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Abstract: The delivery of construction projects in general can be complex and demanding, and presents
well-documented challenges to the control of cost, safety, and quality. This situation becomes even more
challenging in the case of renovation projects due to the high level of interaction with occupants, especially
when they remain in the building over the renovation period. The safety of project participants as well as
that of occupants when they are present in the renovation site must be ensured. Although the planning and
management of such projects can be greatly enhanced by exploiting some of the advantages of Building
Information Modelling (BIM), the process of construction hazard identification and renovation scenarios
assessment is still human-based and so requires considerable time and effort. Moreover, there is little
research that addresses how hazard identification can best be represented and processed automatically in
order to optimise and develop more effective strategies for managing construction projects, particularly
those involving the systematic renovation of existing properties for better energy performance. Using BIM
along with Atrtificial Intelligence (Al) tools could help in processing the massive amount of newly-available
data and knowledge (e.g., feedback, images captured from smart devices, I0T sensors) that are
increasingly obtainable. A prerequisite for doing so is the development of a dedicated ontology that would
enable the formalisation of domain knowledge, including associated concepts, relations, and constraints
that are specific to renovation project hazard. The authors propose an ontology and demonstrate its
application by developing a knowledge-based system for application within the context of deep renovation
projects that are part of a large European research project: the RINNO project.

Keywords: hazard identification; artificial intelligence; ontology; knowledge-based system; Protégé
platform; BIM; building renovation; scenario-based simulation; RINNO project

1. Introduction

In Europe, buildings are responsible for the largest environmental impacts including almost 40% of global
energy consumption, 33 % of waste production, and 50 % of raw material depletion (Passoni et al. 2021).
The building and construction sector’'s demand on natural resources accelerates climate change (‘UN
Climate Change Conference (COP26) at the SEC — Glasgow 2021’ n.d.). Existing and inefficient buildings
negatively impact both humans and the environment (‘UN Climate Change Conference (COP26) at the
SEC - Glasgow 2021’ n.d.). Although, many research efforts have been investigating the construction
process of new buildings and how to improve their performance, renovation of existing buildings seems to
be a neglected area in the architecture, engineering, and construction (AEC) optimisation domain.
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Building renovation presents real challenges for project participants, policymakers and occupants. This is
because of their characteristics including: (i) high uncertainty (Bozorgi and Jones 2013; Singh et al. 2014);
(i) short durations to carry out renovation works (Manuel 2011); (iiij) small quantities-based production; (vi)
poor understanding of user requirements and the technologies to be used (Gholami et al. 2013); (v) dearth
of tools and approaches to evaluate renovation strategies and scenarios (Gholami et al. 2013); (vi) low
degree of anticipation and efficiency in the retrofitting phase (Amorocho and Hartmann 2021), and more
importantly (vii) high level of interaction and interference with occupants, especially when they remain in
the building over the renovation period (Fawcett and Palmer 2004), (C. O. Egbu 1994; Grath et al. 2013).
Renovation challenges usually generate high increase in project costs, hazards and schedule overruns
(Singh et al. 2014; Aldanondo et al. 2014; Fawcett and Palmer 2004).

Virtual design and construction (VDC) approaches (Dawood and Sikka 2008; Eastman et al. 2009; Han,
Law, and Kunz 2000; Haymaker et al. 2004; Khanzode, Fischer, and Reed 2008) have demonstrated the
benefits of visualisation, simulation, and process automation to enable better control and transparency of
project execution in the AEC domain. Early-stage simulation methods are particularly known to be useful
tools to identify optimised renovation scenarios in terms of cost and time (Kemmer and Koskela 2012; Volk,
Stengel, and Schultmann 2014; Chaves et al. 2017). They also allow to reduce renovation uncertainty,
assessing the performance of different renovation approaches and strategies and assisting decision-
making processes (Sacks, Treckmann, and Rozenfeld 2009). BIM-based simulations particularly enable to
share and clarify the perception of the renovation process by all stakeholders including building occupants.
It allows better visualisation, communication and decision-making through 3D-based simulations of several
renovation scenarios and strategies (Charles O. Egbu 1997; Papamichael 1999; Sheth, Price, and Glass
2010). Despites all these advantages and benefits, research works are still lacking on the use of BIM (Joblot
et al. 2019) and simulations in renovation (Kemmer and Koskela 2012; Volk, Stengel, and Schultmann
2014; Chaves et al. 2017), especially for hazard identification and risk mitigation.

