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AUTOMATED SPATIOTEMPORAL IDENTIFICATION AND
DISSEMINATION OF WORK CREWS' EXPOSURE TO STRUCK-BY
HAZARDS

Karsten W. Johansen?, Carl Schultz?, Jochen Teizer!

! Dept. of Civil and Mechanical Engineering, Technical University of Denmark (DENMARK)
?Dept. of Electrical and Computer Engineering, Aarhus University (DENMARK)

Abstract

The construction industry is among the most hazardous industries, and its continuously changing, and
complex environment results in a labour-intensive task to plan and prevent hazards. The current manual
safety planning procedures cannot be performed with a temporal resolution that represents all stages
of the environment. This leads to unplanned durations and an increased responsibility for the individual
workers to analyse and act accordingly to a situation. With this work, we propose an automated
approach to identify and measure the amount struck-by falling objects hazard exposure to the
construction tasks and their assigned work crews. The automated identification, dissemination, and
digitization of hazard identification allows safety professionals to perform safety analysis every time the
spatial situation of the construction site changes and introduces temporary safety equipment or suggests
changes in the sequence of tasks to lower the exposure of workers to hazards. Additionally, it allows for
a comparison between schedules, which is highly relevant with respect to digital twins, where alternative
plans are generated based on historical knowledge about construction projects. The approach is
described through a graphical and algorithmic approach, which is then validated in two case studies.
The case studies reveal the potential and, at the same time, requirements for the scheduling of
construction projects if automated approaches should realise their full potential.

Keywords: Automated prevention through design and planning, Digital Twin for construction safety,
Hazard exposure identification and dissemination, Spatio-temporal safety analysis

1 INTRODUCTION

Construction is one of the most dangerous industries due to the continuous change in the construction
environment. Over time, the previously safest route may have turned into a hazardous one, e.g., tools
dropping from crews allocated nearby or above other work areas. Safety planning is currently a manual
and labor-intensive task. In particular, the standard planning process only covers the overall site layout
in a coarse temporal resolution because it would be impossible to generate a new safety plan for every
state change of the construction site. Consequently, the workers are responsible, and must be aware
of, consider, and adapt to, new hazardous situations that may not be a part of the safety plan due to the
low temporal resolution available when undertaking initial safety planning. Pushing the safety
responsibility to the individual worker results in thought-provoking safety statistics in construction.
Additionally, some analysis tasks can be too complex for the current manual approaches to solve (e.g.,
extensive struck-by-falling object hazards). This often leads to a hard hat requirement that covers the
complete construction site, even in areas where it is not strictly required. Furthermore, having the
dangerous areas digitally modelled can allow sensor-based approaches to notify workers about the
requirement of safety equipment (e.g., hard hats), and ensure that the workers conform to the
requirements.

The complex and dynamic nature and the increasing interest in Digital Twins (DTs) demands an
approach that can automatically perform safety assessment and enhancement when the project
progresses, and changes on the construction site are recorded. The frequently gathered progress
information can be processed and utilized to plan, act, and improve the safety situation for the
construction project [1, 2]. This study will represent the DT with a 3D BIM (Building Information
Modelling) model and a schedule, which assigns the work crews to the task. The schedule structure is
inspired by the structure that is defined in [3].

This work proposes a novel automated algorithm that allows safety management to extract hazardous
situations in the construction site based on the (spatial) 3D geometry and the (temporal) construction
schedule. The algorithm performs a spatiotemporal analysis (i.e., considering both the geometry and
the schedule information simultaneously) using the work crews' exposure to hazards from
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simultaneously occurring tasks and other work crews. We calculate how one crew exposes other crews
to hazards based on an automatically generated workspace (i.e., the zone and location of the task the
crew is assigned to in the schedule). The analysis will investigate struck-by falling object hazards (aka.
overhead work). Most automated safety analysis studies have been performed with respect to falls from
height hazards, as this is the deadliest hazard in the construction industry [4-11]. Nonetheless, struck-
by hazards are responsible for the second most fatalities. This work finds inspiration in the approach
presented in [12] but describes the hazard source and exposure regions with spatial artefacts that are
generated based on the current spatial situation of the construction site.

The spatiotemporal analysis is based on temporarily existing spatial artefacts [13], which are
semantically rich empty-space objects describing regions that emerge from a spatial situation. For
example, when a crew is assigned to a task on a building object, then the footprint of the object becomes
the surface of an extruded workspace spatial artefact. The workspace’s impact on other workspaces
can be determined through stepwise geometric operations, where the surrounding and related building
elements’ geometries are considered.

2 RELATED WORK

Safety planning is a complex labor-intensive task and can, therefore, not be carried out every time the
construction site's spatial situation changes. The safety planning procedure is often referred to as
Prevention through Design and Planning (PtD/P) and tries to remove the hazards with changes to the
design (e.g., inserting temporary protective equipment like guardrails and safety nets), or changes to
the schedule (e.g., reordering the scheduled tasks or crane lift paths). An alternative solution to the
manual PtD/P is to automate the efforts, which can be divided into two categories, based on semantic
or spatial analysis. In the first category, the safety engineers are, often based on patterns in a hazard
database, guided through a safety evaluation sequence, where hazards can be identified [14], [15]. The
other category is based directly on the geometry of the objects and safety regulations which enables the
identify the hazards and their geometry. This approach allows the solution to inject safety protective
equipment directly into the BIM model, which therefore becomes a part of the digital design [5, 7, 8, 10].
The second approach, which is based directly on the BIM model geometry and injection of protective
equipment, demands less manual handling from the safety engineer, which is important, especially in
the DT setting.

When the safety analysis is performed in a (semi) automated way, the software needs a way to represent
the scoped rule of the safety regulation. Spatial artefacts [13, 16] can be used for this purpose as they
represent empty-space regions that emerge and change based on the existence of BIM elements or
situations in the 3D space. The spatial artefact approach was initially investigated for construction safety
in [7, 17], allowing one to express the situation in greater detail, as they can be modelled with the
inclusion of more than one BIM element. For example, in a situation where the operation space (i.e., the
region where a crew will be situated to perform a task) can be modelled as the overlapping region of an
enlarged version of the element footprint that the work is performed on and the surface, which the crew
is standing on to perform the work. The details allow the analysis to be performed in a more realistic and
detailed situation, as it also, dependent on the implementation, can model the fact that the crew cannot
levitate (i.e., that the operation space should only be extended towards already existing surfaces).

There have been research activities in the struck-by falling object hazard type. As the struck-by falling
objects hazard emerges from competing work crews, the approaches involve information about the
active work crews and their workspaces. This information often comes from the schedule, but when the
geometry of the workspaces must be determined, the approaches differ. [14] has a semantic approach,
where a set of rules are checked based on the user’s selection of analyzed hazards. In this approach,
the exposed BIM elements light up if their spatial representation is exposed by a task that is performed
simultaneously. Work crews may not only be situated inside the geometry of the BIM element that they
are working on, but they would also often be placed in the surroundings of the element; thus, the
geometry of the BIM element itself can be a help but is not enough to identify when and where workers
are exposed to struck-by falling object hazards. In [12], zones are defined to represent the spatial
representation of the workspaces, and those are activated or deactivated by the schedule. This way,
the exposure is related to a zone that may contain the surroundings of the BIM elements as well. In [18],
the approach relies on a rule-checking engine that identifies areas that are exposed by other work crews,
but in do also offer a way to represent the worker’s trajectory paths, which enables the tool to identify
hazards that are not just within the geometry of an exposed BIM element. It is important that the
information that is utilized in automated hazard analysis tools stem directly from information that is
readily available from the existing 3D BIM model and belonging schedule. as the additional modelling
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of zones, and worker trajectories may not be available at the time of analysis. Modelling this information
can be a time-consuming procedure, that must be performed repeatedly due to the constant change of
the construction sites’ spatial situation. Additionally, too much manual handling does not conform with
the vision of DTs, which will act and improve automatically based on the situation and gathered
knowledge.

Together with automatization, open standards, and non-proprietary formats are key for the DT to exist.
As the vision for the DT is that all the stakeholders can utilize the information and knowledge that is
gathered in it, it must be able to exchange information with many different workflows. Likewise, it must
be able to take information from as many workflows. Additionally, [19] investigated why the automated
BIM-based safety enhancement tools remain in research and are still not widely used in practitioners'
workflows. Lack of confidence, standardization, and fit to current workflows impede the widespread
adaption. Industry Foundation Classes (IFC) is an initiative for open standard, platform-neutral
Computer-Aided Design (CAD) data exchange in an object-oriented fashion. IFC is supported by most
CAD and BIM tools and facilitates data exchange between different stakeholders with different workflows
in a construction project. IFC has also been welcomed in the open-source community, where
contributors have collaborated on IFC interfacing software that can read, write, and modify the IFC file
format (e.g., the JavaScript-based plugin [20] and C++ and python-based [21]).

The usage of IFC can also be a way to tackle the issues of lack of standardization and fit to current
workflows. The lack of confidence in automated approaches has also been addressed by researchers,
for example, by this work’s authors [22], where an application can assess the automated safety analysis
tool’s performance can be assessed in terms of soundness, completeness, and spatial correctness. The
assessment is based on benchmark models and corresponding ground truth assessments. This
approach can facilitate goal-oriented improvement of the algorithms for the developer. Furthermore, it
helps to convince construction industry practitioners to adopt automated safety analysis approaches.

3 METHODOLOGY

This study is split into three different activities. The first activity is initiated by importing the construction
situation and processing the geometries and schedule information to build a spatial representation of
the construction situation for the time stamps described in the schedule (i.e., spatiotemporal
representation). In the second activity the workspaces are defined and extracted from the spatiotemporal
representations of the construction project. Additionally, this stage defines and extracts the item drop
space, which in conjunction with the workspaces, creates the struck-by falling object hazard spaces.
Finally, the third activity consists of exporting the identified hazard spaces in a way that is useful for
construction practitioners but also useful in a DT setting. The three activities are visualised in Fig. 1 and
are further elaborated in Sections 3.1, 3.2, and 3.3, respectively.

Building the spatiotemporal representation Defining and identifying hazard Extract and disseminate hazards
" Create " " Store and
Create spatlal spatiotemporal > Identify Identity hazard > disseminate
representation representation Workspaces spaces hazards

Construction o [Identify ltem drop Hazards and
Schedule spaces worker exposure

Fig. 1 Visualization of research approach, showing the three performed activities.

3.1 Building of the spatiotemporal representation

To create a spatiotemporal representation, it has been chosen to work with the open standard file format
IFC, and the open-source python library IfcOpenShell to parse the geometries of the BIM elements.
Each element is stored with its upwards-pointing surfaces, i.e., surfaces that can be walked on by
humans, and on to which items or humans can fall onto. Additionally, the downwards-pointing surfaces
are extracted, as these define regions that must be subtracted, e.g., when a wall is placed on a slab, it
is the downwards-pointing surfaces that should be subtracted from the walkable space.

Once the spatial situation of the construction site has been extracted from the IFC, the temporal
component is then added. In this work, it has been chosen to select a human interactable format for the
schedule, namely Excel. The excel format is widely used in construction, and it is straightforward to
export Comma Separated Values (CSV) from it, which can be interfaced with most applications and
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software development tools. The schedule pairs the BIM object with tasks, which individually have start
and end dates. After parsing the schedule this information is added to the python object that also
captures the geometry of the object.

The 4D BIM (3D geometry and schedule) representation in python now holds a list of BIM objects, and
their planned start date and completion date, also referred to as the As-planned BIM. Based on analysis
date (Ta) the 4D BIM allows the program to query the As-planned, As-Built, and Ongoing tasks shown
and described in Tab. 1. These queries are used to build a spatial representation of the construction site
at different dates, such that the analysis can be performed for the complete schedule duration in discrete
steps.

Tab. 1 overview of 4D BIM queries inspired by [1], [2], where the analysis date refers to the time stamp
that the analysis is performed for and BO is a set of all Building Objects.

Query Description Definition

As-built(Ta) Elements whose tasks’ end-dates (Te) are before | bo € BO: end_date(bo) < T,
the analysis date (Ta)

Ongoing(Ta) Elements whose tasks’ start-dates (Ts) are | bo € BO:start_date(bo) <
before, and end-dates (T¢) are after the analysis | T, < end_date(bo)
date (Ta)

As-planned(T.) | Elements whose tasks’ start-dates (Ts) are after | bo € BO: T, < start_date(bo)
the analysis date (Ta)

3.2 Definition and identification of hazards

Performing the analysis directly in the geometry of the BIM elements has certain drawbacks, where it
cannot be expected that workers are only present within the object geometry, e.g., that workers are only
located on the specified construction site slabs. Likewise, predefined zones lead to additional manual
handling, as described in the related work (Sec. 2). Therefore, this work uses an approach where the
analysis spaces emerge from the existence of BIM elements, but where the surrounding is also
considered. These analysis spaces will, from now on be referred to as spatial artefacts, which is a way
to express semantically rich regions of empty spaces that emerge from a spatial situation in the
construction site [7, 13]. This work uses spatial artefacts to represent three kinds of regions, which is
workspaces, item drop spaces, and struck-by falling object hazard spaces. The spatial artefacts will be
defined and described based on Fig. 2, which illustrates a construction scenario consisting of four slabs
and one wall. The sequence in which the building object is constructed is shown with the annotation on
the building objects (i.e., Ts and Te, capturing the start and end times of the construction task,
respectively).

Workspaces

While the geometry of a workspace may differ based on the performed task, this work describes a
definition of a workspace that is related to the cast-in-place structural work of building elements.
Nevertheless, other workspace definitions can be added as specialized child classes that inherit the
general parent space properties and relation to the analysis. For the cast-in-place workspace, referred
to as just the workspace in the following, it is necessary to describe the nature of its emergence. Fig. 2
shows the spatial representation of these spaces in the fourth time step of the analysis. In this
representation, one of the active workspaces emerges from the slab, and one emerges from the wall
that are both under construction at Ta=4. Common for both workspaces is that they result from an
enlargement of the upwards-pointing surface(s) in combination with the intersection of a lower existing
building object. The intersection is reasoned with the fact that the work crew needs something to stand
on to build the building object, and that it is natural to assume that it would be based on a surface that
exists directly below.

Alg. 1 formalises the described procedure, where variables are shown in italic and inputted lists in bold.
The dilate()-function in line 3 refers to the standard Minkowski sum operator, which extends the polygon
region, and the intersection()-function in line 6 returns the overlapping portion of the polygons. The
subtract()-function in line 7 returns the difference, and ~-operator represents a concatenation of two lists.
Line 6 consequently appends the new workspace to the resulting list S.
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Alg. 1 Algorithm for workspace extraction

Input: OBO (a sorted list of ongoing building objects, based on z-offset),
EBO (a sorted list of as-built building objects, based on z-offset)

Output: S (a list of workspaces)

1:S =]

2: for each BO in OBO:

3:  WS_Polygon := BO.Top_polygon.dilate(Work_distance)

5: for each EBO in EBO:

6: S := SN WS_polygon.intersection(EBO.Top_polygon)]

7 WS_polygon := WS_polygon.subract(EBO.Top_polygon)

8:return S

The workspaces can, in this way, also be limited in height, which could be used for access analysis, for
example, to investigate if and how much scaffolding would be needed. In this study this aspect is not
included, and the workspaces are not limited by a maximum height, and it is therefore assumed that the
work crews can reach with ladders or mobile scaffolding. Additionally, these workspaces can be used
in automated reasoning and analysis of activity and progress, such as [23, 24].

Item drop spaces

The purpose of the item drop space is to determine where an item or object that originates from a
workspace would be able to drop. Fig. 2 illustrates an item drop space in analyzing the fourth time step
of the construction example. The illustrated item drop space emerges from the active workspace that
emerges from the task of building the wall element at the top. The space gradually grows with an angle,
which means that the size of the item drop space will increase with the distance from the workspace
that it originates from (i.e., creating the cone-formed shape).

Alg. 2 show how the item drop spaces are extracted. The angular_dilation()-function returns a dilated
version of the polygon, where the dilation amount equals tan (B4,0p angie * distance). If the elements are
already built, the algorithm will subtract its geometry (i.e., the dropping item cannot go through existing
elements). On the other hand, if the building object is in progress, the algorithm appends the dilated
version to the list of item drop spaces.

Alg. 2 Algorithm for item drop space extraction
Input: AWS (a sorted list of active workspaces, based on z-offset),
BO (a sorted list of all building objects, based on z-offset),
EBO (a sorted list of as-built building objects, based on z-offset)
Output: S (a list of item drop spaces)
1.S =]
2: for each WS in AWS:
IDS_Polygon:= WS.Top_polygon
Z_WS:=WS.top_Z
for each BO in BO:
IDS_Polygon:= angular_dilation(Z_WS - BO.top_2)
if BO in EBO
IDS_Polygon:= IDS_Polygon.subtract(BO)
else if BO notin EBO
10: S:=S7[IDS_Polygon]
11:return S

The recursive analysis allows the item drop space artefact to describe its impact on other workspaces
all the way down to the bottom of the construction model if it is not removed by existing elements. In the
end, it reaches the ground, which always exists, and the subtraction will consequently return an empty
polygon, that cannot generate further artefacts. Nonetheless, until it is removed, it can impact
workspaces that were not identifiable by the human eye, especially in more complex BIM models.

Struck-by falling object hazard space

After the automated extraction of both workspaces and item drop spaces, it is possible to extract the
potential struck-by falling object hazard space artefacts. The way that it is extracted is to loop through
the item drop spaces and find their overlapping regions with the active workspace artefacts. The
illustration of the result of this procedure is shown in Fig. 2, which shows that the work crew, who are
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working on the slab, is exposed to items that are accidentally dropped by the work crew working on the
wall task.

Active Item Drop
Workspace Space
Fig. 2 visualization of the proposed struck-by falling object hazard analysis in a simplified building
scenario showing the emerging spatial artefacts.

3.3 Extraction and dissemination of identified hazards

Automated safety analysis for construction is not currently being widely adopted in the industry, as
mentioned previously. Some of the reasons for this are that there is a lack of confidence, but also a lack
of a fit with, and support for, the current workflows of construction practitioners. Therefore, this work
bases its output on IFC, which can be used in almost any CAD tool. This strategy consequently
enhances the incoming BIM model with spatial artefacts, which are captured with the IfcSpatialZone
class. This enables the practitioner to investigate when and why the hazard zones appear and potentially
mitigate these hazards using safety nets and guardrails that are equipped with nets.

Besides capturing the analysis result in the BIM file, it also provides a selection of overall Safety Key
Performance Indicators (SKPI), which enable the construction management to rapidly assess whether
a construction plan”s amount of struck-by hazard exposure exceeds the expected or even to compare
two different construction approaches. The latter is especially relevant in a DT setup, where different
construction approaches are captured in what is referred to as alternative plans in [1] and [2]. To provide
the overview, the SKPI for struck-by falling object hazards are captured for each individual time step of
the construction schedule (i.e., when the geometry of the environment changes), and as an
accumulation of the overall exposure. Both nhumbers are based on the normalization of the exposed
area compared to the total amount of active workspaces.

