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ABSTRACT

The article concerns the implementation of the HBIM approach (Historic Building Information Model-
ing) for the refurbishment and preservation of historic buildings. The scientific and technical community
confirmed the efficacy of BIM tools for knowledge managing and sharing, still noting a limited research
of Building Conditions Assessment in HBIM. Starting with observed criticalities and potentialities,
we propose a method for sharing and re-using information acquired through archival analysis, damage
survey and diagnostic investigation. Therefore, we formalize the information requirements as input in
BIM model and sharing modes for project and construction management.
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1 INTRODUCTION

The coherent and effective refurbishment of historic buildings outcomes from the solid
knowledge as acquired during the diagnostic phase. The handover of the information still
happens in form of papers or files among professionals, and generally, the interpretation of
data, for diagnosis and Building Conditions Assessment (BCA), occurs as independent activ-
ity without an organized discussion between stakeholders. The complete integration of parties
involved (data and actors) needs the configuration of lean workflows for exchanging
structured data via automatic steps, enhancing the interoperability between applications.

When planning structural consolidation, decisions stand on the assessment of structural
safety in order to implement risk reduction strategies. Indeed, energy retrofits require diagnosis
of residual thermal performance of building envelopes and mechanical devices. This assessing
phase of refurbishment project develops in different steps; the preliminary ones consist in the
creation of a knowledge framework based on geometric surveys, analysis of material/
construction techniques and typological studies conducted from historical and photographic
records, archival documentation and prior drawings. Simultaneously, a more specific diagnosis
about materials/constructive characterization and damage and risk conditions is executed via
traditional and augmented visual inspection, assisted by laboratory and in situ tests. The 3D
laser scanning and photogrammetry might work as innovative techniques for augmented
visual inspection, improved by the use of Unmanned Aerial Vehicles (UAV), and for acquiring
dense and accurate points clouds and digital images with high resolution from which generate
3D models [1, 2]. The execution of diagnostic tests consolidates or refutes formulated hypothesis
about building conditions [3, 4]. For instance, the comparison of GPR and Infrared Radiation
(IR) thermography results assists the recognition of constructive techniques and actual
conservation of structural elements. Nevertheless, the difficulties in collating independent
analysis — carried out by different members of the team project and derived from several
sources — return challenging comparison of diverse data, with negative effects on planning
refurbishment interventions.

These issues rise when the historic artefact has structural multi-wythe masonry walls,
made from different materials, and the historic building underwent several restoration
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interventions along time, because of material degradation, collapse and/or typological
transformation for changing building utilizations. In this perspective, an innovative method-
ology might support the collation, coordination and sharing of incremental knowledge derived
by the entire set of acquired information.

The implementation of the Building Information Modeling can represent an approach for
improving collaboration, trying to reduce fragmentation [5-7]. As concept of a repository
[8], BIM links different tools and permits queries about building condition, time scheduling,
and cost estimation to design adequate and sustainable interventions. In addition, it provides
graphical views, documentations and parametric information available over the entire life
cycle of the building. The specific usage of the BIM approach for the refurbishment and
maintenance of historic buildings assumes, in literature, several denominations. Firstly,
Murphy et al. 2013 [9] introduced the Historic Building Information Modeling, and then
proposed as Historic Building Information Modeling and Management [10]. Nevertheless,
Volk et al. 2014 [11] identified a still limited implementation of BIM in existing buildings, in
the specific about cause-effect and deterioration modeling, deviation modeling or uncertainties.
To produce these advancements in the methodology, a structured and integrated HBIM model
as database of semantic information has been proposed [12].

The integration of the diagnostic data within a BIM-aided refurbishment is an ongoing
topic, because of the significance for a complete architectural framework of the artefact. In
literature, the first attempts generally regard the use of thermo-graphic images and monitored
temperature and humidity via Building Energy Management Systems (BEMS) for energy
analysis, and GPR for roads rehabilitation [12]. The elaborated thermic pictures reproduce
the 3D as-is building energy modelling to simulate the real thermal performances for energy
retrofits, considering the actual thermal properties, reduced by material degradations [13].
The GPR tests identify utilities under the road surfaces to prevent damage risks [14].

