter for this code called Assembly Code
(AC) that requires an integrated process modified by the user. Work
Breakdown Structure (WBS) is a centralised database and the foundation
of construction project management [91]. It could be used as a record
management element. Uniformat provides a hierarchical order through
levels, composed by the elements of the project. This structure is
organised in five levels: A, A10, A1010, A1010.10, and A1010.10.CF.

Since 2017, GuBIMClass, a classification system, has been estab-
lished in Spain [92]. Its goal is to create a classification system fulfilling
the needs of the Spanish sector. It is mainly based on guaranteeing the
traceability throughout the life cycle of the building, the homogeneity of
the site, and the language of the system. The code is structured in 9
levels: CD, 20, 20.20, 20.20.20, 20.20.20.10, and so on.

Moreover, Omniclass [93] was developed by the Construction
Specifications Institute in USA. This is an organisation and classification
system based on a classification of codes organised in various tables
according to their function and shape, among other aspects. It is made
up of 15 tables representing each part and property of the construction,
from construction entities by function to products, including elements.
The levels of the code are 21-01 00 00, 21-01 10, 21-01 10 20, and so
on. These classification systems are included in the structure of the IFC
file to specify the system, whether a public standard or the adaptation of
any other system of a company. In architectural or historical heritage
there is no standard, considering that it is also a part of the facility
maintenance. This aspect should therefore be studied to establish new
guidelines to classify CH according to the existing codes to know the
specific features of the historical building, including archaeological,
architectural, and artistic features. Several studies focused on HBIM
have used OmniClass for the hierarchical structure of the elements
[94,95], as well as Uniformat [96], or link information assignment to
each parametric component in Uniformat II [97]. The interesting aspect
is that an open code can be created within the model to include the
information by adding databases. The implementation of a semantic
classification based on a hierarchy of classes and subclasses is useful to
store the information on heritage deterioration and the characteristics of
the materials of each structural part [98]. Following the line of work of
Malinverni et al.[98], a class structure can be established in the heritage
building by analysing the exterior and interior and dividing floor, slab,
wall, pillar, arch, beam, and roof into subclasses. For this study, there
would be a substructure divided into the plinth, foundation, base, shaft,
and capital of the column.

For collaborative and standardised work in the AEC sector, it is
mandatory to automate a classification of elements of a project to
reinforce open BIM. ArchiCAD was the first software to bet on efficient
interoperability between intervening agents; it continues to be the most
flexible in the IFC mapping process. The ACCA Edificius platform [99]
also facilitates the mapping of IFC classes based on a text file that maps
the categories generated by any native BIM application. In reference to
the Autodesk platform (Revit), the Omniclass classification is the only
one that is clearly displayed in the element properties window. Although
AC [100] is also helped to introduce Uniclass subclassification systems
(although difficult to identify) or Keynote for customised and own
labelling. In the latest version of Revit (2023) an Interoperability plug-in
can be used to load the internationally validated classifications and
assign classes and types to elements. These systems are easily used and
are useful for industry and the construction sector. The applicability of
these systems is still scarce in the restoration sector. Bruno and Fatiguso
[101] shared information on diagnosis tests through Microsoft Access,
related with Excel or SQL, in which the attributes included in the model
were used as programming fields for diagnosis reports. This field should
be developed in heritage buildings. The taxonomy of the data in an in-
formation model, such as the hierarchical and systematic order of the
information, is crucial to be successful in a restoration project.
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In this work, a classification process for an element in a historical
scenario has been experimented with; a Keynote parameter was initially
associated, including component and material levels. To include key-
notes, the user could divide data into categories, families, types, and
instances. These keynotes should be included in a .txt file (Table 3).

The legend works as a planning table that could be included in plans
[102]. Keynotes work as codes to classify and describe the elements of
the restoration project. In this classification, the novelty is the compo-
nent of treatments that are part of the construction model (Fig. 14).

To complete the process, a standardised classification of the elements
of the column 5 model is applied, trying to get closer to the construction
typologies of the time and the interventions for its consolidation. The
current classes and types in Omniclass, Uniformat II, Uniclass 2015 are
not adapted for the historic building. Therefore, if a very generic clas-
sification is not wanted, it is necessary to create new chapters and
subchapters. This is except for Omniclass, which does not allow the
introduction of new codes in the Revit BIM platform, if possible, in the
case of Uniclass. But the use of a personal encoding, not established by
an international standardisation body, can bring about other problems
of inappropriate codes or discrepancies with other similar cases. Finally,
and with difficulty, the elements have been classified adjusting to the
current bases, leaving for future research a more appropriate use to
classify CH construction systems. Fig. 15 shows the process carried out
in the classification, with the creation of a table of classified elements to
be exported to IFC.