4 CASE STUDIES

This section describes how the proposed struck-by falling object hazards analysis has been used in two
case studies. The case studies have been used to validate the approach and to propose requirements
for the schedule and construction scenario. The two case studies are based on two different models
with corresponding schedules and are further described in the following two subsections.

4.1 Case study high-rise

The first case study consists of a low-complexity BIM model illustrated in Fig. 3. The construction
schedule consists of two crews per element type, i.e., two crews building slabs, two crews building
columns, and two crews building walls. The schedule follows topological rules, which ensure that a slab
on level L is not built before the columns are built on Level L-1. The building comprises seven stories,
each consisting of nine columns, four slabs, and eight walls. The construction process is planned to take
around 100 days.
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Fig. 3 Visualization of construction scenario in the high-rise case study

The analysis results consist of the two plots shown in Fig. 4, where the upper plot captures the
normalized spatiotemporal struck-by falling objects hazard exposure for the construction scenario in
each time step of the schedule. The normalization is captured based on the exposed hazardous area
over the total area of the active workspace, multiplied by the hazard-exposure time over the total
duration of the hazard-exposed task. The second plot captures the cumulative hazard exposure, such
that an overall degree of hazard exposure in the construction project and schedule can be compared to
other schedules or even other projects.
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Fig. 4 Resulting spatiotemporal struck-by falling object exposure for the high-rise case study.

4.2 Case study school building

The second case study is based on a structural model of the Autodesk school model shown in Fig. 5,
and a schedule that has been created for the EU-funded research project COGITO. The schedule is
based on construction zones, which means that elements within the individual zones are constructed
simultaneously. The zones are split by stories, which means that there is no work performed on different
building stories at the same time. Below each slab, there are columns and concrete beams that are
scheduled to be constructed in the same period as the slab they support.

Fig. 5 Visualization of construction scenario in the school case study
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Construction site Operation Space Struck-by Falling Object Hazard Space
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a) Spatiotemporal situation b) Active operation zones ¢) Struck-by hazard zones
Fig. 6 lllustration of spatial artefacts for T=23/12/2009

Fig. 6 illustrates the resulting spatial artefacts that are used to compute the work crew’s inter-exposure.
The algorithm produces the visualized results for each time stamp, and this is produced for the time
stamp representing 23/12/2009, where the yellow elements in Fig. 6 (a) are under construction, which
results in the active operating zones in Fig. 6 (b). As the slab, accordingly to the schedule, is being built
simultaneously with the supporting beams below it, it introduces a hazard for the work crew below. The
overlap can represent that the formworks are planned to be removed from the beams, while the
formwork is installed for the slab. Based on the revealed information, it is possible to investigate whether
the slab task should be postponed until the beam task has been completed, or if this is a mistake in the
schedule. In both cases, the revealed information can be used to prevent hazards or identify mistakes
in the schedule, potentially creating problems in the construction process.

Fig. 7 shows the same information as described in the high-rise case study, but this figure also shows
that the amount of exposure is low compared to the other results. The decreased exposure is first a sign
of the increased project footprint, which means the increased size of work areas and, consequently, a
decreased normalized exposure. Secondly, the decreased exposure is a result of the decision to
disallow work to be undertaken on two different stories simultaneously. Thus, the exposure that is shown
here is a result of the beams being planned to be constructed within the same task as their supporting
slabs. This work is not about assessing whether a schedule is realistic, complete, and correct, but about
identifying and measuring the hazard exposure that is created by competing work crews in an automated
approach and informing the construction management about it. This way, they can investigate and
change the schedule if the schedule is incorrectly modeled, or alternatively test an alternative
construction approach.
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Fig. 7 Resulting spatiotemporal struck-by falling object exposure for the school building case study.

Tab. 2 Processing time for each case study using Apple M1 Max CPU with 32 GB memory.

Case study | Number of BIM Objects | Processing time
High-rise 153 39 seconds
School 896 65 seconds

The struck-by falling object analysis is performed on a laptop equipped with the Apple M1 Max processor
and 32 GB of memory. The processing time for both case studies is presented in Tab. 2, and includes
creating a spatiotemporal representation of the construction project, extracting the spatial artefacts, and
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disseminating identified hazards. The table presents the processing time that has been produced for
this study, which does not include any runtime optimization; thus, the numbers can be improved.

5 CONCLUSION AND FUTURE WORK

This work proposes a novel automated approach to identify and measure the struck-by falling object
exposure of work crews in a Digital twin-inspired 4D BIM-based construction situation. The approach is
based on spatial artefacts capturing spatial regions that stem from the construction elements and their
planned activities. Throughout this work we define new spatial artefacts for modelling struck-by falling
object hazards and provide a detailed description of their extraction from the spatiotemporal construction
situation.

Even though this study is based on 4D BIM models, it is highly motivated and inspired by the increasing
interest and maturity of digital twins, where autonomous approaches are demanded to keep up with the
update rate and flow of information. In the digital twin vision, is it also proposed that the planning
component will propose alternative schedules based on the progress of current and previous projects.
These alternative plans would need to be assessed and compared in terms of safety as well as cost
and time. While the case study results in this work yields different numbers based on the different project
and thereby get more difficult to compare, it is straightforward to compare two different plans for the
same project. Besides being able to compare different schedules, the proposed work also enables the
construction management to identify, if work crews are scheduled to work on different tasks in close
vicinity, which is not desirable for progress, but especially in terms of safety.

Currently, the proposed analysis does not include the areas which are traversed when the work crew is
not actively working within their designated workspace, for example, when entering the area in the
morning or gathering material. Modeling these areas would mean that information about the location of
onsite storage and construction crew trailers needs to be included in the analysis. It is envisioned to
extract this kind of information from the construction site layout and incorporate it in the hazard analysis.
Additionally, an onsite tower crane would also be a potential source of dropping items, which could also
be the proposed analysis. Including the crane would, although, demand information about where and
when the crane is operated. Generally, including more information in the hazard analysis consequently
increases the demand for the input information.
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Abstract

Health and Safety (H&S) has been one of the key issues in the design and implementation of projects
within the construction sector. At the design stage of a project, usually designers are accused of failing
to appreciate most of the construction processes that will optimise safety and minimise cost. Therefore,
clients and other stakeholders are apprehensive as to whether the designer’s input should be fully
integrated through other known ways. Also, within a continuation in the downstream end (i.e.,
construction and facilities management) professional processes used are not fully appreciated by
designers. As such these sets of practitioners need to learn fully from each other and integrate their
knowledge and skills to close the existing knowledge gap among practitioners. Modern technological
innovations have given us new ways of understanding and finding solutions to such existing problems
with most professionals working in a collaborative way. Such collaborative ways can enhance learning
and cross pollination of professionals within an organisation and across organisations. However, the
evidence through data collection is not captured across projects. This conceptual paper aims to integrate
modern Artificial Intelligence (Al) and other software applications (such as BIM, loT, and Digital Twins)
to be used within the construction industry setting to understand and augment the learning of all
practitioners. An exploratory qualitative research approach through literature review is used in the
development of the conceptual framework for the implementation of H&S management that will inform
future detailed developments of this proposed innovative approach.

Keywords: Health and Safety; 10T; Al; BIM, Digital Twins, Innovation, Integration; Construction

1 INTRODUCTION

The construction industry is one of the high-risk sectors because of the workplace related accidents that
quite often occur because of the complex and dynamic nature of the construction projects [1]. The
industry has historically been associated with a higher risk of workplace injuries and fatalities compared
with other industries. According to the Health and Safety Executive in the UK, in 2021/22, the
construction sector had the highest rate of fatal injuries to workers, with around a quarter of fatal injuries
to workers in 2021/22 being in the sector [2]. In the USA, over the past ten years, the construction
industry has contributed about 20% of all fatalities, despite employing only 4% of the workforce [3]. The
rate of deaths and fatalities in the construction industry is five times higher than rates in other
manufacturing industries [4]. Recent international statistics show that there has been no significant
decrease in the number of fatalities and deaths over past five years [5].

Farmer [6] pointed out that poor and low investment in and adoption of innovation has been one of the
key issues that has led to mediocre performance of the current construction industry in the UK. The
construction industry has widely been criticised for low productivity, inefficiency, and reluctance to adopt
to technology [7]. The construction industry has been slower to adopt digital technologies compared
with other industries like banking, finance, retail, and healthcare [1], [8]. However, the construction
industry has been making progress in recent years, and there are several digital tools and technologies
available to help improve efficiency, productivity, and safety on construction sites.

Nowadays, Artificial Intelligence (Al) significantly transforms industries such as communications and
trade. Knowledge-based systems, robotics, optimisation computer vision, machine learning and other
Al subfields have been successfully applied in manufacturing, aerospace, and allied industries to
achieve more profit, efficiency, safety, and security. Although the potential benefits of Al application in
the construction industry are well recognised, there are many challenges related to Al which still exist
and need to be resolved.

11



CIBW099W123 | Digital Transformation of Health and Safety in Construction | 21/22 June 2023 | Porto, Portugal

In recent years, there has been a growing recognition of the need for the construction industry to
embrace technological innovations to improve its performance. Governments, industrial bodies, and
stakeholders have been pushing for greater investment in research and innovation [9].

The COVID-19 pandemic has also highlighted the need for the construction industry to embrace
innovation and digital technologies. The pandemic disrupted supply chains, forcing the industry to adopt
new ways of working, and accelerating the adoption of technologies such as virtual meetings and remote
collaboration tools [10]. While the construction industry in the UK still faces significant challenges in
terms of productivity and efficiency, there is growing recognition of the need to invest in and adopt
innovative technologies and innovations to improve performance and deliver better outcomes [6].

The rest of the paper is divided into the research methodology, health and safety, the perspective of the
construction sector, innovative technologies, integration, and a conceptual model development, before
discussion and conclusion.

2 RESEARCH METHODOLOGY

This paper is a conceptual idea that will develop the disparate areas that are required for integration to
be made among emerging Information Technology (IT), concerning construction personnel health and
safety, well-being, and its management, using the developing power of Al in achieving the end solution.
An exploratory qualitative research approach through literature review is used in the development of the
conceptual framework for the implementation of H&S management [11], [12]. As such three distinct
literature reviews were done, one comprising literature on the emerging technologies, a second on
health and safety management, and the last literature is on a person-environment fit model that has
taken root in the environmental social space. The first concerns the modern IT capabilities, as well as
the power of Al. The second concerns health and safety practices, concerns, and challenges within
organisations, with links to the theoretical bases of the environmental theory, and its associated
applications.

This research used certain search engines and the following databases: ScienceDirect, Emerald
Insight, and Web of Science with free-text keywords related to subfields and the construction industry
to achieve the focus of the research. These keywords include health, safety, integration, innovative,
technologies and BIM.

As the literature review was not a systematic one, the last 15 years (since the emergence of BIM concept
in academia) was the baseline since the construction sector has existed for an exceedingly long time.
Value judgement was used for the selection of the papers which fit the research themes of historical,
conceptual, development, principles, and applicability [13]. These were the dominant themes that were
relevant to developing what is now part of the literature review in this paper.

3 HEALTH AND SAFETY FOR CONSTRUCTION INDUSTRY

Health and safety is an especially important functional area in all organisations. When it is effectively
managed and health and safety processes are working, an organisation’s projected image is valued by
competitors, as well as admired by the wider built environment. However, if health and safety is
compromised, the connotation it has on the organisation’s business functions is usually negative in
impact that is far reaching and difficult to rectify or made better within a limited time domain. As such it
is imperative that organisations working independently or collaboratively should have a hold on the way
they carry out health and safety, whether such an organisation be large or small. Innovative approaches
and solutions to identify, understand and manage such health and safety concerns are required that are
not easily found in the way health and safety is currently imagined. Although health and safety measures
are widely accomplished within all manufacturing industries, in the construction industry conditions
cannot be controlled in terms of a “pure” production process as it is known. As such, health and safety
become paramount [14].

Through investments in people, processes, and equipment, clear safety policies, communication,
leadership, and commitment to health and safety, a positive collaborative safety culture should be
ingrained within the company ethos. Collaboration can be aided using structured processes, techniques,
and cutting-edge digital technologies [15].
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On the other hand, organisations and their members have a fundamental stake in how well
characteristics and (capabilities) of the person and the environment of the organisation fit one another.
Organisations wish to select persons who will best meet the demands of the job, adapt to training and
changes in job demands, and remain loyal and committed to the organisation. Achieving these goals in
a systematic manner requires a taxonomy of characteristics and (capabilities) of actual and potential
organisational members and of the organisational environment and its tasks (e.g. [16] and [17]).

Person-environment (PE) fit model can be created using different theoretical perspectives. One unique
feature of the framework is its operationalisation-the assessment of the P and E components along
commensurate dimensions [18]. The concept of PE reflects the insight that it is not the capabilities of a
person or the affordances of the environment as such which determine their quality of life in their
environment, it is the relation between capabilities of the person and environment.

Because behaviour is always conducted in an environmental context with its unique affordances and
constraints, behavioural competence (performance) must be viewed as an outcome of the person-
environment transaction. Nonetheless, the relative strength of personal versus environmental
determinant of competent performance may vary. Thus, it is possible to group types of behavioural
competence into rough inner determined and outer-determined subgroups [19].

There are several methodological problems that remain to be addressed in PE fit theory. The objective
measurement of the person’s skills, abilities, and needs and of the environment’s demands and
resources continues to be elusive. The assessment of subjective measures of P and E also requires
more methodological development. Scales need to be developed which demonstrate that the P and E
measures are not contaminated by each other. A taxonomy of theory-based dimensions of P and E also
needs to be developed [18]. Operationalising the PE framework concerning health and safety issues will
involve a lot of data capture and analysis, for which the seamless integration of modern technologies
will be highly significant [20].

4 INNOVATIVE TECHNOLOGIES

There are myriads of IT technologies which upon can assist in the way the management of work
processes on construction site are achieved. Among such technologies are Al, Internet of Things (IoT),
and Digital Twins (DT) that we want to evaluate and focus our discussion upon for the development of
a conceptual research approach.

Technology is an innovation if the user has not encountered its benefits and its values. However,
innovative technology is not an oxymoron when viewed from the perspective that such disparate
technologies, when integrated together for higher values, gives us something that has not yet been
considered within their usage values.

Adoption of such innovative technologies such as Al, Building Information Modelling (BIM), IoT, Digital
Twins DT, Robotics, Virtual Reality (VR), Augmented Reality (AR), Machine Learning (ML), Wearable
Devices, Eye Tracking, Radio Frequency Identification (RFID), and Laster Scanning and LiDAR may
have better beneficial values when integrated for better functioning values [21], [22]. However, the focus
of this research paper is on digital twins (BIM & 10T), and Al.

4.1 Digital Twins (BIM & IoT)

Sensors as the basic unit of data capture instrument, with the use of cloud as the repository, with the
aim of using the data within the 10T domain wherein technologies can be fully automated to achieve
some form semblance. Sensors and ‘things’ cannot fully ‘talk’ to each other seamlessly without some
form of automation powered by Al, which human intervention can ‘play’ with in real time [23]. Hence,
there is a need to appreciate fully how such technology will enhance work processes in construction
concerning issues of health and safety.

Digital Twin (DT) is gaining momentum in industries like manufacturing, aerospace, and the mechanical
sector. Adoption of DT by many industries, sectors, and services has started to emerge with the recent
development of I0T [24] and the development of the fifth generation (5G) technology standard for
broadband cellular networks. The main concept of DT and IoT is connecting and collecting data about
the physical objects to their virtual counterpart and vice versa. However, in construction there is an
inertia as to its relevance and benefits for contemporary projects and products. If we deconstruct DT,
and its definition, we are already using all the technologies within the construction industry, as
independent standalone innovation. However, the concept behind DT is what we have not yet embraced,
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which may require human intervene in decision making, as well as automating some of the processes.
Though the uptake of DT is slow, one issue is that we still have a silo mentality toward their application
in construction. However, considering the facts that the next group of leaders, managers, CEOs movers
and shakers within the construction industry will be ‘kids’ who have grown up with X-box, Nintendo, and
Zelda’s, a transformation is emerging, as they would be ‘relaxed’ with such innovative technologies. If
the industry approach be radically improved from what it is now, to something close to what they have
encountered as kids in their virtual world with continuous improvement, the need for integration of some
of the technologies will follow.

Digital Twin technology has been made possible by advances in computing power, data analytics, and
10T not forgetting BIM. BIM digital twins can be beneficial in improving H&S in construction industry. BIM
models created during the design phase of a construction project can be used to create a virtual replica
of the building or structure. By using this virtual model, the construction team can identify potential safety
hazards and take steps to mitigate them before construction begins. BIM model can be used to simulate
construction sequences and identify potential conflicts or hazards, such as workers working at heights
or in confined spaces. This can help to reduce the risk of accidents and injuries on the construction site.
During the construction phase, BIM models can also be used to monitor and manage H&S. For example,
sensors and other 10T devices can be embedded in the construction site to collect data on noise levels,
air quality, and other environmental factors which can impact worker safety. This data can be used to
identify and address potential risks in real-time. Additionally, BIM models can be used to train workers
on safety procedures and protocols before they begin working on the construction site [25]. This can
help to ensure that workers are prepared to handle potential safety hazards and reduce the risk of
accidents.

4.2 Al

The impact of Al on the construction industry is wide and varied. Mostly what we experience of Al is the
first iteration that people tend to attribute to the power of Al. Issues of Al-Bots that are application specific
to optimise functions equate with the number of queries that have been given/done within known
problem areas that Al can be used. In construction the main areas of Al application include 10T,
especially in the downstream end of the construction industry. For example, the optimisation of
resources through proper Al efficiency.

Nowadays, Al significantly transforms industries such as communications and trade. It can be defined
as the field of computer science and engineering which focuses on creating machines and systems that
can perform tasks that typically require human-like intelligence, such as perception, reasoning, learning,
and problem-solving [26] . While Al is about creating intelligent machines and systems, it does not aim
to replicate human intelligence entirely but rather to augment it by providing tools and technologies that
can perform tasks that are beyond human capability or perform them more efficiently and accurately.

Knowledge-based systems, robotics, optimisation computer vision, machine learning and other Al
subfields have been successfully applied in many industries to achieve more profit, efficiency, health
and safety, and security. For H&S in the construction industry, Al technologies focus on enhancing H&S
for site workers, such as a system that alerts site personnel with a message about the possible hazards,
thereby minimising risks. With improved efficiencies, the technology can lead to advances in H&S, as
the technology with robotics can be used to evaluate sites and complete dangerous tasks for humans
[27].

However, the potential benefits of Al application in the construction industry are well recognised but
there are many challenges related to Al which are still exist.

5 INTEGRATION

The integration of people, technology, and process is essential in ensuring health and safety in
construction sites. This approach involves the uses of a systematic and coordinated way to manage and
implement health and safety measures. The following sub-section discusses these key elements in
detail.

5.1 People

People are the wellspring of what we do when we have work to achieve and complete the goals that are
set out in our project objectives. Without the employees’ input in turning disparate resources into the
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product through the project, it is almost impossible to achieve our goals. Although IT automation has
helped in most processes there are still issues of interpretation of the integrated processes for good
decision making. Hence the competencies required for such operative and their leaders need to be
sound for value to be created when we do our projects.