The purpose of this paper is including results acquired via georadar and endoscopy into an
existing drilling hole, executed on a masonry wall of an ancient building in southern Italy.

2 METHODOLOGY
The work aims at the investigation about (1) acquiring information for refurbishing existing
buildings, (2) structuring and collecting knowledge in order to reduce fragmentation and
improve collaboration and (3) sharing and making effective project decisions.

A possible approach is shown in this paper, proposing next developments of the methodology
through algorithms for comparing results from different sources and utilizing them for supporting
decisions, entirely within the BIM approach. This work utilizes a simplified and conceptual
BIM model in Revit Autodesk for collecting images, comments, parameters provided by
interpreting diagnostic results. The data are included as structured object attributes, organized
into specific property sets, with a proper data type (number, length, area, but also text,
enumeration, URL and pictures, etc.).

Inserting this data as structured information permits to manage a master database thought
the BIM model, in turn employed as flexible tool for innovatively producing traditional
dossiers and drawings limiting time for reporting modifications to the different documentation
(thus coordinated and congruent), and errors because of bidirectional links among model,
database, views and schedules. The limitation occurs when employing the BIM model for
specific analysis, identifying problems in direct export/import of some data in expert software
products. Indeed, the immediate sharing and use of diagnostic data in construction site can be
solved generating Virtual and Augmented Reality from the three-dimensional model, visualized
on mobile devices.
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The case study presents the complexity of managing diagnostic data about masonry walls,
made from heterogeneous materials without control tests, undergone several transformations.

3 BUILDING CONDITIONS ASSESSMENT IN HBIM
3.1 Workflow of HBIM-aided refurbishment with diagnostic data

As just clear, an important step for refurbishment of existing building, also within a BIM work-
flow, is the Building Conditions Assessment (BCA), before deciding the proper interventions
[12]. Consequently, it is necessary to select tools and methods for reaching the objectives for
acquiring an accurate knowledge (Fig. 1).

The BCA is done comparing information (measured data, comments, interpretation)
acquired during preliminary in-situ investigations to identify masonry textures, decay patterns,
damage and vulnerabilities of materials and structural elements.

Nowadays, the use of photogrammetric and topographic surveys supports the detection of
deformations, out of plumb and kinematic mechanisms. Recent BIM approaches for Cultural
Heritage investigated the potentiality of these methods for geometric, stratigraphic and structural
damage survey [15-17]. While, other laboratory and in-situ tests, even if relevant for the
continuous process of knowledge, do not still find a complete collocation in the HBIM-
aided refurbishment of historic buildings [12]. Generally, parametric BIM objects deliver
geometric and materic data, excluding detailed information about the conservation status.
The list of tests and techniques, illustrated below (Table 1), needs to be considered for further
protocols within the BIM models and approaches:

Referring to the complete process of the HBIM-aided refurbishment, it comprehends the
preliminary information collection, the reverse engineering for the creation of ‘as-built/
as-damaged BIM’, the Building Conditions Assessment (BCA) and the project itself [12].

For this last phase, the attributes inserted in the architectural model are useful for structural and/
or energy analysis, and filtering them into the specific software product might limit information
losses, redundancies and inconsistencies reducing manual insertion, thus errors. Currently, filter
and sharing these attributes can present difficulties of interoperability between architectural and
structural/energy modeling tools, aspect deserving future investigations and software
developments.

The design of structural consolidation of masonry or seismic upgrading interventions
requests the material-constructive characterization, likewise the evaluation of mechanical
parameters of materials. These quantitative data, influenced by decay, enter the Finite Elements

| HBIMPHASE | |  oBiECTIVES | | TOOLS/METHODS |

Materials/construction W
technics Recognition J

Diagnostic survey

[ Building Conditions

Assessment Monitoring
Deterioration W Augmented Visual
Conditions J Inspection

Figure 1: Framework about Building Conditions Assessment (Source: Authors.)
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Table 1: Destructive and non destructive survey and laboratory tests for the BCA.