This paper shows how using BIM alongside Al tools enables representation, in a machine readable format,
and automatic processing of the massive amount of hazard knowledge that are increasingly obtainable
through project feedback, human expertise, to name but a few. To do so, Section 2 introduces an ontology
dedicated to representing hazard knowledge related to renovation projects. Ontologies are known to be
useful Al tools in formalising specific domain knowledge including their concepts, relations, and constraints
in a machine-readable format (Hartmann and Trappey 2020). Section 3 demonstrates the applicability of
the new ontology by developing a knowledge-based system to enable renovation hazard identification.
Before concluding in Section 5, the digital tool proposed is demonstrated on a real case study, which is the
RINNO’s Greek multi-family dwelling demo site, in Section 4 by analysing and evaluating three different
renovation strategies in terms of hazards that could be caused.

2. An ontology for hazard knowledge representation

The research study reported in this section is part of the RINNO research project (Doukari et al. 2021; Lynn
et al. 2021) which aims to develop a holistic multi-disciplinary platform that will ensure accelerating the rate
of deep renovation in EU residential buildings. An ontology dedicated to formalising renovation-related
hazards is here introduced. First, its knowledge is specified, and then a conceptual model representing its
concepts, relations, and constraints is proposed. Ontologies are useful Al tools in formalising specific
domain knowledge and enabling process automation and tools development as they provide a machine-
readable representation of knowledge.




2.1. Ontology specification

Table 1: Building hazard specification.

HaITDard Hazard type R:I\;?: d? IE(L(TQSS; Rﬁ?;;gg? Area / Element / Activity Examples
Asbestos No Plant room / wall
Confined spaces No No Construction Void
Environmental decibel level No Boiler room / boiler
Fragile roof structure No Roof / roof mounted radio mast
HyDeploy Smart Ga§ M.eter/ andensing
boiler installation

Hallway
Data centre room / switch board
Roof, balcony/ ceiling lights

Site preparation

Public Protection
Risk of Shock
Working at Height

Slips Trips and Falls
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No No

Table 1 above presents a sample set of common building hazards that could occur while carrying out
renovation works. As illustrated in Table 1, three types of hazards exist. Firstly, area-based hazards which
are related to the areas where renovation works are taking place, such as ‘confined spaces’ and ‘public
protection’ hazards. Secondly, element-based hazards which are hazards that could be caused while
manipulating a hazardous building component, such as ‘asbestos’ and ‘risk of shock’ hazards. Thirdly, and
finally, activity-related hazards where the hazard is not related to any specific area or building element,
such as ‘slips, trips and falls’ hazard.

Table 2: The RINNO's renovation activities.

Activity ID Activity name Hazard ID
1 Site preparation 9
2 Facade insultation 8
3 Facade insulation with insufflated plug-and-play system 8
4 Facade insulation with PV integrated plug-and-play system 8
5 Facade insulation with cavity insufflation /
6 Flat roof insulation 8
7 Sloped roof insulation 8
8 Photovoltaics on sloped roof 8
9 Photovoltaics on flat roof 8
10 Windows and doors replacement /
11 Windows replacement with photovoltaic windows /
12 Installation of solar collectors on flat roof 8
13 Wall-mounted/integrated heat storage /
14 Condensing boiler installation 5
15 Mini split installation /
16 Radiant floor installation /
17 Non-centralised mechanical ventilation system /
18 Centralised mechanical ventilation system /
19 Insulation of existing heating and domestic hot water pipes 5
20 Insulation from the inside /

Furthermore, Table 2 presents the renovation activities data base developed within the RINNO project in
order to standardise the renovation design process and enable developing and delivering the RINNO design
toolbox that includes digital tools for energy, environmental, and LCA/LCC simulations. In this paper, as
shown in Table 2, direct causality relationships between these standardised renovation activities and
potential building hazards are identified. For instance, when conducting a ‘site preparation’ activity, the
‘slips, trips and falls’ hazard is more likely to be caused whatever the building element manipulated or the
building area occupied, whereas the ‘fagade insulation with cavity insufflation’ activity as it is performed
from inside the building, it should not be the direct cause of any generated hazards, i.e., if any hazards
occur, more likely they will be element or area-related hazards. It should be noted that Table 2 identifies




Hazard IDs relevant to Activity name, only where the Hazard identified is part of the sample set as given in
Table 1. There are multiple hazards which will be relevant to the respective activities, hazards which are
outside of scope for this research and as such not included in the sample set.