Leadership is paramount for an effective and efficient project and its health and safety concerns.
Management of health and safety is about the people’s knowledge and understanding about their job
processes and how they integrate technology with these processes in a safe and structured
environment, as well as minimising the health and safety risk associated with their jobs. The leader
should be focussed in driving his/her ideas through a well-oiled and robust team of players. Without a
transformational leader in charge, who see the benefit of Al as the link in integrating these technologies
we would not succeed. For example, the Al-Bots, which are used currently in other industries for queries
and answer, can be adapted to meet issues of building regulations, violation of Construction, Design
and Management (CDM) regulations, as well as violation of construction site contraventions. Hence the
people can be just administrators [28].

5.2 Technology

So many technologies have emerged that are utilised in other industries that have not yet taken root in
the construction sector. Some of these technologies include wearable devices that monitor heart rate,
respiration, and body temperature, which can help detect early signs of fatigue or exhaustion, as well
as alert supervisors to potential safety hazards. Additionally, smart safety vests or helmets equipped
with GPS and sensors can help track worker movements and notify them of nearby hazards or unsafe
conditions [29]. Such devices can be linked using IoT to a digital model where hazard areas are identified
with the use of digital twins. Despite most of these technologies being mature and diffused in other
industries, there is an absent of their diffusion within the construction sector. Construction inertia may
be due to failure to understand how to get these technologies ‘talking’ to each other. Therefore, with
advancements of technology and the life cycle realisation of the project in one holistic environment, a
vast amount of the health and safety data can be generated, collected, and stored directly in a single
environment. With the aid of artificial intelligence, this data can help construction site personnel and
managers, designers, clients, end-users, and all other stakeholders involved in the design, delivery, and
use of a facility in making the right and correct decisions regarding health and safety issues which may
arise [7].

5.3 Process

Some of our processes within the built environment need formulation as some may not be ‘fit for purpose’
due to changes in the way we design or build things. Perhaps revisiting the development of these
processes and finding new ways of approaching the ‘old’ problem may aid us in coming up with better
understanding emerging from the appraisal [30]. In most case, practices developed from the evolving
work pattern have existed from the start of the process type. However, over time there may come
innovation which requires a rethink of these processes, of which Al is an example. Hence new strategic
process must be reformulated incorporating the innovation. For example, the drawing of plans has
moved from the basic technical drawing, through 2D CAD, into BIM. Similarly, components
manufacturing has moved from the workers in a controlled environment into 3D automated printing.
Thus, Al can be another innovation which may be disruptive in nature, hence requiring process rethink.
Using a known model in developing this innovative integration of using Al reside in the Lawton person-
fit environment model approach and within a well-developed application [31], [32].

5.4 Optimisation

Optimisation involves improving the efficiency or effectiveness of a system or process by fine-tuning
certain parameters or variables within the system or process as data becomes available over time for
every successful completed project [33]. It is critical to ensure the health and safety of the employees
and reduce the risk of accidents and injuries on construction sites. It is usual to say that once a problem
has been analysed and solution found, there is a need to refine the solution through various optimisation
cycles such that it can be practically used within the field of application envisage.

Optimisation is an ongoing process that requires the continuous evaluation and refinement of solutions
to ensure they are effective, efficient, and sustainable within the field of application. This involves a
commitment to innovation, investment in technology and resources, and a culture of continuous
improvement and learning.
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6 TOWARDS AN Al DECISION SUPPORT HEALTH & SAFETY MANAGEMENT

Fig. 1 gives a high-level schema of how the integration of technologies can be conducted, considering
the known processes, as well as new processes will be used in developing the integrated approach.
People are considered as part of the integrated environment, for without the person, this approach
cannot function effectively. As such, using the Lawton’s [19] person-environment fit model, its principles
and concepts as the premise, and the starting point for this integrated approach, decisions can safely
be made by those working within the construction environment. Al together with 10T will ensure that a
commensurate scale is used when developing the organisation PE fit required through the mapping
done to capture the required data measures.

After data collection using IoT, as well as known conventional data collection methods, the data is
cleaned, then standardised and structured for database inclusion. The standardised data will be added
to the dataset, with the App and Al running seamlessly for the purpose for which they have been
designed or the programmes developed. The Al/ machine learning App would have been trained for
pattern recognition, for health and safety hazards, risks, incidents, site safety event types, as well as
expert domain construction knowledge. A bit of Lawton’s [19] person-environment will have also been
built into the integrated approach, recognisable within the form of Al decision criteria.

People

Leaders

Teams

Individual

Decision
Making

Database
v
Technology Process
BIM 6T Digital Twins Risk Method IS0 S000
register statement EIA

Fig.1: Conceptual representation of digital integration for construction

The Al technology can search the database with a command from the user through the graphical user
interface (GUI) for similar issues and analyse each health and safety incidents with all scenarios, with
the best possible solution suggested to the decision maker. The speed and accuracy of Al tools for
mining data cannot be compared with those of human and other tools. Time in health and safety issues
is paramount and key for saving lives and money. Al technology save much of time. With an optimisation
algorithm or App as part of the full suite within the framework envisage, the Al machine learning
approach would continuously learn by optimising the solution space, with new safety risk challenges,
and health and safety issues that are arising as the site work changes, as well as from one site
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experience to the next the possibilities are many. Al increases the value of health and safety
management by supplying all the possible answers to the raised questions and solving problems that
would otherwise require substantial development time [34].

7 DECISION MAKING

For one to be able to make the right decision in real time, there is a need that the operative or the
decision maker/team must have competencies in different fields which will aid in making an informed
decision [35]. That means the decision made should be credible interpretation of data and text mining,
as well as the field of specialism, say project management, health and safety, quantity surveying or
environmental engineer. Combining the specialism of the decision maker, as well as the information
mining from the disparate technology’s issues, better understanding of a phenomenon with specific
knowledge can be generated which will be an original creative thought from Al aided approach. Hence,
the decision maker will not just be an abductive individual but supported by unambiguous evidence from
Al support.

Al can assist to analyse the data collected from sensors, cameras, and other data collectors installed
on the construction site to detect potential hazards or risky behaviours of workers. It can also provide
real-time alerts and recommendations to the personnel to prevent accidents and injuries. Moreover, Al
can assist in predicting and managing risks related to environmental factors such as weather conditions,
geological conditions, and natural disasters. This can help the project team to take proactive measures
and adjust their plans accordingly to avoid any risks and hazards.

Al assistance will involve gathering measurement in the characteristics (i.e., intrinsic, or extrinsic) of a
person through machine learning, by analysing data from social media, online surveys, and other digital
platforms. Patterns and trends in data can be identified to measure some of these characteristics.

8 DISCUSSION

Within this paper the concept, principles, and usage of emerging technologies have been developed,
although most of such technologies are seen as disparate. A conceptual understanding was generated
from Fig. 1, gives an insight into the workings of the proposed model.

The data to be collected comes from the site operatives, designers and stakeholders that will have
adverse impact on the site construction process. The data from these operatives are mapped and
structured for eventual inclusion into the database. Also, data arising from the changing nature of the
BIM artifacts, on construction operations, as well as method statements, and risk registers will be
collected into the centralised database. An organisation that has existed from some time will also have
historical data as their corporate memory, which is also to be harvested for the dataset that is envisage.

To consolidate all parts of the collected data into a single centralised location and maintain a
comprehensive health and safety information (i.e., records, documentation, policies, processes, etc), a
mapping process is required between the resultant structured data from the already described
processes using the OWL Ontology [36], of which this will be the subject of another paper.

9 CONCLUSION

The premise for this position paper is that processes that are considered independent with the health
and safety domain can be improved through the idea of integration of technology, processes, and
people. Integration of people has been present all the time but capturing the soft people’s issues are not
so apparent. In this paper a concept was thought out which would when fully developed give a clear
indication about how such concept can be operationalised for the benefit of the construction industry.
Therefore, a good deal of research is required for such a position to be attained. One of the biggest and
most significant industries in the world is construction, yet compared with other sectors, it has been
reluctant to incorporate Al technologies. While there are undoubtedly advantages to employing Al in
construction, such as better safety & health, more efficient processes, and lower costs, there is also
several difficulties which must be resolved. The requirement for accurate and trustworthy data is one
difficulty. Construction Al systems require precise and trustworthy data to function properly.
Nevertheless, the data in the construction sector is notoriously complex and disorganised, which can
make it challenging to create efficient Al models. Another issue is the lack of qualified personnel who
can run and maintain Al systems. The paucity of competent personnel in the construction sector is well
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recognised, and it is made much worse by the lack of people who are familiar with Al technologies. It
might be challenging to develop efficiently and maintain Al systems without skilled people. Regulatory
compliance presents another difficulty. Like any innovative technology, Al systems in construction are
subject to several laws and guidelines. Failure to comply may have legal and financial repercussions,
and it can be a complicated and time-consuming process. BIM, 0T, and digital twins can enhance health
and safety in the construction industry by spotting potential problems, keeping an eye on them in real-
time, and supporting workers in their training needs. Although the construction industry can reap
substantial advantages from Al, 10T, BIM, and Digital Twins in terms of health and safety, certain
hindrances must also be explored and resolved to achieve those benefits. As technology progresses,
we can anticipate further breakthroughs in the construction sector that will facilitate digital transformation
and enhance future operations.
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Abstract

Technology is widely used in many industries and the construction industry has started to incorporate
many technologies during the work process. Some technologies are specifically designed help the
construction industry improve worker safety performance, such as proximity alert systems, automated
flagger assistance devices, and automated cutting protection. It is critical for the successful use of
technology that the functions of the technology are matched to the targeted requirements. Currently-
available technology adoption processes incorporate many essential predictors to help construction
industry organizations evaluate whether adopting a technology is beneficial. However, current
technology adoption processes are typically designed for general situations, not for specific safety
situations such as when last-minute changes occur. A last-minute change is an unexpected change that
happens at the last-minute/end of a work operation when a limited response time is available, which
may lead to unsafe decisions by workers. This research introduces a technology adoption protocol to
aid construction industry organizations in determining whether the technology is appropriate to mitigate
safety issues caused by last-minute changes. The researchers reviewed current technology adoption
processes and critical factors in the adoption process, then modified and developed an existing process
into a technology adoption protocol specifically for coping with hazards related to last-minute changes.
Adoption factors in the updated technology adoption protocol were assessed by experts using the Delphi
method to confirm consensus amongst the experts that the factors are valid. The technology adoption
protocol developed consists of three main steps, a Preliminary Feasibility Evaluation, Technology
Assessment, and Pilot Test/Field Assessment, to guide the construction team to adopt the right
technology to address the impact of last-minute changes. The research results contribute a rigorous
process for the construction industry to assist decision-making when considering whether to adopt new
technology to mitigate safety issues related to last-minute changes.

Keywords: Last-Minute Change; Safety; Construction Industry; Technology Adoption Protocol.

1 INTRODUCTION

Many different types of technology are widely used in work industries. The construction industry has
been identified as getting a late start in deploying new technologies in its work processes. Safety
inspections in the construction industry have traditionally relied on workers’ or managers’ ability to
identify hazards [1]. Moreover, conditions on the construction site are dynamic and complicated, which
creates a high likelihood for safety issues and risks to be ignored or missed by workers or managers.
However, technologies designed specifically to address safety can help the construction industry identify
hazards on construction sites [2]. For example, proximity alert technology can alert heavy equipment
operators that there is another worker or object close to the heavy equipment. Although many new or
developing technologies can help the construction industry improve safety performance, based on
research by the Center for Construction Research and Training (CPWR), only a few construction
contractors utilize new technologies in their projects [3]. Therefore, adopting new technologies is an
important topic for the construction industry.

Given the dynamic nature of construction, last-minute changes often occur on construction sites. The
research team defined a last-minute change as “a change that occurs or manifests at the work face
when there is limited time available to plan for and address the change” [4]. A last-minute change can
also be considered an unexpected deviation from the plan or conditions at the last minute. After a last-
minute change occurs, a worker or manager who is impacted needs to assess the dynamic risk. If the
assessment is not appropriate, the action taken may cause unsafe acts or behavior and result in an
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injury to the worker. For example, when a worker unknowingly walks into the path of heavy equipment,
and neither the worker nor the operator notice they are getting close to each other, a last-minute situation
is created in which the worker is at risk of being struck by the heavy equipment. In this case, the impacts
of the last-minute change could be mitigated by technology adopted for the work operation (i.e., a
proximity alert system) [5]. Another example of a last-minute change is when a worker is working
diligently at the end of a work shift, or near the deadline to get work completed, and an unexpected
change occurs that increases the risk of injury. The worker is put in the position of making a decision
about safety under the stress of wanting or having to complete the work promptly. Given the mental
pressure to complete the work, the worker may make an unsafe decision. Prior research reveals that
working under pressure and improvisation are precursors to serious injury and fatality incidents [6] [7].
A wearable device that prompts the worker or manager to make an appropriate decision may be
applicable in this case [8] [9]. The research team identified a total of 49 technologies that are potentially
applicable to last-minute changes. The technologies can be organized into the following six categories:
communication/mobile computing, sensing/monitoring, visualization, automation, site control/site
access, and artificial intelligence. A complete list of the technologies is available in [4].

2 LITERATURE REVIEW

Many commonly-used and newly-developed technologies are available for the construction industry to
improve their safety performance, but the application of these technologies is still inadequate in the
construction industry [2]. Based on previous research, technologies were classified into six categories:
communication/mobile computing, sensing/monitoring, visualization, automation, site control/site
access, and artificial intelligence. Communication technology, such as a quick response (QR) code,
allows workers to obtain information related to the tagged item to perform safety analyses when
conditions have changed [10]. Sensing/monitoring technology, such as a weather sensor and wearable
device, can detect environmental situations and track physiological conditions in real-time [8].
Visualization technology, such as virtual reality (VR) and augmented reality (AR), can help designers
and safety managers recognize potential hazards during the design phase [10]. Automation technology
can perform tasks in extreme conditions to keep workers away from hazards [2]. Site control/site access
technologies, such as an automated flagger assistance device (AFAD) and work zone intrusion alert
technology (WZIAT), are proven to enhance safety performance when exposed to live traffic [11] [12].
Artificial intelligence has high potential applications for construction safety because it is expected to
identify all unsafe behavior automatically [13].

Even though the researchers revealed that technology can be used for safety performance on the
construction site, there is a lack of knowledge in the present archival literature regarding how technology
can be used to mitigate the potential negative impacts of last-minute changes. Moreover, while
examples of technology adoption protocols presently exist, such as that shown in Fig. 1, no examples
of protocols for effective adoption of technologies specifically to address safety implications related to
last-minute changes were found.

To fill the gaps in knowledge and practical resources, the researchers conducted a study to create a
technology adoption protocol that can help construction companies identify an appropriate technology
to mitigate safety issues related to last-minute changes. With this goal in mind, the research aimed to
identify and include potential technology adoption factors, involve an evaluation for applicability to last-
minute changes on construction sites, and create a technology adoption protocol for construction
companies that is effective, accurate, and feasible for use in practice. The new technology adoption
protocol is expected to be a powerful and beneficial tool for the construction industry when adopting new
safety technologies for construction projects.
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Fig. 1: Current technology adoption protocol [14]

3 RESEARCH DESIGN AND METHODOLOGY

The researchers chose a research design consisting of an expert panel and the Delphi process to
achieve the goals of the research. The Delphi process is an interactive and systematic research method
allowing experts to provide independent judgment on a topic. Forming an expert panel is the first step
in the Delphi process. The researchers first identified potential experts and then evaluated, based on
their educational background, work experience, involvement in professional organizations, and record
of authorship, whether the potential experts were qualified to provide input on the topic. The qualification
process was performed through an online survey. The second part of the Delphi process involved
determining the discussion topic. In this research study, technology adoption factors were the main topic
of discussion. In the last part of the Delphi process, experts independently provided input for each
identified technology adoption factor in multiple rounds of surveys.

After the expert panelists were identified, the researchers asked all experts to provide their independent
opinion on each factor regarding its importance to technology adoption. The technology adoption factors
were identified from previous studies. The previous study separated factors into four categories:
organization, individual, technology, and environment. The organization-related factors evaluated
whether the organization had the plan, budget, or benefits to adopting the technology. At the same time,
the individual-related factors determined the application issue of the technology. Moreover, the
technology-related factors checked the functions of the technology. Lastly, the environment-related
factors evaluated external issues if the technology was adopted [14]. While another research mentioned
different category, vendors’ attributes, which focused on the factors of the technology vendor [15].
Experts would review all these identified factors.

A rating scale from 1 to 5 was used, where 1 = extremely unessential, and 5 = extremely important.
Then, the researchers summarized the experts’ ratings and, in the second round of the Delphi survey,
presented an anonymous summary of the ratings to the expert panelists. The panelists were then asked
to review the summary ratings, and use the summary to consider whether to revise their initial ratings in
the first round of the survey. The process of reviewing the summary results and re-evaluating their
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responses was repeated two times in the study. After the responses from the second round were
summarized, the researchers determined whether group consensus was achieved regarding the
importance of each technology adoption factor. The researchers set the criteria for reaching consensus
to be when the mean absolute deviation of the factor rating is equal to or less than 1.0. If panel
consensus regarding the importance of a technology adoption factor was achieved, the factor was
retained for inclusion in the adoption protocol. If consensus was not achieved for a factor or the median
rating of the factor was equal to or less than 2.0 in the final round (i.e., rated less than moderate
importance to technology adoption), that factor was dropped from the analysis [16].

The research protocol and target population were submitted to the Institutional Review Board (IRB) at
Oregon State University for review and approval for research involving human subjects. IRB approval
was obtained, after which data collection commenced.

4 RESULTS

The background and expertise of each panelist based on the experts’ responses to the demographics
guestions in the survey are shown in Table 1. All of the experts who participated in the research met the
minimum requirements to qualify as experts by following the instruction from a study 18], Thus, all of the
experts were retained and included on the panel.

In a meeting with the panelists facilitated by the researchers, the researchers and expert panelists
initially discussed the current technology adoption protocol, shown in Fig. 1, and previous research to
determine what steps should be included in the new technology adoption protocol. The researchers and
experts concluded that the new technology adoption protocol should consist of three main steps:
preliminary feasibility evaluation, technology assessment, and pilot test/field assessment for applicability
to last-minute changes. An illustration of the protocol steps and decision points is shown in Fig. 2. The
following sections present the information associated with each step.

Table 1 Expert demographics
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Fig. 2: Protocol steps for evaluating technology for possible adoption for last-minute changes (Adapted
from [14] and [15])

4.1 Preliminary Feasibility Evaluation

The first step, Preliminary Feasibility Evaluation, provides a quick check of whether the technology is a
potential target technology for the construction industry. The evaluation contains two short answer and
eight yes/no questions. The first two short answer questions ask for the technology’s name and the
target application or use case for the technology. These two questions are also included in the second
and third steps of the protocol for the same purpose. The next questions in this evaluation step consist
of eight yes/no questions derived from the identified technology adoption factors based on the experts’
experience and opinions, shown in Table 2. These questions mainly focused on factors related to cost,
usage, and effectiveness issues. If the answer to any of these eight questions for the suggested
technology is “no,” the technology does not pass this evaluation step and it is recommended that the
technology not be adopted. But, if the suggested technology passes this evaluation step (i.e., answers
to all yes/no questions are “Yes”), the technology will move to the second evaluation step for a highly
detailed assessment. The specific questions included in the full preliminary feasibility evaluation
document are available in [4].