Survey Objectives

Radar tests (a) vault, walls and slabs stratigraphy, (b)
presence of voids and cavities, (c) presence of

Video-endosco C . .
124 consolidation interventions

Sonic and ultrasonic tests (a) stratigraphic study of structural elements
(monolithic elements, multiple layers), (b) pres-
ence of cracks and cavities

Test of environmental vibration/ (a) modal parameters (frequencies and modal

dynamic identification shapes), (b) dynamic building response

Laboratory tests (axial compression (a) mechanical parameters (b) stress-strain curves

test, monotonic and cyclic type)

Finite Element analysis (a) evaluation of the health and safety status of
structures

Model (FEM) for simulating the structural behavior. Nevertheless, the complexity in obtaining
real data, principally for masonry walls with anisotropic response, creates difficulties in
performance modeling that rise if there are losses in information delivery.

The limitation of errors in estimating mechanical parameters (normal elastic modulus (E)
and shear modulus (G), compressive strength (f), shear strength (t)) and average value of
specific (w)), occurs with experimental tests on all the different types of masonry. The inte-
gration of weakly destructive and non-destructive tests permits to achieve this aim, avoiding
further deterioration of the historic building and architectural components (i.e. frescoes surfaces
and decorative apparatus). The thermo-graphic technique might detect masonry degradation
and humidity patterns by monitoring superficial temperature. Punctual coring generally
confirms the detected stratigraphy and typology of masonry. The weakly destructive tests
with single and double jacks locally estimate stress and stiffness [18]. Non-destructive tests,
such as radar and seismic tests, support the extension of the quantitative attributes on building
structures with similar qualitative properties. Despite the importance of the BCA for refur-
bishment, there are no protocols, in literature, for inserting and managing diagnostic
information (values of logged parameters, installation plan about instrumentation, methodol-
ogy, images, diagrams, comments) in BIM approach.

3.2 Available tools for knowledge managing and sharing in BIM approach

The methods for managing and sharing information about refurbishment, made available during
the entire life cycle of the historic building, might be classified in four main categories:

1. tool-to-tool for simulating and comparing building performance in the ‘as-damaged’
status and after modelling refurbishment interventions;

2. operative tools/methods for construction management (such as Virtual Reality (VR) and

Augmented Reality (AR));

database for Facility Management and maintenance;

4. cloud-based services for diffusing knowledge about history and cultural characteristics.

bt
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The first category consists in the use of (1) add-ons and plug-ins for direct connections
between software products, based on Application Programming Interfaces (APIs) or (2)
exchange formats, open (IFC specifications (IFC (*.ifc), IFCXML (*.xml), IFCZIP (*.ifc-
zip), Coordinated View) or proprietary, within the same hierarchical proprietary platform or
different ones.

The second class is represented by mobile versions of BIM tools for Virtual Reality (VR)
and Augmented Reality (AR) technologies, for more effective real-time communication
between employees and professionals, directly from the construction site. The development
of connecting technologies between 2D/3D environments and the work site enhances cloud-
based reporting of data, notes, checklists, and alerts via mobile devices [19].

In the specific, the integration of BIM and AR demonstrated potentialities for information
retrieval and visualization, with the effect on reducing errors during executions of interventions,
assemblies and equipment employment [20, 21]. These aspects contribute to control planned
costs and time scheduling with proactive actions for preventing such defects resulting by
workload for manual and physical inspections of several building components, and data loss
when updating project variations and defects [22].

The third category regards the Facility Management and maintenance that can take advantages
both from AR, VR, and relational database connected with BIM models [23], and traditional FM
systems such as CMMS (Computerized Maintenance Management System), EDMS (Electronic
Document Management System) and BAS (Building Automation System) [23].

Finally, the knowledge re-use about history and cultural characteristics for touristic and
educational purposes especially succeeds via computer vision technologies and web services
platform to solve issues related to scalability and high size of BIM files [16, 24].

4 CASE STUDY
The research investigates a BIM workflow for BCA executed on a multiple-wythe masonry
for managing diagnostic results to support decisions and control quality. In this specific case,
diagnostic tests can be carried out for assessing the decay condition of masonry walls or for
monitoring consolidation works, such as cement injection.