Built Asset
-location : String
-constructionDate : date
-owner : String
-construction Type : String

composed of

to

Area Innovative Product installad on Element
-arealD :int -productlD : int 0. 0. |-elementiD : int 0.*
-areaMame : String -productName : String -elementName : String
-hazardID : int -manufacturer : String -hazardID : int
o
0. 1.+ | 1.*
includes .
takes place | o manipulates
[ 0.0 — - [ s
ation Scenario related
-scenariolD : int
related to -scenarioStart : date .
-scenaricEnd : date 0.. Material
/{_',_/' time related to -materialld : int
-name : String
1+ aggregates
.WBS = Aclthrity 1 1.* Workforce
‘mi:f -t . > 1 '5@{"'“‘!’:? : ”“'f_s . requires -workerld : int
- amel. ang. aggreagates -actlery arnE : 3tring -expertiseType : String
-WBSFunction : String ~duration : float
-ApartmentMbre : int or |
causes X Equipment
0.+ 0. ~equipmentld : int
Hazard -name : String
-hazardID : int
0.+ |-hazardName : String 0.x
-hazardType : String

Figure 1: Building renovation hazard ontology.

2.2. Ontology conceptualisation

Figure 1 presents the building renovation hazard ontology via a UML (Unified Modelling Language) class
diagram illustrating the ontology concepts, their relations, and constraints as well as the attributes or
properties that define each concept (here class or entity) to facilitate its implementation as a renovation
knowledge base. As presented in Figure 1, a ‘Built Asset’ is composed of several (at least one) ‘Element’
(e.g. window, wall, HVAC) and many (at least one) ‘Area’ (e.g. room, corridor). An ‘Element’ could be
manipulated while achieving a ‘Renovation Scenario’ and could present many ‘Hazards’. A ‘Renovation
Scenario’ is an aggregation of ‘WBS’ (Work Breakdown Structure, e.g. floor, external facade), takes place
at one or many ‘Area’, manipulates one or many ‘Element’, and could involve the installation of many
‘Innovative Product’. A ‘WBS’ is a combination of renovation activities that could be taken together seen as
a work package or macro renovation activity. An ‘Area’ could present many ‘Hazard’, but it could also
present none. Each renovation ‘Activity’ is timely constrained by activities that should begin and finish
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Figure 2: System architecture of the renovation-related hazard identification tool.

before it, whereas some others will be triggered and executed after its completion. It also requires a set of
‘Material’, ‘Workforce’ and ‘Equipment’ so it can be executed and may cause ‘Hazard’ to the ‘Workforce’.

The hazard ontology proposed was implemented using the Protégé platform (Stanford University n.d.) and
populated with hazard knowledge described in Section 2.1.

3. A BIM-based digital tool to enable renovation-related hazard identification

This section aims at demonstrating the renovation hazard ontology application by developing a knowledge-
based system for application within the context of deep renovation projects that are part of a large European
research project named RINNO. Knowledge-based systems are known to be ‘intelligent’ due to their
inherent ability to mimic the human decision process while reasoning and using domain specific knowledge
(Doukari and Greenwood 2020).

3.1. System architecture

Figure 2 presents the system architecture of the digital tool proposed which aims to substitute for human
experts and provide support to project managers that are learners, beginners or lacking hazard-related
knowledge. In addition, this tool is equipped with learning capabilities via a dedicated ‘Hazard Knowledge
Base Update’ user interface so that human experts can continuously update and extend the knowledge
represented within the ‘Renovation Hazard Ontology’ component. The ‘Renovation Hazard Inference
Engine’ enables hazard identification for a renovation scenario selected, through the ‘Renovation Scenario
Selection’ user interface, by using the BIM model uploaded, through the ‘BIM Model Uploading’ user
interface, and the hazard knowledge represented within the ‘Renovation Hazard Ontology’.

3.2. System behaviour

Figure 3 describes the automated hazard identification process implemented based on the renovation
ontology introduced in Section 2.2. The automated process, represented here as a UML scenario diagram,
enables project managers to leverage the BIM data and automatically identify and list the renovation
hazards related to the renovation scenario selected at the beginning of the process. After uploading the




BIM model and selecting a renovation scenario via two main GUI (Graphical User Interface) (Figure 4 — (A)
& (B)), the ‘Renovation Hazard Inference Engine’ enables the hazard identification process by: (i) parsing
and storing the BIM data; (ii) extracting BIM data relevant to the scenario selected and particularly to the
WBS identified; (iii) inferring renovation hazards relevant to the BIM data extracted and the scenario
selected by identifying element, area and activity-based hazards; and finally (iv) displaying the identification
results and enabling an automatic documentation of them (Figure 6).
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Figure 3: Automated renovation hazard identification process - UML Scenario

3.4. Graphical user interfaces

To streamline renovation hazard identification, facilitate interaction with the Hazard identification tool, and
assist project managers for renovation scenario definition and selection, a friendly user interface was
developed. Figure 4 illustrates the corresponding GUI and shows both the WBS selection tab (Figure 4 —
(A)) and the Activity selection tab (Figure 4 — (B)).