Another drawback has been that IFC mapping is not automatic when
systems are very specific. This has led to a custom mapping of con-
struction classes before being exported. Figs. 15 and 16 show the IFC
data of an intervention entity (BIMvision).

To include information in the parametric model, each family repre-
sents a treatment conducted in the column. The information is estab-
lished in the identity data section, thus representing its description,
technical requirements, reports before the action or any other inter-
esting data that is, in turn, included in the family properties (Fig. 17).

Another element included in the restoration of the column was the
treatment using the inclinometer pipe. This record was essential to
control the maintenance and possible deviations in the future; the latter
could be anticipated, thus preventing collapse. Apart from the technical
requirements of the material installed, the data obtained from the first
clinometry of column 5 are indicated to compare them with future
analysis and find possible impacts (Fig. 18 a) and b)).

The column base automatically modelled from the mesh in a Revit

Table 3
Classification included in Revit through Keynote.
CODE DESCRIPTION JOINT
COLUMN
00.01.01 Floor COLUMN
00.01.01.01 Granular sub-base 00.01.01
00.01.02 Column COLUMN
00.01.02.01 Base 00.01.02
00.01.02.02 Shaft 00.01.02
00.01.02.03 Capital 00.01.02
00.01.03 Roof COLUMN
00.01.03.01 Diagonal Ribs 00.01.03
00.01.03.02 Ribs 00.01.03
COLUMN TREATMENT
00.02.01 Foundation cement treatment COLUMN TREATMENT
00.02.02 Horizontal injections of column 5 COLUMN TREATMENT
00.02.03 Reinforced concrete sub-vertical COLUMN TREATMENT
00.02.03.01 Reinforced concrete sub-vertical 00.02.03
00.02.03.02 INCLINOMETER PIPE 00.02.03
00.02.04 Vertical micro-cement injections COLUMN TREATMENT
00.02.04.01 Gaine 00.02.04
00.02.04.02 Injection pipe 00.02.04
00.02.04.03 Gewi corrugated bar 00.02.04
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Fig. 15. Classifications of elements tagged with Keynote and their IFC mapping before export.

family works as a parametric object, so customised properties can be mechanical properties, and characteristics of materials and technologies
included. In particular, the properties required in this systematic docu- employed for consolidation (Fig. 19). This information derived from the
mentation process of restoration interventions regards historical anal- works by Rodriguez-Mayorga et al. [41,45], which resumed in-site tests
ysis, diagnostic tests outcomes and reports, material characterisation of and structural analysis of the building, subject of intervention.
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Fig. 16. Data associated with the elements (case of Bar Gewi) of the IFC model (BIMvision).

Consequently, these parameters were inserted in each element of the
model (basement, inclinometer pipe, and Gewi bar, among others) as
shared parameters after accurately defining the data structure and data
type to be easily understandable by technicians and readable by openIFC
viewers. In this sense, the BIM of the base (carried out from the auto-
matic generation of the mesh) was exported in IFCx4 Reference View,
including IFC and custom parameters to be widely navigated using IFC
viewers such as BIMVision (Fig. 20), Open IFC Viewer, and Solibri
Anywhere. As evidenced, the use of images as properties in Revit does
not permit to consult them in the IFC viewer as the images in .jpeg and .
tiff formats, among others, are not IFC data types. This leads to provide
reports and pictures within the working group as a URL from shared
folders (a common or on-line server such as Google Drive or WeTrans-
fer). In addition, the introduction of the parameter’Sonic tests (P-waves
velocity)’ with data type ‘speed [m/s]” within the IfcColumn (building
element) causes the loss of the reference measure unit in the IFC viewer
because ‘speed‘is not in the property sets of IfcColumn in the IFC
schema.

5.4. Document management

The systematic perspective to include all the activities that the his-
toric building requires is solved by the BIM methodology when referring
to documentary management. Each heritage intervention is developed
in relation to the knowledge of the building structure to achieve all the
research work [83] based on two processes: the analysis of the building,
and major activities. The great deal of information in documentary
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sources, such as reports, texts, and graphic documents, is generated to
understand the building and archaeological nature of the CH. In this
regard, the most appropriate structure is an ontological model for
observation to preserve the conducted interventions. The 3D model of
the column was built through semantic partitions with families. The
ontology of the model followed the conceptual system of the information
related to the geometric model segmentation. it represents the semantic
breakdown framework in which the column is structured as per the
point cloud segmentation: its plinth as the settling element of the main
structure; the decorative base in the column; the shaft; the capital with
vegetable details; and perpend and transverse arches from the column
capital to the vault support. OWL is the most common language to
represent ontologies [103]. It greatly facilitates the interpretation of
web contents. Hence, the semantic information should be studied
through OWL ontologies that welcome .xml and .rdf files.