Table 2: Preliminary feasibility evaluation questions (Extracted and adapted from [4])

Does the technology have potential capabilities to prevent or mitigate last-minute changes?
Is the capital cost of the technology affordable for the organization?

Are there any potential cost savings from using the technology?

Is the cost of operating and maintaining the technology affordable for the organization?

Is the technology easy to use?

Is the technology proven to be reliable in applications it is being considered/ evaluated for?
Is the technology scalable across the organization at the enterprise level?

Can the technology be used on multiple projects and on local sites?

O N|o | 0B (WIN| =

4.2 Technology Assessment

The second evaluation step, Technology Assessment, is the main part of the technology assessment
and consider many adoption factors in detail. Based on categories found in the literature review, the
researchers decided to evaluate all identified technology adoption factors through the Delphi process.
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In the Delphi process, as described above, the researchers provided an evaluation form to the expert
panelists and the panelists input their opinions regarding the importance of each factor. The first round
of the Delphi process showed that consensus was reached on most of the factors, but the mean absolute
deviation of the rating for some factors was close to the established consensus threshold. After the
panelists reviewed the anonymous summary data and discussed it amongst the panel without telling the
other panelists their ratings, the researchers asked panelists to provide input for the second round of
the Delphi process. Based on the result from the second round of the Delphi process, the mean absolute
deviation of the rating decreased for those factors with the mean rating absolute deviation close to the
set threshold. Technology adoption factors in the technology assessment step are included and shown
in Table 3. However, there were a few factors, such as technology brand and direct competitors adopting
similar technology, that received median ratings of 2 or lower; these factors were subsequently dropped
from the identified factor list.

After determining the appropriate factors to include in this evaluation steps of the adoption protocol, the
researchers identified scales for use by the protocol users to rate each factor when implementing the
protocol. A scale from -3 to 3 points was adopted, where -3 represents extremely negative factor
presence and 3 represents extremely positive factor presence. An “I don’t know” option was also
included. This scale enables the protocol user to provide their evaluation of the technology with respect
to each adoption factor. For the given scale the consider 44 factors, the maximum possible point range
will be from -132 to 132. If there are any “l don’t know” (IDK) responses selected, the maximum possible
points will range from (-3)*(44 — number of IDK responses) to (3)*(44 — number of IDK responses). The
protocol user then sums the score from each factor to obtain a total score for this evaluation step. In
order to pass this evaluation step, the total score must be over a threshold established by the
construction company. If many IDK responses are selected, the assessment is invalid and the
technology should be re-evaluated when the required information is available. If the total score is
negative or very low, the suggested technology should not be adopted. Conversely, if the sum of the
factor scores is high or reaches the targeted score, the suggested technology passes this technology
assessment step and moves on to the last evaluation step. The full Technology Assessment document
is available in [4].

Table 3: Technology adoption factors (Extracted and adapted from [4], [14], and [15])

Technology Adoption Factor

Category Example Technology Adoption Factor

Capital cost of technology
Competitive advantage
Level of compatibility with current processes
Observability
Organization culture
Organization’s general overall attitude
Potential cost savings from using technology
Safety budget within organization
Top management degree of involvement
Organization Having an adoption plan in place
Organization has an adoption and implementation partner
Having a site champion for each project site
Buy-in from the project manager
Paying for ongoing maintenance cost
Projects will not pick up the budget unless they can pass
the cost on to the owner
Corporate office will not pick up the budget unless they
can pass the cost on to a project
Worker involvement in selection
Ease of use
Training required for optimum performance

individual Individual innovativeness
Technical capabilities of users
Technology Technology durability

Technology reliability
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Triability
Versatility
Technical attributes and features included
Complexity of technology
Integration with existing systems/work processes
Use in hazardous areas
Use in remote locations
Client demand
Government policy and regulations regarding technology
Industry standard for using the technology
Environment Industry-level change required for technology adoption
Partners adopt similar technology
Technical support from manufacturer
Technical support required for optimum performance
After sales service
Guaranty
Warranty
Vendor Training service
Maintenance service
Relationship & Motivation program
Vendor: size of organization

4.3 Pilot Test/Field Assessment: Last-Minute Change

The last step in the adoption protocol, Pilot Test/Field Assessment: Last-minute Change, is the part that
helps the construction company determine whether the suggested technology can mitigate safety issues
related to last-minute changes. The assessment questions were designed and discussed amongst the
researchers and expert panelists based on the panelists’ experience and knowledge of safety and
technology usage on construction sites. The questions in the assessment were separated into four parts:
(1) technology development, (2) technology applicability to last-minute changes, (3) technology alert,
and (4) technology decisions and actions, shown in Table 4. The technology development section
contains questions related to the technology itself, such as “Is this technology ready to use,” “Is this
technology easy to use,” and “What type of control in the hierarchy of controls is the technology” [4].
These questions can help evaluators check and test the basic background of the technology in the field.
Next, the technology applicability to last-minute changes section includes questions to evaluate the
technology’s ability to respond to or prevent last-minute changes. The questions focus on whether the
technology can detect, comprehend, or project the safety issues caused by last-minute changes, and
whether environmental impacts from the weather affect the technology’s ability to detect last-minute
changes. In this context, “comprehend” means the technology has an ability to recognize a hazard that
exists and classify the type of hazard. Also, “project” refers to the ability to estimate and predict outcomes
of safety issues caused by last-minute changes. The next set of questions address the technology alert
that is provided by the technology to alert workers or any impacted people when hazards caused by
last-minute changes are present on the construction site. The last section of questions focuses on the
decisions and actions that the technology can make. In this section, the evaluator can determine whether
the technology can make decisions or take actions to address the impact of last-minute changes. After
the field pilot test and evaluation are completed, the suggested technology should be adopted if the
result reaches the target established by the construction company. The target is based on the number
of questions which are answered in the affirmative. On the other hand, if the result does not attain the
target, the suggested technology should not be adopted. The full pilot test/field assessment document
is available in [4]. Once the suggested technology passes the pilot test, this technology would be
qualified as a safety technology that can improve safety performance and protect workers from hazards
related to last-minute changes on construction projects.

Table 4: Pilot test questions (Extracted and adapted from [4])

Part 1. Technology Development

1 Whatis the extent of development of the technology (Technology Readiness Level)? (Possible
answer: TRL1 to TRL 9) [4][17] [18]
2 Is this technology ready to use?
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What is the level of automation (LOA) of the technology? (Possible answer: 1 to 10) [19]

Is the level of automation of this technology enough for the usage purpose?

Is this technology easy to use?

Does this technology integrate with existing technologies?

What type of control is the technology? (Possible answer: PPE, administrative, engineering,

substitution, elimination)

Part 2. Technology Applicability to Last-minute Changes

8 Does the technology have the ability to monitor site conditions and work operations?

9 Does the technology have the ability to detect last-minute changes?

9.a If Yesto Question 9, what kind(s) of last-minute change can the technology detect? (The answer
type in this question a is short answer)

9.b If Yes to Question 9, does the technology detect and act upon last-minute changes within an
appropriate time?

10 Does the technology prevent SIFs due to last-minute changes?

11 Does the ability of the technology to detect and respond to last-minute changes provide a
positive impact?

12 Does weather impact the technology’s ability to detect and respond to lastminute changes?

13 Does the technology have the ability to comprehend safety hazards resulting from last-minute
changes? Note: In this context, comprehend means to determine that a hazard exists and to
identify the type and nature of the hazard.

14 Does the technology have the ability to project the safety risk from last-minute changes? Note:
In this context, projecting the safety risk means to estimate and foresee the consequences of
worker exposure to the hazard based on injury frequency and severity.

Part 3. Technology Alerts

15 Does the technology have the ability to send alerts to affected workers and/or those who oversee
the work?

15.alf Yes to Question 15, what kind(s) of alerts does the technology send? (The answer type in this
question is a short answer (e.g., visual, audio))

15.b If Yes to Question 15, does the technology send alerts to affected workers and/or responsible
parties within an appropriate time?

15.c If Yes to Question 15, does the alert work well enough to warn workers?

Part 4. Technology Decisions and Actions

16 Does the technology have the ability to identify options/alternatives for mitigating the impacts of
last-minute changes?

16.alf Yes to Question 16, does the technology identify options/alternatives for mitigating the impacts
of last-minute changes within an appropriate time?

17 Does the technology have the ability to decide which option(s) to select to mitigate last-minute
changes?

17.alf Yes to Question 17, does the technology make the decision within an appropriate time?

17.bIf Yes to Question 17, what kind(s) of decisions can the technology make? (The answer type in
this question a is short answer)

17.c If Yes to Question 17, are the decisions effective for preventing serious injuries and fatalities
(SIFs)?

18 Does the technology have the ability to implement the selected action(s) after making the
decision?

18.aIf Yes to Question 18, does the technology take action within an appropriate time?

18.b If Yes to Question 18, what kind(s) of actions can the technology make? (The answer type in
this question a is short answer)

18.c If Yes to Question 18, are the actions effective for preventing serious injuries and fatalities
(SIFs)?

* All questions are yes/no questions except the potential answer type is mentioned in the question.
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5 CONCLUSIONS AND RECOMMENDATIONS

The applicability and effectiveness of technology for improving construction safety has been proven and
the construction industry can benefit from technology. Many changes, including some at the last-minute,
may occur on construction sites due to their dynamic and complex nature. A hazard due to a last-minute
change may only allow a very short time for response, and the worker may not be able to react in that
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very short time. Hence, the assistance provided by technology can play an important role in mitigating
the impacts of safety hazards and preventing worker injuries and fatalities. Nevertheless, the application
of technology in the construction industry for this purpose is still low to non-existent. Therefore, the use
of technology in the construction industry needs to increase to reinforce worker productivity and safety
performance while eliminating safety hazards and preventing injury/fatality incidents. In order to help
construction companies select technologies that match the desired capabilities and use cases, an
appropriate technology adoption protocol is hecessary. This research study used an expert panel and
the Delphi process to collect professional input on applicable technology adoption factors to determine
which factors should be included in a new technology adoption protocol. A construction company can
use the new protocol to determine whether it should adopt a safety technology. If the selected
technology meets the requirements addressed by the protocol, such as organization, individual, and
environmental factors, it is anticipated that the technology will help improve safety performance
associated with hazards caused by last-minute changes.

The technology adoption protocol developed by this research study does not include a benchmark of
what score achieved in the Technology Assessment evaluation indicates an acceptable technology.
Similarly, the protocol does not indicate the kind and amount of answers in the Pilot Test/Field
Assessment document that signify a positive result. The expert panel suggested that the construction
organization should define these targets since the technology application and use cases vary between
construction organizations. Thus, construction organizations need to make decisions based on the type
of last-minute changes and hazards anticipated. Future research should develop a standard target score
and rubric for these two documents to make this new technology adoption protocol more convenient
and comprehensive.
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Abstract

The construction industry poses a significant risk of accidents and injuries, making it one of the most
hazardous sectors. While safety regulations and guidelines have been implemented, accidents and
fatalities still occur with alarming frequency. This underscores the inadequacy of traditional
methodologies for construction safety management in addressing these risks. This paper proposes the
iISAFE platform, an automated safety management solution that covers various stages of construction
safety management, including before, during, and after the work process. iISAFE offers 4D Building
Information Modeling (BIM)-based risk assessment and safety planning, virtual reality (VR), and 360-
panorama-based Training to enhance planning and training in construction job sites. During the work
process, the iISAFEGuard encompasses technological monitoring advancements by incorporating over
100 unsafe detectors using Computer Vision (CV) and Internet of Things (1oT) sensors. This results in
a more robust worker and job site monitoring process, proactively enabling safety managers to monitor
safety compliance with less hands-on experience on the job site. Finally, after the work process, the
iISAFEIncentive builds a new safety culture by integrating blockchain technology with CV. This approach
incentivizes workers based on their safety behavior at job sites, promoting safe work practices and
improving job site safety. The iISAFE platform presents a comprehensive and automated approach to
safety management encompassing all safety management procedure phases. Its goal is to introduce a
new paradigm and vision with a more efficient and reliable method to reduce injuries and fatalities
resulting from accidents at construction job sites.

Keywords: Al, computer vision, blockchain, construction safety management, planning, training

1 INTRODUCTION

Construction safety management can be divided into three stages: before, during, and after work.
However, current practices within these stages are associated with several issues. For instance, in the
before-work stage, manual procedures and document-based data may lead to unreliable training and
time-consuming processes, which can be problematic. Additionally, the monitoring methodology during
work is often inefficient, which can result in numerous injuries and fatalities at job sites. Furthermore,
these problems are compounded by a lack of positive safety culture, making it a significant challenge
for organizations to maintain a safe working environment and improve productivity throughout all stages
of the work process [1]. In the subsequent sections, various problems associated with current practices
in construction safety management will be explored.

1.1 Current Safety Management Practices

1.1.1 Before Work/ Safety Planning-Training

Construction projects can be complex and risky, with many potential hazards that must be considered
[2]. Without proper safety planning and training, workers may be at risk of injury or death [3]. In addition,
workers may not be aware of the specific risks associated with their tasks or may lack the knowledge
and skills needed to perform their duties safely. Therefore, safety planning and training are critical
components of any construction project, helping to identify potential hazards and develop strategies to
mitigate them [4].

Document-based risk assessments frequently use in the construction industry to identify potential
hazards [2]. However, these assessments are not without their challenges. One of the primary difficulties
is that they may not capture all of the risks associated with a given project, leaving workers vulnerable
to unanticipated hazards. Additionally, these assessments may not be tailored to the specific work plan
and site situation, increasing the potential for accidents and injuries. Furthermore, even when safety
plans are developed, they are often not utilized during construction, leading to confusion and increased
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risks. To create safer work environments and reduce the incidence of accidents and injuries, it is crucial
to address these challenges by developing comprehensive and site-specific safety plans, providing
updated planning to workers, and ensuring that safety plans are adhered to throughout the project [3].
The construction industry encounters an additional predicament concerning standardized training

programs that lack sufficient preparation for the hazards and risks associated with individual worksites.
[4]. Additionally, training programs that are solely classroom-based or rely on short toolbox meetings
may not provide workers with the hands-on experience and practical knowledge they need to perform
tasks safely [5]. These challenges can increase the risk of accidents and injuries on the job. To overcome
these problems, it is important to prioritize site-specific, interactive, and practical training methods that
equip workers with the knowledge and skills to perform their tasks safely and confidently.

1.1.2 During Work/ Safety Inspection and Monitoring

Even with proper training and planning, neglecting safety risks can still occur in the construction industry,
leading to accidents and injuries during the work process [6]. To minimize this risk, a proactive safety
approach must be established that prioritizes safety through regular inspections, ongoing training, and
clear protocols. By doing so, the industry can reduce accidents caused by negligence and promote a
safer working environment [7].

Safety inspection and monitoring are essential for identifying and addressing potential hazards in the
construction industry [8]. It is crucial to monitor the unsafe behavior of workers to minimize risks in
construction sites. Safety managers must constantly keep a watchful eye on workers to address the
factors mentioned above. However, this manual monitoring process requires safety managers to be
physically present at construction sites to identify potential hazards or non-compliance with safety rules.
Itis a time-consuming process that heavily relies on safety managers' experience and competence. This
can lead to delays in identifying and addressing potential hazards, increasing the risk of accidents and
injuries [12]. In addition, Implementing safety rules and monitoring Personal Protective Equipment (PPE)
compliance in large and complex construction sites is expensive and impractical. Hence, there is a need
to incorporate technological advancements to ensure the real-time safety of workers at hazardous
elevations and reduce the workload on safety managers who monitor workers on-site [9]. The following
section discusses issues related to after-work safety management in the current approach.

1.1.3 After Work/ Safety Performance Assessment

Recording manual inspection results in a paper-based format is always repetitive and subject to error
[10]. Current information management in the construction industry is highly vulnerable to data
falsification because of the general usage of centralized data management systems; their data security
and management rely heavily on a central node [11, 12, 13]. In addition, data from construction industry
accident records show that safety accidents are often caused by mistakes or negligence of safety rules.
Safety management is crucial in promoting safety measures and workers' occupational safety, which
can significantly affect unsafe behaviors. To improve safety behaviors, it is important to implement
effective incentive programs. Scholars have found that safety policies, punishment, and a safe
environment can positively influence workers' behaviors. However, conflicting objectives between safe
and production goals can lead to workers ignoring safety measures and rendering incentives ineffective
[14].

To address the above problems, this study proposes a framework of a robust and comprehensive
solution, named iISAFE platform, for construction safety management. iSAFE comprises three modules:

1) iISAFE module to assist in safety planning and training before the work phase.
2) iISAFEGuard module to monitor the construction site for rule compliance during the work.

3) iISAFEIncentive module to measure safety performance and provide incentives after work phase for
encouraging safe behavior.

2 RESEARCH METHOD

Several academic articles have been disseminated to confront the difficulties above, which may
culminate in a transformative advancement in construction safety management. Such progress may be
realized through the technological enhancement of the iISAFE platform. These papers cover most
technical parts and implementation of this platform, from planning, training, monitoring, and blockchain
technology for storing safety performance data and incentive token-based applications. In terms of
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planning, one paper discusses the use of generative planning to identify optimal locations for
construction safety surveillance cameras in a 4D BIM environment [15]. Another paper proposes an
approach for hazard identification that integrates 4D BIM and accident case analysis [16]. Regarding
training, some articles suggest new methods for safety training using immersive technologies such as
cross-platform VR and extended reality. One recent paper presents an artificial intelligence (Al)-based
safety helmet recognition system to enhance the safety monitoring process [17]. In terms of monitoring,
several papers propose new approaches to iSAFE for fall prevention and worker safety using Internet
of Things (loT)-based monitoring, CV, and other technologies [24-28]. Finally, some articles explore the
potential of blockchain for construction safety management, including a proposed network concept
model for reliable and accessible fine dust management at construction sites and the use of blockchain
for scaffolding work management [18, 19]. Table. 1 presents the different components within the iISAFE
platform published in academic journals.

Table. 1: Published papers related to the development of the iISAFE platform.

No Subject Research Title Summary Main Journal Ref
Technology Name

1 Training Cross-platform virtual reality for real-time The paper proposes a VR training program VR, Web Automation [17]
construction safety training using for construction safety that can be accessed technology, in
immersive web and industry foundation from multiple platforms. Industry Construction
classes classes

2 Planning A hazard identification approach of The paper proposes a novel hazard 4D BIM Sustainability [15]
integrating 4D BIM and accident case identification approach through spatial—
analysis of spatial-temporal exposure temporal exposure analysis.

3 Planning Generative planning for construction safety | The paper proposes a generative planning 4D BIM Automation [16]
surveillance camera installation in 4D BIM method for installing surveillance cameras in in
environment construction sites using 4D BIM technology. construction

4 Planning Suggestions for improving South Korea's The paper proposes suggestions for Analysis of
fall accidents prevention technology in the improving fall accident prevention laws and Sustainability [20]
construction industry: focused on analyzing | technology in the South Korean construction programs
laws and programs of the United States industry by analyzing the laws and programs

of the United States.