4.1 Information requirements

The preliminary investigations identified irregular transversal sections, different walls thickness
at the same level and from the basement to the top. In the case study, the confirmation of
information about stratigraphic composition, materials, and decay condition derives by diagnostic
tests (georadar and endoscopic tests).

In a traditional approach, the reports of diagnostic tests and other documentation about the
refurbishment project are separate paperwork that generate difficulties in retrieval data to
plan interventions and program maintenance.

The investigation of capabilities of BIM approach in its current degree of development
evidences the possibility to record data and metadata, provided by diagnostic tests and biblio-
graphic research, into the parametric object as project properties, associated to object types
or instances, and then structured in schedules, views and sheets.

The work is carried out on the walls modelled as ‘Structural wall’, with the scope of
directly creating the analytic model for structural analysis, because the masonry walls present
the double function of load bearing element and external envelope. Consequently, this
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decision costs the lack of information about the irregular geometry, in cross sections and
along the total height. In the IFC standard, the wall type consists in IfcWallStandardCase.

The masonry types have been codified by an alphanumeric ID, composed by typology
(multiple-wythe unit masonry: MultiWM, different from Single unit masonry: SM) and
reference cardinal point. The structure of walls consists of three layers: external and internal
leaves, composed by limestone bricks in regular shape, and the inner core in compact limestone
masonry, according to the traditional, and local constructive technics.

Non-destructive diagnostic tests firstly provide multimedia or digital file (video, images,
graphs), to be interpreted compiling textual comments or inserting integer/real values with its
measurement unit in correspondence of physical properties (thickness, thermal and mechanical
parameters) into the parametric objects. The information requirements, to place into the model
in the temporal phase named ‘as damaged’, regard identity data, diagnostic data and physical
properties. The lists of attributes is shown below (Table 2, Fig. 2):

Table 2: Project parameters into the parametric object Structural wall

Wall: Type/instance attributes

Type

MWUM_est/... [Wall stratigraphic composition]_[ Cardinal Point]
MWUM (Multiple-Wythe Unit Masonry) or SM
(Single Unit Masonry).

Construction

Structure Show structure

Materials and finishings

Structural material Masonry in rough-hewn limestone bricks.

Identity data

Keynote M(=Walls)

URL About reports/technical sheets

Description Masonry in rough-hewn limestone bricks, horizontal
and stagger vertical joints. Degradation of mortar in
Jjoints.

Assembly description Ext. Wall.- Brick Cavity

Assembly code According to national building product codification

(i.e. Uniformat) B2010154

Deep Hole Drilling Acquisition Hole drilling total.png

Deep Hole Drilling Comments [CONFERMED] Cavities in limestone bricks for karst
phenomena. Bricks thickness (Reference value): 30 cm.
Consolidated masonry. Nucleus: lime mortar and stone
bulk, compact and cohesive. Transversal cross bricks.

Generic model: Type/instance attributes

Type

GPR_ProfileAA_LO1 Naming type: GPR_Profile[ ProfileCode]_L/T[n pro-
file], Longitudinal/Transversal

(Continued)
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Table 2: (Continued)

Text
GPR Profile Code
Data

GPR_Acquisition File

GPR_Methodology

GPR_Equipment

GPR_Radar image
GPR_Comments

[ProfileCode]_LI/Tn profile]

[ProjectName)/[yymmdd][ProfileCode].ZON

— Reference point for profile localization (height,
distance);

— Number of longitudinal (L) and transversal (T)
profiles;

— Distance among profiles;

— Total area investigated (for three-dimensional
profiles)

Type of Acquisition Unit (IDS DAD FastWave, one

channel, 16bit)

Type of antenna, Voltage and Frequency (Antenna IDS

TR600V 2000MHz or 600HZ)

AA_L01_070.png

A hyperbola where the interface between air and deep

drilling hole (about 1.30 m from the origin of the

profile). Difficult identification of the horizontal line

between the first layer and the core, probably caused

by different thickness of bricks.