The reliability degree of the geometric information is defined by the
international specifications, known as LoD [104]. Using a classification
system allows the model to be structured with known bases to define the
attributes of each element, and this is very useful for companies or in-
stitutions working with new buildings. Normalisation and distribution
are not studied in relation to movable and immovable CH assets. This
study structured an HBIM project in which the semantic data were
managed and included in the BIM digital platform, and the architectural
elements were organised according to the GuBIMClass classification
[92]. This classification derives from category 20, structural system, and
its subcategories, 20.20 structure and 20.20.10 column, to later obtain a
new subset of the column system in parts of 20.20.10.10 base- shaft-
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Fig. 18. a) Report in the inclinometer pipe family. b) Graphic report.

capital, and arches. Fig. 21 describes this development.
6. Discussion of the results

Managing CH is a difficult task that requires accurate tools to achieve
geometrically suitable results. Two concepts could be useful to change
the reality when applying the BIM methodology to heritage. One of them
is the systematic approach, the logic sequence of the execution processes
of a HBIM project. In the examined case study, an experimental
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campaign was conducted to obtain MDCSs through TLS or SfM [60]. The
point cloud was registered to create a global georeferenced point cloud.
This could be carried out using software packages such as 3DReshaper or
Leica Cyclone Register 360, which provided tools to remove the noise
before exporting the point cloud [27]. After obtaining the parametric
objects through adaptive meshes, the results were processed to proceed
to the evaluation of the model so that the geometric deformations and
variations could be analysed. Research studies in the CH domain are
increasingly focusing on structural analysis in a BIM environment [105].
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Fig. 19. BIM environment to manage data from diagnostic tests of the base column.

Recent research works have achieved the analysis of the structural de-
formations of historic buildings by using the codification of an algorithm
within the applicability of the BIM platform. Although it could be
initially applied to historic buildings, it could also be used for new
buildings. Without using complex structural software and alternative
flows, an algorithm from the digital platform to analyse the deviations
between MDCSs and the (ideal) parametric objects enables the real-time
assessment of: i) the quality of the model built, and ii) the structural
deformations that could take place throughout the life cycle of the
building,. This new paradigm would imply that researchers, lecturers,
and experts in CH change the concept of usability of BIM platforms,
considering a comprehensive HBIM project in relation to its historical,
evolutionary, structural, and information management analysis, which
is multidisciplinary for the effective conservation of the CH asset.
Further investigation involves setting categories and the corre-
sponding attributes in the BIM project, and the inclusion of semantic
information of the construction model. The other concept is the systemic
approach whose main point is its own system concept, a set of interre-
lated elements with the common goal of building a graphic and numeric
information model with three-dimensional characteristics to integrate
the dynamic evolution of the heritage assets into a dynamic model
[106]. Therefore, this original contribution proposes both a systematic
and a systemic approach. First, the interventions conducted in the col-
umn were qualitatively described according to the evolution of building
sequences. The workflow depicted in Fig. 3 shows the main aspects
between the restoration project stages, the modelling environment, and
the integration of the database. The next section was the segmentation of
the structural units into parts so that the model was easily assessed and

built. This manual segmentation process was configured by morpho-
logical units, creating five levels that constituted significant changes in
the column geometry. The manual segmentation has been sometimes
used by researchers such as Boulaassal et al. [107], which allows for
assessing the resulting parts. Another aspect to be highlighted is the
assessment of the DT. The concept of DTs has several meanings. Al-
Sehrawy and Kumar [108] determined 18 definitions for the term DT
according to three aspects: identity and nature, goal and purpose, and
the main constituents, elements, and components. As a result, the DT is
considered as the construction of digital information of the asset in a
physical system. The automation process in the BIM system was con-
ducted through the combination of Dynamo and Revit. In this process, a
mesh generated through Rhino software was converted into a Revit
family. To understand the workflows that current BIM platforms such as
ArchiCAD and Revit use to achieve DT parametric models through AM,
the study sequence of the column base of the church was followed. Thus,
this recently studied mesh-to-BIM working methodology constitutes a
gap in the software's applicability. The logical sequence exposed in the
workflow for ArchiCAD software in this research allows for achieving a
DT being used by the BIM operators themselves. In the sequence through
Revit, knowledge from mesh to BIM to a parametric DT should be
available for experts in Dynamo and Revit. The use time in both cases is
similar provided that the necessary know-how for its execution is
available. One of the problems of the mesh-to-BIM process automation
in Revit is that the mesh should be simplified by 50% of triangles used in
the AM for ArchiCAD. The results obtained were an ideal model and a
DT model generated from TLS;y to a parametric object of column 5 of the
Santiago Church in Jerez de la Frontera. The results from the deviation
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evaluation between the global ideal model and the point cloud was
approximately 6 cm.