5 Monitoring Computer Vision Process Development The paper proposes a computer vision cv Advances in [21]
regarding Worker's Safety Harness and system to prevent fall accidents by Civil
Hook to Prevent Fall Accidents: Focused on monitoring worker's safety harness and hook Engineering
System Scaffolds in South Korea in construction scaffolds.

6 Monitoring Fall prevention from scaffolding using The paper proposes an loT-based monitoring Internet of Journal of
computer vision and loT-based monitoring system that uses computer vision to prevent things, CV Construction [22]

fall accidents from scaffolding. Eng and
Management

7 Monitoring Fall Prevention from Ladders Utilizing a The paper proposes a fall prevention system Deep IEEE Access [23]
Deep Learning-Based Height Assessment that uses deep learning for height learning
Method assessment.

8 Monitoring Tag and |oT based safety hook monitoring loT-based safety hook monitoring system to Internet of Automation [24]
for prevention of falls from height prevent falls from height. things in Const

9 Monitoring Utilizing safety rule correlation for mobile Mobile scaffold monitoring system that uses Deep Computers in [25]
scaffolds monitoring leveraging deep deep convolution neural networks to convolution Industry
convolution neural networks correlate safety rules. neural

networks

10 Blockchain Blockchain-based network concept model The paper proposes a blockchain-based Blockchain Applied [18]
for reliable and accessible fine dust network model for fine dust management in Sciences
management system at construction sites construction sites.

11 Blockchain Leveraging blockchain for scaffolding work Blockchain-based system for scaffolding Blockchain IEEE Access [19]
management in construction work management in construction.

3 INTRODUCING THE ISAFE PLATFORM

The iISAFE encompasses all phases of the safety management system, from pre-work, during work, and
post-work. In the pre-work stage, conventional classroom training has been identified as a significant
challenge in safety planning. To address this issue, the proposed solution involves a 4D Building
Information Modeling (BIM)-based risk assessment & safety planning and virtual reality (VR) & 360-
panorama-based training. The iISAFE platform is designed to incorporate these technologies to provide
a comprehensive solution during work phase presents additional safety challenges in inspecting and
monitoring safety performance for a large workforce on complex job sites. As discussed, the current
manual inspection method is inefficient. Computer vision (CV) and sensor-based technologies are
recommended for safety inspection and monitoring to overcome this issue. The iISAFEGuard platform
encompasses these technological advancements, resulting in a robust worker and job site monitoring
process. This proactive solution would enable safety managers to monitor safety compliance with less
hands-on experience on the job site.
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In the post-work phase, document-based activities are critical for satisfying legal requirements and
evaluating safety performance. However, collecting this data in hardcover data sheets makes it difficult
to assess workers and evaluate their safety performance. This is especially true when numerous
workers are working at job sites. To overcome this challenge, iISAFE proposes the iSAFEIncentive, a
blockchain, and Al-based safety reward performance assessment system. By integrating this advanced
technology with CV, the entire ecosystem of rating performance of workers and companies can be
improved. Furthermore, the token-based incentive technology would reward workers and companies for
good safety performance, with workers receiving tokens from safety managers and companies receiving
tokens from regulatory inspection governmental agencies. Fig. 1 illustrates the existing challenges in
construction safety management and the proposed solutions offered by iISAFE.

Problems — > Solutions Platforms
Error prone 4D BIM-Based
Document- Risk and Safety |
based safety planning
Before Work planning assessments — iSAFE
Ineffective VR & 360
conventional panorama-based
training Training
Time-consuming Al and sensor-
In person/CCTV- based safety
During Work —— based safety inspection and |——» iSAFEGuard
inspection and monitoring
monitoring
Various Blockchain and
Document- Al- Based
After Work — based_actwltles —f safety iSAFEIncentive
to satisfy legal performance
requirements assessment

Fig. 1: Problems and suggested solutions related to construction safety management.

The iSAFE platform offers a comprehensive solution streamlining safety management activities,
including planning, training, monitoring, and reporting. As depicted in Fig. 2, the iISAFE platform utilizes
advanced technologies such as 4D BIM, Digital Twin, augmented and VR, Al, and blockchain to
automate the safety management cycle. The following sections provide additional details on each one.

Camera & Sersor
: Al risk deteciion
- " Vision
Job Site D'g;gglmm ! Risk Assessmert ] Intelligence
Information Ensure the Refiabiity of
Sensor-based Risk @ Information
» — Al risk detection Control
Safety Training — ” Incenfivize safety
IoT Sensor Blockchaln
Resity Caplure for

@ Updating Curent St

Digital Twin /
40 BIM

Risk Level
Re-evaluation

Fig. 2: iISAFE platform framework.
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3.1 IiSAFE (Planning/Training)

Safety planning is a crucial part of the construction process on job sites. Several activities, if conducted
in parallel, may trigger risks and hazards. To tackle this issue, ISAFE provides an efficient work plan by
combining the risk assessment database and specific construction job site conditions into the BIM
model. It Identifies the specific potential hazard situations and prepares prevention methods. Some of
the functions of the systems include pre-risk assessment of the job site, safety information sharing
amongst workers and training, and remote site inspection and instruction. Fig. 3 demonstrates the iISAFE
(Planning/Training) framework and its technological functions. The following sections will discuss the
performance of the iSAFE planning and training.

v v

O Safety Training

e Safety Planning

BIM-Based Generative 360-Degree Metaverse
. _oase Planning for Panorama Based Safety Social
Risk Assessment A P
Camera Logistics Training Platform

&’ &7

:"\ 4D BIM / DIGITAL TWIN 4D BIM FA
\ Y N

VR

AR CHAIN

Fig. 3: iISAFE (Planning/Training) framework.
3.1.1 iSAFE Training

Traditional training methods may not keep pace with evolving technological and industrial practices,
leading to worker frustration, disengagement, and ill-preparedness to tackle emerging challenges.
Conversely, real-time learning offered in iISAFE utilizes a segmented approach, providing workers with
tailored training and work instructions, resulting in efficient and customized education that enhances
worker performance and engagement. Situated learning reflects new technological and industrial
advancements, ensuring workers are well-equipped to handle emerging challenges. It utilizes
technologies such as Digital Twin / 4D BIM and AR/VR. Workers can access this education from iSAFE's
high-fidelity virtual environment, which reflects daily job site conditions. Additionally, iISAFE's planning
toolkits combine risk assessment databases with construction job site characteristics to provide an
efficient work plan and identify potential hazards. Options for surveillance camera locations are also
generated to facilitate remote monitoring and Al-based risk detection during work. Fig. 4 shows how
educational content and instructions can be accessed at a job site.

Fig. 4: Reality capture view of iISAFE Training.
3.1.2 iSAFE- Planning

iISAFE planning is another advanced functionality of the iSAFE platform. Its algorithm is integrated with
BIM and provides in-depth work report-based daily/weekly schedule information linking, work plan
information extraction, and risk & change visualization rule development. After uploading the work
schedule in the BIM application, the algorithm will evaluate all the parallel work to find any contradiction
job that their same time happening may result in danger. As it appeared in Fig. 5-A, activities such as
painting and welding, any job defined near the opening or edge will be highlighted in the red zone to
provide visualized risk zone to workers. All these adjustments will be made based on different rule
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compliance, and the algorithms are easily tailored to apply various rules and codes. iSAFE planning
also offers a new framework for camera planning in construction, which includes functions such as
selecting the appropriate camera type and positions based on the construction schedule by integrating
into BIM 4D. A simulated viewpoint of the camera view in BIM is demonstrated in Fig. 5-B. Camera
placement in construction is typically done manually, which can be time-consuming and costly [16]. This
approach provides a cost-efficient, accurate solution with improved visualization by integrating BIM. The
subsequent section elaborates on the monitoring capability of the iISAFE platform throughout the
construction process stage.

Fig. 5. A) Visualized risk zones in BIM B) Simulated version of the camera view in BIM.

3.2 ISAFEGuard (Monitoring/Inspection)

Despite efforts to plan for safety and provide training, unpredictable hazards can still occur during
construction due to unsafe behaviors, unsafe working conditions, and violations of regulations. To
address this persistent problem, iISAFEGuard has been developed as a technological solution utilizing
video-based Al and sensor technologies to detect and prevent accidents and injuries on construction
sites proactively. As it appeared in Fig. 6, using Al, VC, sensors, VR, and wearable devices,
ISAFEGuard provides a comprehensive solution that detects and alerts safety managers and workers
to take proactive measures to prevent accidents and injuries. The following sections explain the
computer vision technology and sensor-based technologies of the iISAFEGuard.

Synthetic data
generation for Al
model training

Sensor-based risk
detection

Video-based Al

Smart-safety hook

system

risk detection

In g [ ' %
G20 O~ R = Gl g
ccrv Al VR Al Sensors Wearables April Tag Al

Fig. 6: iISAFEGuard's technological functionality.
3.2.1 ISAFEGuard/Computer Vision

One of the fundamental features of ISAFEGuard is its video-based Al risk detection platform, which
utilizes a deep neural network model for hazard detection. This system consists of over 120 unsafe
behavior detectors trained with synthetic and real data for various types of hazards, such as falling from
a height, being hit by an object, collapsing, fire, and being struck by equipment. The detectors can
examine all tools and monitor individuals working with various equipment, including scaffolds, ladders,
staircases, forklifts, etc. This model is designed to identify unsafe behaviors, working conditions, and
violations of regulations in diverse scenarios. To develop this model, large datasets are collected and
processed to train and validate the system before deployment. The research project has been conducted
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to accumulate real site data, approximately 1 million images with location information (i.e., bounding
boxes and polygons). In addition, a dataset augmentation technique using synthetic images was applied
to overcome difficulties in collecting real-site images, such as difficulties in directing dangerous
situations. The system utilizes a state-of-the-art model in the computer vision domain, considering
detection speed and accuracy, to enable real-time site monitoring, and identifying any unsafe conditions
or behaviors that may pose a risk to workers. Fig. 7 depicts two examples of iISAFEGuard unsafe activity
detection scenarios associated with scaffold and ladder jobs.
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ffold_no_outtrigger i 1
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Fig. 7: Unsafe detection scenarios related to scaffold and ladder jobs.

3.2.2 Sensor-based Risk Detection

Certain limitations, such as blind spots, occlusion, and limited coverage, constrain standalone vision-
based monitoring technologies. To address these issues, ISAFEGuard proposes an innovative solution
that combines vision and the loT to create an intelligent smart safety hook. Sensor-based technologies
such as the Hybrid Gateway, Smart Safety Hook, Smart Watch, and Location Sensor Dashboard
improve construction safety management. As shown in Fig. 8, the Hybrid Gateway transfers the data
from safety and environmental sensors in real-time. The Smart Safety Hook and Smart Watch detect
and alert workers to potential safety hazards. The Location Sensor Dashboard tracks workers' activities
to identify potential safety hazards, allowing supervisors to take corrective actions. The subsequent
section describes the iISAFEIncentive technology, a token-based incentive system that rewards workers
and companies based on their safety performance.

y N

=2

=l

e — i
Hybrid Gateway for 5 ﬁ!
Telecommunication ~

Mobile Sensor
for Air Pollution

Textile Sensor for
Electrocardiogram

Smart Sensor Dashboard for
Checking Status

Smart Watch Kit
» : .
-
| Textile Sensor for
Stretching and
Stressed Joint
Location Sensor :s;

Fig. 8: Sensor-based technology worker's behavior detection.
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3.3 ISAFEIncentive (Data Management/ Token-Based Rewards System)

The iISAFEIncentive aims to transform the safety culture of the construction industry by incentivizing and
rewarding safety performance, shifting the focus from blame and punishment to a collaborative worker-
driven approach. By leveraging cutting-edge technologies like CV, Al, blockchain, and IloT,
iSAFEIncentive streamlines safety inspection and reporting circumventing conventional methods'
subjective and time-intensive nature. This includes using decentralized identifier certificates, computer
vision, and smart contracts to verify and reward safety performance. Tokens are issued to workers,
safety managers, and contractors based on their safety ratings. This system enables regulatory bodies
to evaluate companies based on their safety performance ratings. Governmental agencies use the
token-burning process to ensure sustainability and effectiveness. The iSAFEIncentive platform
promotes worker-led safety management, providing the reliability of safety information, facilitating safety
level evaluation and compensation, and ultimately improving safety performance and culture in the
construction industry.

4 DISCUSSION

The iISAFE platform can play a crucial role as a safety solution to prevent accidents in construction job
sites. This platform provides three critical safety barriers that aim to improve the safety culture within the
entire industry and prevent accidents.

The first barrier, the iISAFEIncentive incentive, promotes a safety culture among workers, improving the
industry's safety. The incentive rewards workers with positive safety behaviors and a high safety rating.
Ultimately, the whole company's performance is rated based on the safety ratings of every worker, and
the information is reported to safety agencies and regulatory bodies. Companies with higher safety risks
receive incentives, like how workers are rewarded for safe behavior.

The second barrier involves providing proper planning and training sessions, usually mandated by
companies and contractors. Effective safety planning is also crucial to understanding the risks and
hazardous activities involved in the work. iISAFE provides robust and comprehensive training materials
based on the type of work and activities involved and can visualize dangers and hazards in BIM format
[15,17].

The third barrier involves real-time monitoring of workers and job sites. Both experienced and
inexperienced workers may become negligent towards safety rules, particularly when tired, working on
complicated tasks, or in a rush. In addition, a lack of adequate human resources, such as safety
inspectors, can make monitoring all workers on a large job site challenging. iISAFEGuard provides great
opportunities for companies to monitor workers and inspect any defects at job sites that may put workers
at risk. Early detection of unsafe behaviors or workers significantly reduces the chances of risky
situations. The system can alarm workers and safety managers about dangerous activities, ensuring
the highest levels of safety in the workplace [21, 22].

5 CONCLUSION

This paper presents a developed and implemented iISAFE platform for digital infrastructure to enhance
safety management in construction projects. The proposed system has been transformed into a
functional prototype and tested in real-world construction sites. Collaboration with industry stakeholders,
including vendors and software developers, was undertaken throughout the development process to
ensure practicality and compatibility. The research encompasses technology development and practical
implementation to evaluate the system's effectiveness and feasibility. Detailed information regarding the
development and implementation, including methodologies and technical specifications, is provided in
the paper. The goal is to bridge the gap between theoretical concepts and practical application by
offering a thoroughly developed and tested blueprint.

To conclude, the iISAFE platform offers a comprehensive approach to safety management, covering all
phases of the safety management system. By leveraging advanced technologies such as 4D BIM-based
risk assessment, VR & 360-panorama-based Training, CV, sensor-based technologies, and blockchain,
the iISAFE platform offers a proactive solution to safety challenges faced in the pre-work, during work,
and post-work phases. The platform is designed to seamlessly fit into construction practices, offering
server-based, edge-based, and mobile-based solutions. Additionally, the token-based incentive
technology encourages workers and companies to prioritize safety performance, resulting in a safer and
more efficient job site.
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In future development, our plan entails integrating training data with our risk assessment technology
during the planning stage. This integration aims to enhance the availability and practicality of training
materials for workers by coupling training data with real accident cases. The objective is to increase
workers' awareness of risk factors and provide them with more comprehensive and relevant training
materials.

The limitation of this proposed solution is that the iISAFE platform while offering safety measures for
construction job sites, faces challenges in implementation and raises concerns regarding privacy and
data security. Integrating the platform into existing operations can be complex and time-consuming.
Furthermore, the collection and analysis of worker data raise privacy and security issues, necessitating
the establishment of proper protocols to protect sensitive information.
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Abstract

Hazard zone identification plays a significant role in designing construction site layouts and preventing
construction accidents. The existing identification methods require laborious and empirical
predefinitions. Despite the emergence of some automatic hazard zone identification algorithms, they
still heavily depend on stagnant regulations and rules. Thanks to the development of real-time location
systems and sensor technology, the trajectory data of construction workers and equipment can be
precisely collected and stored. Such data can facilitate understanding workers' and equipment's activity
patterns, thus further improving the dynamic recognition of hazardous behaviors and areas. In this work,
we introduce a data-driven method to automatically identify and predict potential hazard zones in the
construction site. The algorithm is implemented on a digital twin platform to retrieve location data and
generate real-time hazard index maps. The method consists of the following parts: (a) construction site
sensor data collection and processing, (b) worker and equipment data analysis (e.g., speed,
acceleration, and trajectory), and (c) hazard zone identification algorithms development. For validation,
we implement the method on one railway construction project in Karlsruhe and compare the result with
the close-call incidents map. This real-life case study partially demonstrates the effectiveness and
accuracy of our method under the constraints of currently limited project data. On the basis of this work,
further study can be conducted on the aspects of workers’ behavioral patterns and prediction model
selection.

Keywords: construction safety, data-driven method, digital twins, hazard zone identification, real-time
location sensing.

1 INTRODUCTION

Construction sites are widely recognized as one of the most dangerous workplaces. The rates of fatality
and non-fatality accidents are significantly higher than in other industries. A report on the labor statistics
in the EU shows that more than a fifth of all fatal accidents took place in the EU within the construction
sector of which, depending the country, up to 15 percent relate struck-by equipment or other object
incidents [1]. Traditionally, Health, Safety, and Environmental (HSE) managers define the construction
hazard zone in advance and observe the workers’ safety performance based on the predefined hazard
zone. However, the construction site's dynamic and changeable features bring challenges to the static
and top-down approach to delineating the hazard zone area.

The emergence of the Digital Twin (DT) even in construction allows — at some point in future time — HSE
managers to proactively monitor and interfere with potential hazards at construction sites in real-time
[2]. A DT can first be a virtual representation of a real-world product or system (aka. physical twin). By
integrating data from the Internet of Things (IoT) with Building Information Modeling (BIM), project
stakeholders can add valuable information to a Digital Twin Platform (DTP) of the construction site for
viewing and controlling the on-site events and processes. Through various sensing technologies, such
as Real-time Location Sensing (RTLS) [3, 4] or vision-based sensors [5], the DT can retrieve contextual
information. These are, for example, trajectories of resources, incl. workers or equipment, or image-
based point clouds of a work terrain they traverse in. Such (trajectory) data can then be analyzed using
hazard detection algorithms that predict future work states, and in case applicable, avoid potentially
dangerous situations. These algorithms pose a research gap, because they rely so far on basic data
analysis and visualization [5]. Instead, proposed are additional criteria, such as the capitalization of a
priori-known safety rules [6] or real-time data of too close proximity distances [7]. Such algorithms can
then be powerful when implemented on a DTP as they can provide real-time personalized feedback to
the HSE managers, equipment operators, and workers, and proactively detect and avoid personal harm
or other collateral damage.