Modifica

Assegna strato

<< Anteprima

Unisci regioni

Dividi regione

Modifica struttura verticale (strumenti attivi solo in anteprima sezione)

Estrusione

Scanalature

Modulo di Young Z 18.000,0 MPa
Coefficiente di Poisson X 0,18
Coefficiente di Poisson Y 0,18
Coefficiente di PoissonZ 0,18

Modulo a taglio X 2.100,0 MPa
Modulo a taglio Y 2.100,0 MPa
Modulo a taglio Z 2.100,0 MPa

Interpretation of diagnostic
Famiglia: Muro di
ami.g = TR tests and visual inspection results
jeo: Bt o= [1dentita| Grafica Aspeto  Fisico
Spessore totale: 1300.0
Resistenza (R):  0.3824 (m2-K)/W B e Y =
Massa termica: 56.15 KI/K Informazioni descrittive .
st Descrizione |Masonry in limestone, ashlar blanks, blocks, perfect
Composition/materials LATO ESTERNO “q”‘ B = ""m”" s, staggered vertical joints. Joints of
y I
F i Spe Classe Pietra =
1 [Contom Strati sopra 0.0 Commenti  Degraded mortar in joints. Conservation status |
2 Regular shaped-lit bricks masonry 400.0 Parote chiave
3 Cong| of stones, lime rand soil  400.0 T =
4 S ‘Regular shaped-limestone bricks masonry 500.0 A
5 |Contorn Strati sotto 0.0 )
Layer thickness
< Costo
LATO INTERNO s
Inserisci Elimina Su Gid v Proprieta meccaniche
v Comportamento  Ortotropico -
o 5 Structural behaviour and
Ripiegatura di default mechanical parameters Densitd 2.600,00 kg/m®
Agli inserti: Alle estremita: Modulo di Young X |12.000,0 MPa
Non ripiegare V| | Nessuno » Modulo di Young Y |12.000,0 MPa

Figure 2: Insertion of quantitative data, derived from diagnostic tests, into the BIM wall

(Source: Authors.)
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Figure 3: Diagnostic report (Source: Authors.)

The added attributes are employed as scheduling fields to organise diagnostic reports, useful
to collect images, data and comments in digital sheets (Fig. 3). These reports, printed in *.pdf
files, can be hyperlink. The semantic enrichment with non-geometric data permits to achieve
elevated Level of Development, almost LOD 500, ‘as built model” for AIA Standard, or LOD
E as ‘specific model’ for the UNI 11337:2017 (Italian Standards).

These attributes might be immediately utilised for next planning phase, in the specific case,
structural simulations for better apprehend dynamic behaviour and design consolidation
works (i.e. cement injection of walls, installation of tie beams for transversal connection of
orthogonal walls). Consequently, structural behaviour (isotropic, orthotropic, anisotropic),
mechanical parameters, decay patterns and observations — as derived by BCA — are information
requirements for the structural engineering team. These information requirements are computable
(physical parameters) and incomputable data (not exported attributes, images, and reports). For this
reason, the verification of interoperability among software products can support the investigation
about Open Source Standard IFC or other data transfer vehicles (formats, database, server,
clouds, etc.).

4.2 Interoperability Issues

Focusing on the workflow for planning structural consolidation, structural analysis requests an
analytic model (axial lines for mono-dimensional elements and stressed plane of bi-directional
bearing elements, nodes, constrains and restrains, and mechanical parameters related to
material and section profile) imported or generated into the specific computational tools. The
possible solutions to obtain a structural model are essentially two: using the architectural
model as reference or converting the model file into a native format for the structural tool.
The first option loses the real significance of the interoperability because the structural model
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is re-created following information contained in architectural files. The second method is the
most appropriate, even if this procedure can demonstrate some errors and limitations because
of operating conversion according to the specification of the receiving software product. The
BIM architectural modelling might follow further requirements regarding the preliminary
data, such as materials and structural function, and design instruction for building levels. The
simplified analysis model becomes structural models adding loads and load-combinations.