Further, the column base automatically modelled from the mesh in a
Revit family was studied. This base worked as a parametric object to add
customised properties. In this case study, the properties required in the
restoration process referred to the historical analysis, the results and
reports of the diagnosis tests, the characterisation of the material of the
mechanical properties, and the characteristics of the materials and
technologies used for the consolidation. On the other hand, the BIM of
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the base of the column was exported to IFCx4 Reference View, including
IFC and customised parameters to be widely studied using .ifc viewers
such as BIMVision (Fig. 20), Open IFC Visor, and Solibri Anywhere.
The use of images as properties in Revit does not allow to consult
them in the IFC viewer because the images in .jpeg, and .tiff formats,
among others, are not IFC type of data. This implies to provide reports
and images in the working group as URL of shared files (a common or
on-line server such as Google Drive or WeTransfer). In addition, the
introduction of the parameter’Sonic tests (P-waves velocity)’ with data
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type ‘speed [m/s]’ within the IfcColumn (building element) causes the
loss of the reference measure unit in the IFC viewer because ‘speed‘is not
in the property sets of IfcColumn in the IFC schema.

One of the goals of HBIM research is providing the heritage sector
with a standardised terminology and semantics. There is a need of using
classification systems in a HBIM context. The goal of ISO 12006-2 is that
national systems allow the definitions of the standard to be compared.
Using a classification system enables the organisation of the model by
known bases to be shared among agents. Keynotes provides tools to
classify and describe the elements of the restoration project. In this
classification, the novelty is the component of treatments that are part of
the construction model (Fig. 21). Nevertheless, Keynotes is a specialised
proprietary add-on. The classification activity of the proposed approach
also investigated the classification with Omniclass, Uniformat II, and
Uniclass 2015, and demonstrated that they are not adapted for the
historic building. The recommendation is to create further chapters and
subchapters of them when a generic classification is not sufficient.
However, Uniclass permits the upgrading of classes in the Revit platform
(avoided for Omniclass); the criticality is represented by the absence of
an international standardised encoding of these added items. Future
remarks regard the need to work on a common and appropriate classi-
fication of construction systems in CH domain. Another was carried out
on IFC export and navigation of the HBIM project. Again, these tasks
required a custom mapping of construction classes, not internationally
recognised.

7. Conclusions

In architectural restorations, the information to manage a heritage
asset is obtained by analysis teams that study the geometry of archi-
tectural sites, including churches, monasteries, and cathedrals. The
building characterisation and its evolution over time is called building
life cycle. From this point of view, this work presents the systematic
process in which the interventions conducted according to an evolution
of building sequences are qualitatively described. The the first step in-
volves new data acquisition technologies, which ease the capture of the
conservation status and the geometric recording of the elements. The
assessment process implies other stages included in this work as a new
perspective until constructing the 3D digital model. Current BIM pro-
grammes allow for creating ideal 3D objects. Moreover, from the
applicability of the new technologies, BIM platforms also welcome
properties and characteristics from those technologies. Consequently, a
replica is used to build the model. The operational effectiveness is
greater when research studies and academic works are conducted,
highlighting the new paradigm of BIM in heritage buildings. From this
perspective, this work shows a full view of the possibilities of BIM
platforms defined as a systematic approach. This paper focuses on the
case study of the base of column no. 5 of the Santiago Church in Jerez de
la Frontera. Here, based on automatic meshing from TLS data, the
research also analyses the modelling workflow in a Revit family and in
an adaptive mesh process in ArchiCAD. Regarding Revit, one of the
problems of the automation through Dynamo of the Mesh-to-BIM pro-
cess is that the mesh needs to be simplified so that the algorithm can
process it. Further studies could assess the impact of this simplification
on the geometric analysis of the model. Further insights derive from this
study on the informative character of the ideal 3D model to support
decision making for future interventions and maintenance activities at
CH. For this reason, one objective was the data structure following and
extending a standard data structure of the column components. This has
been carried out as a preparatory activity to the future development of
an ontological breakdown of the architectural building components to
be enriched with semantics about construction evolution, previous in-
terventions, decay mapping over time, and diagnostic tests. The inter-
operability of BIM is another aspect that has been pursued in this study.
Thanks to the sharing of the BIM in the open IFC standard, which also
contains customised attributes, consolidated and incremental
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knowledge about the fabric will be available in the future. The choice of
the presented case study is justified by the stratification of knowledge
around a real artefact which was surveyed by geometric data acquisition
techniques and reconstructed in a BIM project. Thus, this systematic
approach could be scalable to use the methodology on other historic
buildings and infrastructures, adapting the data structuring of the
granular breakdown of the artefact under study.
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