Nevertheless, a DTP still heavily relies on predefined input (e.g., safety distance, hazard zone
predefinition) from HSE managers, which undermines the effectiveness of real-time hazard detection
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and feedback. At the same time, spatial-temporal data from workers can reveal their behavioral patterns
related to surrounding contexts. Therefore, we aim to utilize the historical and real-time workers’ location
data on the DTP for Hazard Zone Identification (HZI) so that the predefined hazard zone can be adjusted
on time. Previous studies have utilized the location data or behavioral patterns of construction workers
to analyze the safety condition at the construction site. For instance, Li et al. apply a crowd-sourced
density map method to classify construction site zones for workplace safety [8]. Yang et al. analyze
abnormal patterns of workers’ gait cycles to infer workplace safety hazards [9]. Golovina et al. use
heatmap for recording, identifying, and analyzing interactive hazardous near-miss situations between
workers on foot and heavy construction equipment [10]. So far, these approaches only focus on one
certain aspect of the temporal-spatial data for hazard prediction and have only been tested on locally
stored data, without further integration with real-time data on a DTP.

In this work, we focus on developing a method of updating hazard zone maps using only location data
from construction workers. We derive the visiting frequency, speed patterns, and stay duration for each
spot from the aggregate spatiotemporal data of workers. With the fusion of the visiting frequency, speed
patterns, and stay duration, we calculate the hazard index for each spot. The algorithm is expected to
be integrated into DTP so that it can fetch real-time location data and predict the hazard index map. In
this work, we use the persistence model for hazard prediction for simplicity.

Our contributions are listed as follows:

- We establish a framework of a DTP for construction site hazard zone prediction using only
location data from the construction workers. The whole process of data collection,
communication, analysis, and feedback is defined in the framework.

- We analyze location data (e.g., visiting frequency, speed abnormality, and stay duration),
revealing human behavioral patterns to infer the contextual workplace safety conditions.

- We develop an algorithm for hazard zone prediction using a persistence model. The algorithm
uses the spatial-temporal information of the construction workers as input data. It derives a
hazard index for each spot, which can be used to supplement a predefined hazard zone map.

2 METHODS

In this work, we conduct a case study on a railway construction project at Karlsruhe. As shown in Figure
1, the method adopted in this study consists of three consecutive steps. First, we define the framework
and workflow of DTP. Subsequently, we analyze and conclude the behavioral patterns of workers from
the location and vision-based data, based on which we develop the algorithm for the HZI. Lastly, we
implement the algorithm using the dataset to generate the hazard index map. The hazard index map is
further validated via comparison with the close call incidents occurrence map. Close calls refer to
incidents that nearly turned into an accident, which is defined by Occupational Safety and Health
Administration in 2016 [11]. Proximity analysis is a specific method to detect close call events at the
construction site [7]. When workers are too close to the path of the heavy equipment, the proximity-
based events will be recorded in terms of location and timestamp. Despite various types of hazards
(e.q., falls for lack of guard rails, struck-by due to obstacles), we can only partially validate the results of
the hazard zone using the proximity-based close call analysis with the mere input of location data.

2a. Conduct location data
analysis and understand
workers 'behavioral pattern

i 1a. Determinate the
i | architecture of DTP

3a. Implement the
algorithm on DTP

s N b N i I-life dat
i | 1b. Define the data N 2b. Derive the relationship LA using real-ile data
! | format for between behavioral pattern

. . 1 '/
communication and hazard zone ! | 3b. Compare with

close-call occurrence
locations

2c. Select the prediction
model for hazard zone
identification

1c. Decide the
components in the DTP

1. DTP establishment 2. Algorithm development 3. Validation

Figure 1: Methodology for the development of DTP and HZI algorithm.
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3 DIGITAL TWIN PLATFORM

DTP is where the on-site location data is received and processed. We define the overall framework,
data format, and components of the DTP.

3.1 Framework

Figure 2 presents the overall framework and workflow of receiving data, processing data, and returning
feedback on the DTP. The framework comprises three parts: real-time location data collection at the
construction site, data preprocessing, and real-time hazard map generation. The RTLS system at the
construction site reports all relevant event data (e.g., equipment ID, personal tag ID, location coordinate,
timestamp) to the DTP. After the DTP receives the data, preprocessing module (PPM) reduces the noise
in the data, converts the geographic coordinate to the local coordinate, and derives other required
information (e.g., speed). The preprocessed data is the input for the HZI algorithm, which is elaborated
on in the next section.

We adopt the Message Queuing Telemetry Transport (MQTT) protocol as the data communication
protocol in the DTP. MQTT is an OASIS standard messaging protocol for the Internet of Things. It is
designed as an extremely lightweight publish/subscribe messaging transport that is ideal for connecting
remote devices with a small code footprint and minimal network bandwidth [12].

Pedestrian worker/s

Figure 2: Framework and workflow of receiving and processing location data on the DTP.

3.2 Components

The l1oT component of the DTP captures data from the physical objects in the real world. Continuously
recording data from sensor tags, such as Real-time Kinematic Global Navigation Satellite System (RTK-
GNSS), placed or installed on pedestrian workers and dangerous equipment, can yield a valuable
source of spatial and temporal information that is needed for analyzing too close proximity events of
such objects to each other.

For instance, the Karlsruhe railway construction project applied RTK-GNSS sensor system consisting
of a base station and rovers for real-time resource location data collection. The employed RTK-GNSS
can provide cm-level location accuracy, which is essential for monitoring workers’ safety at construction
sites [13].

As a further element of the DTP, the information displayed on a User Interface (Ul) should be designed
distinctively for multi-level users. These include but are not limited to equipment operators, pedestrian
workers, and HSE managers. HSE managers, for example, may have access to the real-time trajectory
data for each piece of equipment and workers and a full analysis of the recorded raw data. In contrast,
workers should have access to only their trajectory and their personalized feedback.

The DTP therefore consists of modules responsible for data gathering, processing, analysis, and
visualization. The functionalities of the different modules are listed as follows:
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- adata preprocessing module that translates data from the RTLS system into the input data for
the HZI algorithms,

- a proactive safety monitoring module that analyses trajectory and heatmap in the work
environment, where the HZI algorithm is implemented, and

- a Ul module that visualizes the safety analysis provides personalized feedback and assists
decision-making processes.

4 HAZARD ZONE IDENTIFICATION ALGORITHM

The heatmap is often used to compare with the predefined construction site hazard map and analyze
the visiting frequency of different spots in the construction site. Figure 3 shows an example of visiting
frequency heatmap, where the construction site is divided into 1 m x 1 m cells, and the count of unique
visits is shown inside each cell. The visiting frequency can indicate the hazard degree of each spot at
the construction site, i.e., the cells that have been visited more tend to have less hazard degree.
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Figure 3: Frequency heatmap of all workers visiting the spots at the construction site (the site is
divided into an occupancy grid of 1 m x 1 m cells).

The HZI algorithm uses real-time location data as input and generates the hazard zone map after each
time interval. We initially observe and analyze the speed patterns of the workers at the construction site.
Figure 4 shows that the speed of construction workers is within a range between 0 and 0.68 m/s.
However, we notice that there are two noticeable speed changes during the observation. In this work,
we define a speed above 0.68 m/s as speed abnormality. We investigated when and where the changes
occurred based on the frames captured by the surveillance camera on the construction sites. As shown
in Figure 5, at T =50 s and T = 70 s, the workers change their speed to keep their distance from the
path of the concrete truck. These speed abnormalities tend to occur when workers enter a hazardous
area or when the equipment is close to workers. Therefore, it is plausible to infer a correlation between
the worker's speed abnormality and their proximity to the hazard area.

In addition to the speed abnormality, maximum stay duration at one region can also indicate the safety
condition of the region. From the observation and inference, we conclude the following hypotheses,

Hypothesis 1: Construction workers, after safety training, can recognize and avoid the hazards at the
construction site. Given the dynamic feature of construction sites, the real-time location information of
construction workers can convey the latest information regarding the hazard zones at the construction
site, which still needs to be identified at the predefined construction hazard zones.

Hypothesis 2: Construction workers conducting the same types of work tend to follow the same routes
and behavioral patterns. When they get close to hazard zones, they respond similarly, such as adjusting
speed and reducing stay duration.

Hypothesis 3: We use the persistence model for hazard zone prediction in the algorithm, which
assumes the consistent state of the construction site for the adjunct time intervals.
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Figure 4: Automatically generated speed patterns of the construction workers.
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Figure 5: Visualization of the ‘speed abnormality’ (note: manual annotation of colors).

Figure 6 explains the workflow of the HZI algorithm. The construction site is divided into cells, and the
algorithm aggregates the spatial and temporal data from the workers in the cell. For each cell (C;;), the
visiting frequency (VF), speed abnormality count (SA), and maximum stay duration (SD) are added up
and normalized over all the cells at the construction site. For each cell visited, we calculate the hazard
index (HI) of the cell (C;;) at a given time T. The hazard index is then normalized over all cells. The
higher hazard index indicates a higher incident risk in the area.

;—AT(SAn B SDn)

T _—
e, = VE,

With the persistence model, the hazard index for each cell at the next interval (T, T + AT) is considered
the same as the hazard index at the given time T.

HI(T,T + AT) = HI(T)
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Figure 6: Hazard zone identification algorithm workflow.

5 RESULTS

The dataset for the Karlsruhe project was collected by Real-time Kinematic-Global Navigation Satellite
System (RTK-GNSS) modules, which contain location and timestamp data of four tags, respectively,
one concrete truck and three workers. As shown in Table 1, the entire dataset spans fifteen minutes,
with each tag sending its latitude, longitude, and elevation information every second. A close call
analysis was conducted in the previous study, and the close call occurrence locations can be compared
with the algorithm's hazard zone map.

Table 1: Overview of an extracted part of the dataset collected from the Karlsruhe railway project site.

Identification Count (No.) Start time End time Date
WORKER_A 910 13:05:09 13:20:18 09-Jul-2022
WORKER_B 910 13:05:09 13:20:18 09-Jul-2022
WORKER_C 910 13:05:09 13:20:18 09-Jul-2022
CONCRETE_TRUCK_A 910 13:05:09 13:20:18 09-Jul-2022

We simulate the real-time data communication process using an MQTT broker and establish a DTP on
a local server. We implemented the HZI algorithm on the data collected at the Karlsruhe railway
construction project. The location and timestamp data of three tags are used as input, and the time
interval AT is set as 10 minutes. Figure 7 shows the input data, the intermediate heatmaps, and the
hazard index map generated from the algorithm.

The close call incidents are based on the proximity between workers and heavy machinery, which can
be caused by unscrutinized layout arrangement of the construction site or latent surrounding hazards
(e.g., obstacles on the pedestrian’s pathway). Therefore, a close call incidence map can indicate the
potential hazard spots at the construction site. We adopt the close call detection and analysis algorithm
developed by Golovina et al. [7]. When the workers are within the protective envelope of the equipment,
the events will be recorded. In our case study, we define a proximity-based close call event as when
workers are within the one-meter protective envelope outside the vehicle, as shown in Fig. 5.

We compare the hazard index map with the close call incidence map during the interval. As shown in
Figure 8, the comparison indicates that the location of close call incidents is around the high hazard
index area. However, the locations of close call incidents only partially overlap with the area with a
higher hazard index, which can result from factors such as the delay of worker reaction. Due to the
limited amount of data, bias exists in both the hazard index map and the close call incident map. Further
algorithm validation should be carried out on the dataset with broader time windows and diverse data
types.
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Figure 7: Results from the hazard zone identification algorithm.

Hazard index map Close call incidents

Y[m]
°
>
Hazard index
Y[m]

WORKER_| B
w— WORKER_C
CONCRETE_TRUCK_A
@ Close call incidents

-10 0 10 20 30 40 50
X [m] X[m]

Figure 8: Comparison between the hazard index map and close call incident map.

6 DISCUSSION

The novelty of this work is to propose an algorithm to identify and predict the hazard zone at the
construction site based on behavioral patterns derived from workers’ spatial-temporal data.
Implemented on the DTP, the algorithm can process on-site data and return results to the HSE
managers in real time to support hazard meditation and decision-making. Due to the constraint of limited
data availability, the accuracy and effectiveness of the algorithm can only be partially validated in this
study. The HZI algorithm must be further validated with expert knowledge and other hazard detection
methods, such as BIM- and vision-based methods.

The algorithm is built on the hypotheses as mentioned above and assumptions. Improvements in the
algorithm are expected in the aspects of the prediction model and semantic enrichment. The prototypical
algorithm uses using persistence model for simplicity, which assumes the consistent state of the
construction site in the adjunct time intervals. The prediction model should include historical data for
comprehensive assessment and robust performance in further research. It requires access to historical
data storage on the DTP.

Regarding semantic enrichment, additional data can be integrated into the algorithm. Supplementary
data, such as work type and experienced level, can help us better classify the behavioral patterns of
construction workers. For instance, workers of certain work types should follow similar routes and
schedules, whose trajectories can be grouped for investigation. Basic contextual information can also
semantically facilitate our understanding of trajectories so that we can categorize the zones at the
construction site. Workers’ behavior is expected to differ in the rest area and working area, and the
algorithm is supposed to focus on the working area.
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7 CONCLUSION

In this work, we developed the concept of a DTP and implemented RTK-GNSS an automated HZI
function using real-time location data from the construction site. Using spatial-temporal information, the
algorithm can derive construction workers' general behavioral patterns (e.g., speed and stay duration),
from which we can infer the hazard status of the surrounding environment. The prototypical algorithm
fuses visiting frequency, stay duration, and speed abnormality for the prediction of the hazard index at
each spot on the construction site using a persistence model.

We test the DTP and algorithm using the data from a real-life railway construction project. The
framework and workflow prove to be viable. We compare the hazard index map with the location of close
call incidents that occurred during the time interval. However, under the constraint of limited data
availability, the hazard index map generated from the algorithm can only be partially validated compared
with a proximity-based close call occurrence map. Further validation is expected with more input data
and other hazard identification approaches.
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Abstract

SARS-CoV-2/COVID-19 (Severe Acute Respiratory Syndrome Coronavirus-2/Coronavirus Disease
2019) has affected all trades in the built environment, but Facilities Management (FM) divisions were
hit the most. Many measures were taken, however, most of these were reactive measures and their
effectiveness is not fully known. There is a need for proactive measures to assure the health and
safety of building occupants in future outbreaks, epidemics, or pandemics. Current research proposes
layers of defense in the post-pandemic era for the new buildings which should involve close
collaboration among the architects, facility managers, mechanical engineers, healthcare professionals,
epidemiologists, virologists, and builders. This research aims to create a standardized framework that
can be used for the design, construction, and maintenance of future buildings. The research is divided
into three phases; the first phase is comprised of interviews with subject matter experts (SMES) to
identify key indicators that could mitigate the spread of airborne viruses; the 2" phase consists of
content analysis followed by thematic analysis of the collected data to create a final list of validated
indicators, and; the third phase consists of creating the standardized framework that designers and
facility managers can use in times of crisis. The purpose of the study is to create an instrument that
can be used to evaluate whether a building is properly designed and equipped to ensure the health
and safety of building occupants against an outbreak/epidemic/pandemic. The standardized
framework presents all modifications in the design, construction, and maintenance of future buildings.

1. INTRODUCTION

SARS-CoV-2/COVID-19 (Severe Acute Respiratory Syndrome Coronavirus-2/Coronavirus Disease
2019) has affected all trades in the built environment, but facilities management (FM) divisions were
hit the most. Current research proposes layers of defense in the design and construction of future
buildings [1]. Buildings in the post-pandemic era should be designed after close collaboration between
architects, facility managers, mechanical engineers, healthcare professionals, epidemiologists,
virologists, and builders [1]. Morawska et al., (2020) recommended: (1) increasing ventilation rates; (2)
avoiding air circulation; (3) using air cleaning and disinfection devices, and 4) reducing the number of
people in the buildings. Since viruses spread through surfaces, future designs may involve touchless
doors, faucets, elevators, etc. Previous studies found three main categories to mitigate the spread of
COVID-19 that could be applied in the design and construction of future buildings i.e., building
systems, technologies, and HVAC systems [2]. The building system category suggested the use of
botanical air filtration systems, natural ventilation, air purification, and cleansing for improved indoor air
quality. The technologies were mainly for monitoring purposes whereas HVAC retrofitting required
improved ventilation, filtration, dilution, and use of UV lights in the ducts and/or rooms [2—4]. The list
continues especially if one is proposing changes in the design, construction, and maintenance of
future buildings. Most of the spread of the virus took place indoors, where facility managers had taken
reactive measures to control the virus [4]. However, currently, no checklist was found in the existing
literature that can be used to proactively measure the building's level of safety against an
outbreak/epidemic/ pandemic.

The recent pandemic reveals that airborne viruses were a secondary consideration in the design,
development, construction, and management of existing public and commercial buildings [5]. COVID-
19 is not the first airborne virus and will not be the last one. Therefore, the design and construction of
future buildings need to identify the risk of disease transmission and create more resilient buildings [6].
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Megahed & Ghoneim (2021) proposed the creation of a multidisciplinary team for the development of
such guidelines while keeping the latest scientific results in mind. Reducing transmission through
modified heating, ventilation, and air conditioning (HVAC) systems and changes in the building design
are potential solutions. The current literature proposes a series of elements that can reduce the
transmission indoors i.e., ultraviolet germicidal irradiation (UVGI), bipolar ionization, vertical gardening,
indoor plants, building materials, as well as smart technologies that tend to mitigate the infections of
communicable diseases [6]. Another study measured the role of natural ventilation in a building. It
concluded that the size and fraction of window openings can substantially increase the outdoor air
exchange rate during moderate and warm seasons resulting in a 10% decrease in the risk of disease
transmission [7]. The current literature has discussed a series of building controls that can contribute
to virus mitigation but are scattered. It also demands the development of guidelines for the design and
construction of future buildings and the compiling of all the elements. This will help designers,
contractors, and facility managers to create a more resilient built environment. The developed
framework will apply to commercial buildings excluding labs, utility buildings, and data centers. The
applicability of the framework is limited to buildings in the United States only.

2. LITERATURE REVIEW

The COVID-19 pandemic had a major impact on the functionality of buildings and it is important to
understand the challenges facility managers faced during the pandemic to keep the occupants safe
[2]. Different organizational leadership took various measures to protect building occupants. U.S.
Centers for Disease Control and Prevention (CDC) stated three main ways of virus transmission: (1)
Contact Transmission: spread through direct contact like a handshake or hugging etc.; (2) Droplet
Transmission: Spread through inhaling droplets of the virus. This can happen when a person is
standing close to the infectious person and; (3) Airborne Transmission: Inhaling droplets or particles
containing the virus that can be suspended in the air for a longer period [8]. The most critical mode of
transmission is an airborne transmission which cannot be mitigated even by following the CDC
guidelines [4,9]. The current literature presents different strategies and requires strong collaboration
between architects, builders, facility managers, mechanical engineers, and healthcare professionals to
design a comprehensive framework for reducing virus spread in buildings [1]. The following review of
literature investigates airborne virus spread, and mitigation strategies, and presents a need to rethink
building design in the post-pandemic era.

2.1 Airborne Virus Transfer

The virus transmission through the airborne route can only occur if the virus can live outside of the
host, withstand external conditions, and be transported to a new host through wind, airflow, or other
routes [10]. The effect of evaporation, light, humidity, and temperature on the concentration and virality
of the pathogen indicates the threat of the airborne route [10]. There are many different types of
airborne viruses like Tuberculosis, Chickenpox, Mumps, Measles, etc. However, drugs and vaccines
were able to control them. The SARS-CoV-2 outbreak has given a new impetus to research on this
subject. Although vaccines have been developed for COVID-19, data shows that vaccine is not
enough to prevent the spread [9]. In addition, there is a threat of different strains which may be more
fatal than the existing virus.