4. Case Study of the RINNO’s Greek demo site

The Hazard identification tool and its ontology were demonstrated using a real case study; one of the four
RINNO project’s demo sites which is the Greek multi-family dwelling illustrated in Figure 5 — (A). the first
step consisted in creating the Greek demo site’s BIM model (Figure 5 — (B)), representing and integrating
the hazard data into it (Figure 5 — (C)), and then uploading it into the Hazard identification tool to be used
as a BIM-based hazard database. Then, basic renovation project information, such as start date, owner,
address, description and project name are inputted as well as a renovation scenario is selected including a
combination of different WBS and a set of renovation activities that will be performed in each relevant WBS.

To demonstrate their accuracy towards both hazard identification and renovation strategy assessment in
terms of hazards that could be caused during renovation works, three (03) renovation scenarios were
selected and processed using the digital tool and the ontology developed (Figure 6). The three scenarios
consisted of conducting the same set of renovation activities but related to different WBS, such that
Scenario 1 was to renovate the building’s ‘Basement’, Scenario 2 for the ‘Ground Floor’, and Scenario 3
was dedicated to the ‘15t Floor’ renovation.




Although the three scenarios were defined through the same renovation activities, different hazard
identification results were concluded. As illustrated in Figure 5, Scenario 1 has caused {‘Slips, Trips and
Falls’}, Scenario 2: {‘Asbestos’, ‘Slips, Trips and Falls’}, and finally Scenario 3: {'Working at Height’, ‘Slips,
Trips and Falls’} hazards.
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Figure 4: Renovation scenario selection GUI. (A) WBS selection GUI.
(B) Activity selection GUI.
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5. Conclusion & perspectives

Compared to new constructions, renovation projects are more challenging because of the high level of
interaction with occupants that usually stay in the building while renovation works are performed. The safety
of project participants as well as that of occupants is the main priority when managing a construction project.
To optimise hazard mitigation processes and ensure project participants safety, this paper proposed an
ontology to capture and represent renovation-related hazard knowledge and demonstrated its application
by developing a digital tool enabling automatic hazard identification and renovation strategy assessment.
These tools were then tested and demonstrated on a real case study taken from a large European research
project which is the RINNO project. Three (03) different renovation strategies have been selected for the
Greek multi-family dwelling, assessed and then compared in terms of the hazards they could generate.
Different hazard identification results were concluded even if the three scenarios considered were defined
based on the same renovation activities combination. This could rationally be explained by the
heterogenous distribution of hazard through different areas, elements and components of the same
building.

To standardise the framework introduced in this paper and its related concepts, such as building elements
and activities, it is crucial to implement and use a classification system. Based on a set of consistent and
hierarchically organised tables, Uniclass 2015 allows the classification of all types of elements that could
be considered in the context of a construction project. This system also enables the classification of physical
objects using the ‘Entities’, ‘Elements’, ‘Systems’ and ‘Products’ tables, as well as construction processes
and activities through the ‘Activities’ table.

The automated process introduced in this paper clearly enables hazard identification for different renovation
scenarios. However, in order to better optimise this process and enable ‘equivalent’ renovation strategies
(i.,e., WBS and activities are the same) assessment and comparison, the time dimension should be
integrated. One such application is ‘4D BIM’ which involves linking the tasks in a project’s construction
schedule to its element-orientated 3D-model to improve the logistical decision-making and delivery of the
project. In our case, the time dimension must be linked to the hazard concept so that it will not be an
absolute value, but a measure/KPI that can be increased depending on its duration. For example, ‘Working
at Heigh’ hazard evaluation will be different for two workers where one only spent one day working on the
roof and another two days. Consequently, to reduce hazard durations (and so to be less exposed to it) and
optimise the renovation process, project managers would begin by scheduling first, in one go, the activities
related to elements and areas that are more likely to cause hazards.
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