The current structural software products work with Revit via IFC format or via plug-ins
with losses of BIM object attributes that might be imported manually or semi-automatically
as data stored in spreadsheet or tabular database. The verification of interoperability among
the BIM design and structural products has been carried out viewing the Revit BIM model
(populated with diagnostic data), once exported as IFC transfer file, into the Solibri Model
Viewer®, a software product employed to review content data for an effective collaborative
process.

The export of the *.ifc file from Revit was set in the version [FC2x3 Coordination View 2.0
(for coordinating architectural, structural and mechanical disciplines). It demonstrates the
possibility to partially exchange parameters limited to identification (wall type, discipline,
wall stratigraphy without description of materials, envelope function, geometric typology),
location, quantities, material (name and thickness), geometry profile, topological connections
with the other objects, classification (in this case, Uniformat Standard), and IFC properties
(ExtendToStructure, LoadBearing, Reference, ThermalTransmittance), categorized into the
property set Pset_WallCommon. Other additional data are automatically exported in IFC
opened with ArchiCAD, including type name, structural function, and technical position
(envelope), refurbishment phase, all editable, and IFC parameters partially modifiable.

In both the workflows, no information about diagnostic data (images, comments, GPR
profiles, mechanical parameters, etc.), inserted into the model, are exchanged. The interoperability
issue increases when working on load-bearing masonry walls, in stone bricks.

Whereas, geometrical and topological data are compatible, semantic data about degradation,
crack patterns, mechanical parameters and anisotropic structural behaviour of masonry in stone
bricks are not recognized. These observations evidence the need to improve nets for synchronized
roundtrips between the BIM architectural and structural models.

5 DISCUSSIONS AND CONCLUSIONS
Sharing information about diagnostic survey demonstrates criticalities in managing comments,
measured values and pictures in a unique model, completely and always accessible. The frame-
work shows the architecture for innovative methods of sharing knowledge and diagnostic data
about masonry walls in stone bricks (Fig. 4). Further plug-ins or database for non-BIM data
(images, videos, etc.) should be implemented for associating tests acquisitions to alpha-
numeric data.

The diagnostic results, inserted within Revit, are images correlated by comments about
survey methodology, instruments and result interpretations. This data might be shared by
database connections to the DBMS (DataBase Management System), working as hardware
or software servers. Employing the Revit BIM model as master of data source, attributes can
be exported via ODBC (Open DataBase Connectivity) modified and imported into the BIM
model. In the current use of Revit as master, diagnostic data might be managed into MS Access,
Excel or SQL relational databases creating a form used to input alphanumeric parameters and
images, codified, and saved into a standard path.
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Figure 4: Framework for sharing knowledge about diagnostic data (Source: Authors.)

An alternative solution for knowledge sharing is represented by web services and cloud-
based BIM applications. The potentialities of cloud computing technology are emerging for
communication devices such as PCs, tablets and smartphones, and its integration with BIM
models enhances effective real-time communication platform for project team members [25].
This technology can improve interoperability and project team collaboration in managing
data by on-demand access to computing resources and cloud-based applications [26].

A virtual environment, in its immersive or no-immersive utilization, might work on cloud-
based or web-based platform for visualizing 3D model content about diagnosis and project,
via mobile devices, to have possibilities to receive and use data into the construction field, as
a source in remote access. Starting from recent research works about cloud-based VR, for
simulating construction site activities, the introduction of non-destructive tests within the
virtual environment can represent a benefit for construction collaboration and on site critical
decision making [19]. This might enables controlling the development of the construction
layout process, with the possibility to keep diagnostic data under control, in order to avoid
risks and damages to the high-value architectural elements.

In addition, the Augmented Reality, as a technology to overlap virtual data on the real
environment, can assist the utilization of diagnostic acquisitions queried via triggers for
transmission of connected information, pre-loaded into the AR application. The integration
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between BIM and AR can occur in two directions: BIM models superimposed on the reality
and BIM models upgraded in the AR environment [27]. The merged data can consist in
diagnostic values and consolidation works in sequence visualized over the real object to
inform professionals and employees about execution. Future efforts might interest the
development of a tool for comparing the entire set of diagnostic data and extract with high
reliability comments and quantitative data directly employed into a BIM-based decision
support system to assist the most coherent and sustainable refurbishment intervention.
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