Wang et. al. (2021) shows the airborne transmission of respiratory pathogens that can spread through
small respiratory aerosols, float in the air, and infect people over a short or a long distance from the
infected person. The Amoy Garden case is a strong example of the airborne transmission of the virus.
The study analyzed the temporal and spatial distributions of 187 positive cases in the Amoy Garden
housing complex during the 2003 SARS outbreak in Hong Kong. The researchers studied the
association between the location (building, floor, and direction the apartment unit faced) and the
probability of infection using logistic regression. The spread of virus-laden aerosols generated by the
index patient was modeled with the use of airflow dynamics and computational fluid dynamics (CFD)
[11]. The study concluded the airborne nature of SARS viruses. Figure 3 shows the vertical travel of
the SARS virus in a multi-story residential building through the airborne route [12].

Besides the 2003 SARS outbreak, the vertical outbreak of COVID-19 has also been reported in many
high-rise residential buildings [13]. One of the studies confirmed that the outbreak took place through
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the flushing of toilets, which generated viral aerosols that were diffused into different apartments
through wastewater stacks. The spread was also aided by bathroom extraction fans, wind shear, and
temperature and humidity variance [13]. Building materials also play a vital role in virus transmission.
Scientists detected COVID-19 aerosols for up to three hours in the air, up to four hours on a copper
surface, up to 24 hours on cardboard, and up to two to three days on plastic and stainless steel [14].
Hence, the architects can design or recommend materials that do not retain the virus particles for a
longer duration.

2.2 Engineering Controls

There have been several reports and publications in the United States since March 2020 that
proposed several changes in HVAC operations to limit the spread of the virus indoors [4,15].
Ventilation refers to providing fresh air to a space or room. It has been given importance since it plays
a vital role in removing or distributing the virus-laden exhaled air from the primary source [15].
Morawska et al., 2020 recommend 1) increasing ventilation rates; 2) avoiding air circulation; 3) using
air cleaning and disinfection devices, and 4) reducing the number of people in the building. Although
the best way of ventilation is through natural ventilation, it depends on the climate and function of a
particular area and needs to be decided on a case-by-case basis [16]. Recirculation of heated/cooled
air is very energy efficient, however, during an outbreak, it can be very risky for building occupants as
it will spread the virus pathogens to different areas [2,15].

The American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) has also
provided filter sizes that should be used in HVAC systems to avoid airborne transmission. Research
shows that the smallest COVID-19 virus is 0.1um (micrometer), through the infected person's
breathing [17]. However, droplets through cough or sneezing are >1um [17]. ASHRAE recommends
using the MERV-14 (Minimum Efficiency Reporting Values) filter, which is 90 % efficient in capturing
particles 1um- 3 um [15]. On the other hand, HEPA (high-efficiency particulate air) filters are 99.97%
efficient and accurate in capturing airborne virus particles [15]. Modeling studies of non-healthcare
settings using filters MERV 13 or above have shown a reduction in aerosol inhalation transmission
with the recirculated air [18]. A study of aerosol removal by four portable HEPA cleaners in an active
classroom (128 m3) with well-mixed air showed a 95% reduction in particles 0.01-10 ym after 37
minutes [19]. However, current systems are not designed to withstand the pressure drop created by
the higher-rated filters, and this can cause the failure of the whole system. Hence there is a need for
better systems in future buildings that are capable of handling high-rated filters and even HEPA filters
in times of need.

2.3 Design and Construction of Post-Pandemic Buildings

Research has demonstrated that most people contract COVID-19 via indoor airborne transmission,
especially in crowded and poorly ventilated environments. Thus, maintenance of optimum air quality
and proper interior design is necessary to eradicate the spread. This challenges the traditional design
and construction approaches that are created for social interaction. The spatial layout of the building is
important but after the pandemic, there is a need for innovative design for interior spaces which can
be modified in case of an outbreak [6]. Studies have been conducted to evaluate the time of survival of
different airborne viruses on various surfaces. The survival of the COVID-19 virus on surfaces varies
based on the material. A study compared the stability and decay rates of the COVID-19 virus on
copper (99% copper metallic plate), cardboard, stainless steel, and plastic. The study highlighted that
after four hours on the copper surface, no detectable levels of the SARS-CoV-2 virus were found
[6,20,21]. However, it lasted on plastic, stainless steel, and cardboard for 3, 2, and 1 day, respectively.

In addition, preventing virus spread can be done through hygienic surfaces. Different flooring materials
exist, such as bamboo, cork, and engineered timber on which the virus lives only for a few hours.
Wood contains extractives, such as flavonoids, tannins, aldehydes, phenolic acids, terpenoids,
alkaloids, terpenes, etc. These wood chemicals enable antimicrobial actions against microbes [20].
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Post-COVID-19 buildings may also consider the use of bipolar ionization systems. Bipolar ionization
technology, also known as needlepoint bipolar ionization (NPBI), is the method of charging particles to
clean the air. These devices use electrostatically charged plates to produce negatively or positively
charged ions. The ions then attract and capture certain airborne particulates and pathogens including
COVID-19 (Figure 1) [22].

&

Figure 1: Bipolar lonization (Adapted from Bipolar lonization, 2022)

3. METHODOLOGY

A qualitative research methodology approach was adopted to achieve the research goals. Data was
collected through one-on-one interviews with the Subject Matter Experts (SMEs). The SMEs were
divided into four main groups namely, medical experts, mechanical engineers, architects, and facility
managers. Emails were sent to 30 experts. Out of 30 experts, 15 responded and agreed to participate
in the study. Interviews were scheduled and recorded. The medical experts assisted in determining
the virus spread, its size, travel patterns, and overall behavior. Mechanical engineers guided on the
mitigation strategies through the HVAC and plumbing systems. The architects supported the overall
design changes for future construction. Whereas facility managers offered expertise for the operations
phase of the building. Semi-structured interviews were conducted, and each participant responded to
questions from their area of expertise. All participants were either industry professionals or associated
with academia. All participants from industry had 10+ years of experience whereas all participants
from academia had a Ph.D. degree with 5+ years of industry experience.

The interview data were analyzed through thematic analysis, which is a method of analyzing themes
and patterns in the data sets (Tracy, 2019). Each interview was recorded and then transcribed using
the software ‘Rev.com’. The data recordings were played several times to ensure accuracy between
the audio clips and the auto-generated transcripts. For detailed data analysis, an iterative approach
was used. Tracy, 2019, defines the iterative approach as, “a reflexive process in which the researcher
visits and revisits the data, connects empirical materials to emerging insights, and progressively
refines his/her focus and understandings”. The main inquiry was kept in mind during the process, i.e.,
“What is it | want to know according to research objectives, questions, and theoretical points of
interest” [23]. The first step was the data immersion phase in which the transcribed data was read and
reread multiple times. In the second phase, codes were generated. “Coding is the active process of
identifying data as belonging to or representing, some type of phenomenon” [24]. The same code
names were given to data explaining the same phenomenon. During the next step, themes were
generated with similar codes and then further divided into major categories (Figure 2).

@ | Data. @@@
Immersion

Figure 2: Data analysis steps
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4. RESULTS

Data analysis comprised six phases. The first phase was the data immersion phase, and the main
purpose was to get familiar with the raw data and prepare it for data analysis. Based on Phase-I, a
mind map of major criteria discussed during the interviews was prepared, which helped in further
determining the codes (Figure 3). Phase 2 consisted of generating initial codes (Figure 4). Phase 3
consisted of reviewing the codes and determining the empirical themes from the coded data. Phases
4-6 were iterative phases trying to establish the final themes and categories from the generated
codes. The final categories generated from the data analysis were HVAC Systems, air quality,
bathroom design, and touchless building systems. Cleaning and disinfection, adaptable design, and
building commissioning. These categories were further refined to create a framework of proposed
modifications to be implemented in the design, construction, and maintenance of future buildings
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Figure 3: Mind map of the interview data

4.1 Interview Results
4.1.1 Medical Experts

Medical experts shared knowledge about different kinds of airborne viruses and how building
researchers should plan for similar crises like the COVID-19 pandemic. According to medical experts,
the world has seen many outbreaks and each one of them has been different than the other. Some
are more contagious at the beginning, and some are contagious towards the end of the illnesses.
Severe Acute Respiratory Syndrome-l (SARS-I) was one of the viruses which were contagious in the
end. In addition, SARS-I immediately made the contracted person sick, forcing them to seek medical
help. For that reason, the spread was slow and was confined to China and Hong Kong only. The
experts also presented the idea of “Agnostic Design” meaning that the framework should be designed
for mitigating all kinds of viruses and bacteria. To determine the Agnostic design principles,
implementation of engineering solutions is a must. Legacy Air conditioning and heating systems need
to be redesigned to match the demands of better indoor air quality (IAQ).

4.1.2 Architects

Architects focused on the design modifications of the building and proposed touchless systems in the
building. For example, foot-operated elevators and touchless entrances for common areas. Some
participants emphasized the benefits of biofiltration systems to improve indoor air quality whereas all
architects proposed modifications in bathroom design. It was recommended to avoid the use of an air
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hand dryer since it disperses the aerosols, instead, provide multiple hand-free towel dispensers,
especially in bathrooms with high traffic. Some changes in large lecture rooms were also proposed,;
separate air handling unit, remote IAQ monitoring, and multiple entrances. Adaptable/flexible design
was a common proposal among all architects.

4.1.2 Mechanical Engineers

Mechanical engineers mainly focused on the building’s heating and cooling systems. The experts
explained the significance of high-rated filters. MERV-13 is the minimum filter rating that the experts
recommend in the HVAC design work. To get that rating, it needs to remove at least 90% of particles
in the 3-10 um range, 85% of particles in the 1-3 um range, and 50% of particles in the 0.3-1 um.
MERV-16 filters out more than 95% of the particles in all three of those ranges. In addition,
mechanical experts also recommended the following: (1) maximum fresh air, (2) separate air handling
units in high-density areas like a large lecture hall (3) flush the air after every use: Pre- or Post-
Occupancy Flushing Strategy, (4) Use Ultraviolet Germicidal Irradiation (UVGI) in the ducts, (5) Use of
hydrogen peroxide to kill the virus, (6) Bipolar ionization, (7) An exhaust above every toilet so that the
aerosols are immediately pulled from the environment, (8) Effective room air distribution, (9)
Directional airflow from clean to potentially contaminated areas, (10) Keep relative humidity 40-60%
RH and, (11) Increase ventilation rates.

4.1.3 Facility Managers

The facility managers focused on the maintenance of the facility and recommended finished surfaces
that are easy to clean. According to facility managers, one of the major challenges during the recent
pandemic was making sure the building systems are working properly. In the HVAC system, for 100%
outdoor air, the dampers needed to be opened, which was a big challenge since some of them were
stuck. The facility management organizations had to hire third-party testing and balance
representatives to check every damper in the organization. The facility managers suggested the
following criteria: (1) prescribed recommendations tried to increase outdoor air in the building to the
point that the equipment can handle, (2) remote monitoring, (3) hiring test balance contractors, (4)
terminal cleaning, (5) UV air cleaning, (6) UV-C disinfection lighting, (7) vapor or dry hydrogen
peroxide, and (8) easy to clean surfaces and use materials that do not hold the virus for an extensive
period.

[ Airborne Viruses: Mitigation Strategies in Buildings

Phase 4: Reviewing Mitigation
Phase 1:Familiarizing Phase 2: Generating initial codes out Phase 3: Searching [ e Phase 6: Producing
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Figure 4: Codes and themes generated through data analysis
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Table 1: Framework for the design, construction, and maintenance of future buildings

Category ID Description
A. HVAC System
Al Operable windows if possible
A2 MERV 13 or higher rated filters
A3 A system capable of MERV 13
Check filters to ensure they are within the service life
A4 and appropriately installed
A5 Install HEPA or MERV 16 filters at recirculated air ducts.
A6 Seal the edges of the filter to limit bypass.
A7 Clean HVAC intakes daily
A8 Maintain outdoor airflow rates for ventilation
Consider installing UV germicidal irradiation (UVGI) in mechanical
ventilation paths or upper room applications to indirectly treat air
A9 through convective air movement
Limit/disable re-entry of contaminated air/ demand-controlled
A10 ventilation.
Flush the building for two hours before occupancy in the morning
All and after occupancy in the afternoon/evening.
Monitor and maintain relative humidity levels, preferably to RH 40—
Al2 60%.
Al3 Consider the use of portable room air cleaners with HEPA filters
If room fans are utilized, take steps to minimize air from fans blowing
Al4 from one person directly at another individual.
Al5 Deposition Method
B. Adaptable Design and
Finishes
B1 Reduce density and/or increase spacing of seating
Bathroom Design B2 Bathroom designs-touchless entries
Bathroom Design B2 Increase required footage for hallways, entryways, etc.
B4 Botanical air filtration systems
B5 Provide outdoor lecture theaters
Provide flexible seating design for normal operations and during
B6 socially distant spacing for an outbreak
Prioritize easy-to-clean materials when selecting replacement
B7 furnishings.
Install physical barriers such as clear plastic partitions where
B8 proximity cannot be avoided
Replace or modify restroom stalls/partitions to make partitions floor
B9 to ceiling where fire safety and proper ventilation are not an issue.
B10 Signage placement in seating areas, hallways, and elevators
B11 No-touch trash cans should be installed
Minimize the use of high-touch or difficult-to-clean finishes and
B12 equipment
B13 Provide touchless hand soap, and clean towels or air-dry hands.
Bathroom Design B14 Disconnected drainpipes for waste management
B15 Vent toilets separately where possible
B16 Exhaust above every toilet
C. Air Quality
Cc1 Volatile Organic Compounds (VOCs) Reduction Methods
C2 Microbe and mold control
Cc3 Advanced/Portable air purifiers
C4 Source Control Strategies
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C5 IAQ Monitoring
cé6 Sensors/ loT system
c7 Al/ML/DL system for Building Automation
D. Touchless Building
Systems
D1 Utilize IoT technology (RFIDs) to reduce touch points.
D2 Touchless Entrances
D3 Sound recognition/ face recognition for doors and offices
D4 Entry card sensors for big lecture theaters
Replace light switches with motion sensor controls or phone-based
D5 application controls
D6 Change elevator controls to voice or mobile phone actuated.
D7 Touchless faucets
E. Cleaning and
Disinfection Technology
E1l Hydrogen Peroxide-Air Phx Technology
E2 Utilize ultraviolet C (UVC) during non-occupied hours for sterilization
Check for bacterial growth in the cooling and water tower
E3 condensers
E4 Bipolar lonization
F. Mental Health
F1 Availability of Greenery and Gardens
F2 Availability of outdoor common spaces
F3 Availability of common indoor spaces maintaining social distancing
Fa Availability of port spaces
G. Energy Efficiency
G1 Energy-efficient HVAC system
G2 Regular inspection for leaks in building shells and ducts
G3 Natural ventilation control system
G4 Advanced sensor and technology
G5 Promotion of sustainable and alternative energy sources
G6 Use of energy-efficient appliances
H. Continuous Building
Commissioning
H1 Verify that HVAC systems are working as designed regularly
H2 Quality of water system provided in the building
Check for particulate accumulation on filters, and replace filters as
H3 needed
H4 Check for bathroom exhausts and vents to work properly
H5 Ensure ventilation systems work properly
H6 Check ultraviolet lamp, and replace bulbs as needed (If applicable)

5. Conclusion and Future Research

Current research shows that there have been great action delays in controlling global disease
outbreaks. COVID-19 is not the first pandemic and will not be the last one. This paper presented a
framework for the design, construction, and maintenance of future buildings. The framework is in the
form of a series of modifications that experts had suggested. Data was collected through interviews
with subject matter experts. Interviews were conducted with medical experts, architects, mechanical
engineers, and facility managers. At present, there is no systematic framework or set of guidelines that
building owners and/or facility managers can use to critically assess a building’s readiness in an
outbreak/pandemic. This paper has identified the major criteria and indicators that can mitigate the
spread of airborne viruses. The future goal of this research is to develop a building readiness index
that ranks each indicator according to its importance. The proposed index system will be a powerful,
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easy-to-use rating tool that would identify each critical element that should be modified in the design,
construction, and maintenance of future buildings.
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Abstract

Smart Cities seem to be a natural goal for the current Fourth Industrial Revolution. Emerging in the
global construction industry as Construction 4.0, the digitization of how we build inevitably combines
with resultant smart built environments to create a bright new future in which technology promises to
solve all of society’s ills. However, how smart things actually are for the people who live, work, and play
in such environments can be questioned. With the human-centric Industry 5.0 already emerging as a
counter to the technologically deterministic Industry 4.0, what can be technologically achieved and has
been prioritized thus far should now be reconsidered, with a focus on what can and should be put in
place to bring effective improvements to citizens’ quality of life. Here, a model based on the human-
centric difference between output and outcome is used as a lens to unpack how smart reprioritizes and
reshapes different aspects of our built environments. The globally agreed standards produced by ISO
are used as the data for a critical discourse analysis focused on the key built-environment element of
transportation. This analysis revealed inconsistencies and challenges in the positioning and valorizing
of smart within social spaces, and highlighted inefficiencies in international smart city guidance. Those
working within the built environment should be aware of the potential consequences the unquestioned
prioritization of smart can bring to our industry, many of which may be unintended, as the rush for smart
continues to be shaped by a technological rather than a people-focused narrative, resulting in a
technologically advanced city of little benefit to its citizens.

Keywords: human-centric, ISO standards, smart cities

1 INTRODUCTION

Smart cities continue to enthuse both built environment professionals and city leaders worldwide.
However, ‘smart’ continues to be an elusive term which is only vaguely defined, and until recently was
dominated by technology in myriad forms. Yet in recent years, a more human centric approach to smart
has come forth which aims to bring quality of life to its citizens [1], although technology arguably remains
central to this quality of life — albeit through delivery rather than being the end goal in and of itself.
Despite a vast array of literature, confusion around smart city criteria and how to optimally measure
‘smartness’ remains [1], and this poses a problem.

City leaders, architects and all built environment professionals are developing cities for their people, and
by virtue their responsibilities for creating the short and long term visions of the city alongside
running/allowing more technical aspects (such as development permissions), they are intrinsically part
of the construction industry. Regardless of the particular roles of people in construction, we are all now
involved to varying extents with the construction of smart cities, and thus there is a shared interest in
successfully building them for the benefit of all people in construction as well as those we serve.

City leaders and built environment professionals often look to international guidance in efforts to build
their smart city. One such framework with international applicability is from the widely recognised
International Organisation for Standardisation (ISO) which in 2019 released their Smart City standards.
These standards provide indicators through which a city can develop and track its progress towards its
‘smart’ status and guide the industry’s decision making on how to achieve that. However, a close
analysis of these standards reveals areas of shortcomings and inefficiencies in its guidance towards
smartness, such that it can undermine the success of relevant initiatives undertaken by cities which
follow the standards’ guidance.
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This paper presents a critical analysis of the ISO standards, and particularly the Transportation Theme,
through a citizen-focused lens. It also adopts a critical view of how smartness is defined and measured
by the indicators, and discusses the identified gap between the ISO guidance and literature/practice.
This paper also argues that technology, although needed, it is not smartness itself, and recalibrates the
narrative to focus more on people, their quality of life and how these elements are currently measured.
This comes in time with the latest discussions on Industry 5.0 [2] which also attempts to shift the focus
from technology being panacea to making humans more visible in all processes. This work is informative
to city leaders, regulators, planners and all those involved with the decision making and realisation of
smart cities and their initiatives. The paper recognises that people of construction working at various
capacities with smart city initiatives, and thus the analysis presented here adds a critique to the
complexities and challenges that need to be managed, as the world moves forwards with smart cities.

2 SMART SOCIETIES NEED SMART OUTCOMES

2.1 What is a smart city?

Defining a smart city is no simple task. Smart has become a buzzword, something for city leaders to
chase, capture and use in their city operations and marketing, yet remains obfuscated in both practice
and research. A widely accepted definition for a ‘smart city’ has yet to be established, making
evaluations and comparisons problematic. Commonly, definitions focus on technology and technology
use within the city and its operations [3]. This can include the use of technology in linking city services
[4] or simply equate a prominent technological presence with smartness, effectively using the mere
presence of technology itself to evidence the smartness of the city.

Such technocentric definitions have been criticized [5], not least because technology is not smart by
default. More nuanced definitions have consequently been developed; For example that proposed by
Giffinger et al., which also forms the foundations of many others, states that a smart city is based on the
connection of human and social capital along with Information Technology Information (ICT)
infrastructure, able to achieve sustainable economic development and higher quality of life [6]. Another
definition by Townsend describes smart cities as ‘...places where information technology is combined
with infrastructure, architecture, everyday objects, and even our bodies to address social, economic,
and environmental problems’ [7, p.15]. In similarity with Giffinger et al., this holistic definition takes a
pragmatic approach to reality, seeking to incorporate real-world problems and solutions [8]. Indeed, as
Prevelianaki et al. [9] have argued, smartness does not inevitably come from the technology itself but is
in fact found in the quality of life achieved from having utilized the technology appropriately — this
approach therefore focuses on smart outcomes from a situation and necessitates a more detailed
consideration of smart within real-world contexts.

2.2 Why outcomes matter

Placing outcomes in the center of a definition of smart enables a refocus on the human within the city.
This approach, as set out by Prevelianaki et al. [9], finds excellent fit with the emerging Industry 5.0 [2]
which brings a human-centric challenge to the technocratic dominance and determinism of Industry 4.0.

To give an example of an outcome-focused application of smart, consider the use of ‘smart’ parking
mobile technology applications (Apps). These Apps use technology to enable drivers to identify available
parking spots at their destination before they even arrive there. In this example, the goal (parking) is
ultimately the same no matter how smart the city is. In the absence of a smart parking App, drivers can
potentially spend considerable time driving around an area in search of a free parking space. The use
of an App is able to eliminate this wasted time and effort by locating and sharing a vacant space with
the driver — directing achieving the goal. Therefore it is not the actual goal or the technology used to
achieve it (the App) which is smart but rather the actions taken (or not) to achieve an outcome that
actually makes something smart.

Borrowing from Project Management, output can be defined as the end product delivered by a project
[10]; essentially it is the end product created by a process. These same theories would define an
outcome as ‘the changed circumstances or behavior that results from the use of an output’ [10], which
would basically constitute the impact (i.e. changed behavior) created through the use of the output — the
end product of the process. Putting these definitions into context using the above smart parking App
example, the ‘equation’ would calculate as shown in Fig. 1, where parking is the service to be achieved,
and the smart parking App is the ICT.
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b Outcome

Fig. 1: Smart Outcome

Itis of course perfectly possible to park with or without the use of an App and so the end service remains
the same, but it is instead the outcome which makes a significant difference here. The car has been
parked either way, but has the smart technology made it easier? Has less time been spent driving
around? Has less time been spent to find the parking spot? Is the environment less polluted because
less fuel has been used? Has the entire process been more efficient and effective? This is what
smartness should deliver as its outcome — goals that prioritize the experience of the human in the city.
Thus an outcome model of smart can be defined as ‘a process which through the use of advanced
technology returns a more efficient, effective and sustainable outcome’.

2.3 Measuring smart using ISO Standards

Given the quest to be smart, many cities seek ways through which their smartness can be demonstrated
in robust ways [5]. One of the globally recognized bodies to propose a framework for smart is the
International Organization for Standardization (1SO).

There are three relevant standards relating to Smart Cities. The I1SO 37120 Indicators for City Services
and Quality of Life (QoL I1SO) is an umbrella standard which includes ISO 37122 Sustainable cities and
communities - Indicators for Smart Cities (SC 1SO), and ISO 37123 Sustainable cities and communities
- Indicators for Resilient Cities. The relationship between the standards can be seen in Fig. 2.

SUSTAINABLE CITIES AND COMMUNITIES

IS0 37120
Indicators for City Services & Quality of Life

ISO 37122 ISO 37123
Indicators for Indicators for
Smart Cities Resilient Cities

Fig. 2: ISO Standards for Smart Cities and its umbrella standards [11]

The 1SO 37120 City Services and QoL standard is expected to be in effect until 2023, following the
traditional life cycle of 5 years. The two sub-standards were both published in 2019, a year after the
umbrella standard that they complement. These three standards are collaborative in nature and propose
indicators and methodologies at a regulation level.

ISO define a smart city as:

‘city that increases the pace at which it provides social, economic and environmental
sustainability outcomes and responds to challenges such as climate change, rapid population
growth, and political and economic instability by fundamentally improving how it engages
society, applies collaborative leadership methods, works across disciplines and city systems,
and uses data information and modern technologies to deliver better services and quality of life
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to those in the city (residents, businesses, visitors), now and for the foreseeable future, without
unfair disadvantage of others or degradation of the natural environment’ [11, p.2].

This definition is highly ambitious in its scope, seeking to incorporate and include all potential aspects
of smart including sustainability, technology, quality of life, society engagement, economic and political
stability among others. However their smart city indicators as stated within 1ISO 37122 (Sustainable
Cities and Communities — Indicators for Smart Cities) are perhaps not so inclusive. Indeed, they often
reveal a preference for technology, both relied upon to achieve measurable goals but also to some
extent seen as contributing to smart by its very presence in the city. This focus on technology reflects
the earliest definitions of a smart city (e.g. Hall et al. [12]) and fails to incorporate more human-centric
or output focused evaluations, making these smart city indicators in need of recalibration towards
Industry 5.0. With many cities looking to the ISO standards for guidance in their ‘smart journey’, it is
perhaps timely to evaluate their contribution from this alternative perspective; To evaluate their
effectiveness and potential impacts and consequences for the people who will soon work, rest and play
in the smart societies of the not-too-distant future.

3 METHOD

Effective evaluation of the ISO Smart City Standard necessitates documentary analysis of the Standard
itself. Given the aim of this study, this analysis will be inevitably critical as it seeks to evaluate and
consider the positioning of people therein. A critical discourse analysis [13] will enable this process to
be undertaken rigorously and in-depth and is thus a highly appropriate methodological approach to this
work. Due to the nature of this analysis, no claims are made to generalizability, and validity and reliability
are demonstrated by the detailed explication of the research and articulation of the analytical process.

Due to constraints of space, in this paper only one theme from the ISO Smart City Standard is
considered, that of transportation, and particularly indicator 19.4 “Number of bicycles available through
municipally provided bicycle-sharing services per 100 000 population” is unpacked here within that
theme. Transport is a vital aspect of any city and one that has considerable impact on its citizens in
terms of outcome, and so its consideration is able to make a useful contribution to wider discussions in
this space.

4  FINDINGS AND DISCUSSION

The specific indicators found within the ISO 37120 City Services & Quality of Life and 1ISO 37122 Smart
Cities with relation to the Transportation Theme are shown in Table 1.

Table 1: Transportation indicators [11]

ISO 37120 City Services & QoL (QoL ISO) ISO 37122 Smart Cities (SC ISO)

19.1 Kilometers of public transport system per
100 000 population (core indicator)

19.1 Percentage of city streets and thoroughfares covered
by real-time online traffic alerts and information

19.2 Annual number of public transport trips per
capita (core indicator)

19.2 Number of users of sharing economy transportation
per 100 000 population

19.3 Percentage of commuters using a travel
mode to work other than a personal vehicle
(supporting indicator)

19.3 Percentage of vehicles registered in the city that are
low-emission vehicles

19.4 Kilometers of bicycle paths and lanes per
100 000 population (supporting indicator)

19.4 Number of bicycles available through municipally
provided bicycle-sharing services per 100 000 population

19.5 Transportation deaths per 100 000
population (supporting indicator)

19.5 Percentage of public transport lines equipped with a
publicly accessible real-time system

19.6 Percentage of population living within 0,5
km of public transit running at least every 20 min
during peak periods (supporting indicator)

19.6 Percentage of the city’s public transport services
covered by a unified payment system

19.7 Average commute time (supporting
indicator)

19.7 Percentage of public parking spaces equipped with
e-payment systems

19.8 Transportation profile indicators

19.8 Percentage of public parking spaces equipped with
real-time availability systems

19.9 Percentage of traffic lights that are intelligent/smart

19.10 City area mapped by real-time interactive street
maps as a percentage of the city’s total land area
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19.11 Percentage of vehicles registered in the city that are
autonomous vehicles

19.12 Percentage of public transport routes with
municipally provided and/or managed Internet connectivity
for commuters

19.13 Percentage of roads conforming with autonomous
driving systems

19.14 Percentage of the city’s bus fleet that is motor-driven

4.1 Indicator 19.4: Number of bicycles available through municipally provided
bicycle-sharing services per 100 000 population

4.1.1 General Considerations

This indicator attempts to promote municipal bike sharing systems (BSS) for smart cities to adopt. This
is achieved by cities providing bike sharing systems whereby bicycles are ‘available through self-serve
docking stations, or person-operated docking stations, located throughout a city, where bicycles can be
rented as needed. Users should be able to rent and return bicycles to any docking station within the
bicycle-sharing system. Municipally provided bicycle-sharing services shall refer to bicycle-sharing
services funded and operated by the city. This shall also include bicycle-sharing services operated under
a license or contract agreement with the municipality, such as public-private partnerships’ [11, p.47].

This indicator is calculated ‘as the total number of bicycles available through municipally provided
bicycle-sharing services in the city (numerator) divided by 1/7100,000 of the city’s total population
(denominator). The result shall be expressed as the number of bicycles available through municipally
provided bicycle-sharing services per 100,000 population’ [11, p.47]. Data for the bike sharing services
can be obtained via the sources in relevant city departments which oversee and collect data on bike
shares.

The benefits that the SC ISO seeks to achieve are for cities to be able to provide an alternative mode
of transport, be that public or private. The standard also believes that if cities are able to provide a
municipal bike sharing system, users will be encouraged to take up biking as a regular mode of transport
while also removing any barriers that might deter users from using a bike, such as cost, theft and repair
[11]. Presumably, the BSS would also bring the consequential benefits of more eco-friendly city
transport, able to reduce emissions as well as congestion, and potentially improve air quality, although
these are not specifically stated for this indicator, or in the overall theme of Transport in which it most
appropriately belongs. Ultimately, ‘this indicator provides municipalities with a measure of the availability
of bicycles in the bicycle share system’[11, p.46]

There is no doubt that using bikes as a mode of transport can have very clear benefits to the citizens,
city, and government, and are well established in literature. Benefits include improvement of the air
quality, reduction of car use, health improvement and notably, as bikes are an eco-friendly mode of
transportation they can help reduce emissions [14,15,16].

The benefits of the use of bikes as a mode of transportation are not disputed here; yet what has the
potential to be problematic is how this SC ISO Standard chooses to communicate the implementation
of BSS to city leaders, and how that might impact consequential initiatives that can have adverse
consequences for all involved — the city, the city leaders, and the (bike) users. A key issue is that all that
is provided is the calculation deemed appropriate and adequate for the purpose of increasing bike use
as an alternative mode of transportation. However, this calculation alone fails to capture the real and
actual use of bikes, the uptake of the BSS initiative by the citizens and more importantly, any actual
difference this initiative makes to the citizens’ lives (the outcome of the BSS). The latter is a significant
factor if one wants to measure the ‘smartening up’ of cities; Regardless of any advanced technology
and investments utilized, if a smart city initiative has failed to make a (significant) positive difference in
its citizens’ lives, has it really smartened up?

More detailed guidance (or even direction to robust guidance) on how to implement a successful BSS
is again lacking and this absence can be problematic. The Standard simply states that the number of
BSS-provided bikes present in the city needs to be analogous to the city’s population, with little other
guidance or advice given to help city leaders and all those involved to develop a successful bike scheme.
Yet the implementation, use, challenges, and success factors of BSS in cities has been extensively
researched and is able to provide useful insights for city leaders engaging with a BSS initiative for their
city. For example, it has been established that BSS schemes are quite nuanced, and their
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implementation as well as their uptake very much depends on various different factors which city leaders
ought to be aware of if they want to develop/expand their BSS — those collated by Todd et al. [15] and
shown in Table 2 which comprehensively shows the myriad variables that influence the use of BSS in a
city. Thus, although a large volume of bikes in a city which the indicator seeks is surely positive, but
there is much more to a successful BSS than quantity of bikes.

Table 2: variables that influence use of BSS in cities [15]

Variable Relationship Paper
BSS Factors Number of Stations Positive Faghih-Imani et al. (2014), Médard de Chardon et al. (2017)
Station Density Positive Medard de Chardon et al. (2017)
Station Capacity Paositive Tran et al. (2015), O'Brien et al. (2014)
Distance to Station Negative Tran et al. (2015), Bachand-Marleau et al. (2012)
Socio-Demographic Population Positive Médard de Cl on et al. (2017), Faghih-Imani et al. (2014), Tran et al. (2015)
Income Positive Fishman et al. (2014), Roy et al. (2019), Woodcock et al. (2014), Bachand-Marleau et al. (2012)
Negative
Age Positive Fishman et al. (2014), Zhang et al. (2016)
Gender Male Fishman et al. (2014), Zhang et al. (2016), Goodman and Cheshire (2014), Murphy and Usher (2015)
Jobs Positive Tran et al. (2015), Woodcock et al. (2014)
Education Positive Fishman et al. (2014), Shaheen et al. (2013)
Ethnicity (White) Positive Buck et al. (2013)
‘Weather/Climate Rainfall Negative Corcoran et al. (2014), Miranda-Moreno and Nosal (2011)
Windspeed Negative Corcoran et al. (2014), Miranda-Moreno and Nosal (2011)
Insignificant
Air Pollution Negative Campbell et al. (2016)
Temperature Insignificant Corcoran et al. (2014), Faghih-Imani et al. (2014)
Positive
Humidity Negative Faghih-Imani et al. (2014)
Topography Slope Negative Frade and Ribeiro (2014), Mateo-Babiano et al. (2016)
Altitude Negative Tran et al. (2015)
Cycling Infrastructure Cycling Infrastructure Positive Fishman et al. (2014), Faghih-Imani et al. (2014), Buck and Buehler (2012), Mateo-Babiano et al. (2016)
Other Public/School Holidays Insignificant Corcoran et al. (2014), Brandenburg et al. (2007), Borgnat et al. (2011)
Helmet Requirement Negative Médard de Chardon et al. (2017), Fishman et al. (2014), O'Brien et al. (2014)
Temporality Weekday/Weekend - Faghih-Imani et al. (2014), Faghih-Imani et al. (2017), O'Brien et al. (2014), Zaltz Austwick et al. (2013)
Season - Ahmed et al. (2010), Faghih-Imani et al. (2017)
Time of day - Faghih-Imani et al. (2017), O’Brien et al. (2014)

4.1.2 Infrastructure and Safety

Appropriate bike infrastructure is not only a condition for cities implementing a BSS initiative [17], but
the absence or limited presence of bike paths and lanes can be a deterrent to use and uptake of bike
use [18]. To the contrary, cities that demonstrate a dedicated bike infrastructure observe a greater use
of their BSS [19]. The size of the BSS system also influences users’ inclination to rent a bike, as well as
the total number of users [20], which highlights even more the need for a well-designed bike path system.
Furthermore, safety is directly linked to infrastructure and in cases this is limited, concerns for collision
with motorists are a major deterrent of any bike use for citizens around the world [18].

The literature makes a clear case of a need for appropriate infrastructure to facilitate use and enable
safety of the users of BSS as well as motorists. Safety concerns, in fact, are stated as one of the largest
barriers to BSS [21], yet the SC ISO indicator is unconcerned with both safety and infrastructure. Without
purpose made infrastructure, bike users must share the roads with motorists, but safety concerns mean
that such use should perhaps not be encouraged by ISO in their vision for the cities of tomorrow. Instead,
bike infrastructure is considered within ISO’s sister standard, ISO 37120 for City Services and Quality
of Life (QoL ISO). Under the same Transportation Theme (Theme 19), the QoL ISO has an indicator to
help the city to measure and control the development of infrastructure for bikes. In particular, the
indicator 19.4 Kilometers of bicycle paths and lanes per 100 000 population in the QoL I1SO [22, p.69],
states that a city should measure the length of the bike paths and lanes in relation to its population. The
indicator suggests that the greater the length of the bike lanes and paths, the better the infrastructure
is, but length is linked to the population of the city.

This calculation proposal seems a little odd, as by correlating length of bike path kilometers to city
population is an interaction which can lead to ambiguous and inaccurate results, depending on the city
itself. Specifically, the indicator might score poorly or inaccurately against cities with dense population
rates, where a large number of people live in a smaller area. This would create a distorted result to the
proposed measurement ratio (length of bike lanes/100,000 population). Are densely populated cities
inherently less smart, simply because the length of the bike paths is not proportional to its population?
This is what this indicator would suggest. One could, however, argue that a city with a dense population
will also have a large population which would automatically mean greater length of bike paths, as the
indicator suggests. However, the proposed calculation has an inherent cap on the length of the bike
paths, as the city’s overall space can reach certain limits, but its population does not. This also brings
in the discussion city expansion patterns. The QoL ISO calculation (length of bike lanes/100,000
population) assumes that cities will expand their catchment area as the population increases. This,
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however, might not be geographically possible for all cities or accurately reflect the way cities expand.
Indeed, in recent years, and with equity and sustainability in mind as land is a finite source, cities also
expand upwards, not always outwards [23]. This results in effectively greater population density which
reduces the ‘ISO score’, as previously mentioned. Is it the case then, that the more skyscrapers a city
builds, the less smart it becomes? Furthermore, the QoL ISO flatly states that more kilometers is a
positive thing, however no consideration is given as to the location of these bike paths. Connectivity of
the bike paths and lanes, and the parts of the city which they make accessible for this mode of transport
is a significant factor which users consider when deciding whether to engage with a BSS. Nevertheless,
literature confirms that it is not the length of the bike network that matters, but that a network has been
created and is well maintained [24]. As such, these sister indicators, although certainly encouraging
positive infrastructure development, do so without including key considerations or thorough planning,
thus posing a challenge to city leaders and those in the built environment who are involved with city
infrastructure.

4.1.3 Topography and Climate

A further consideration for BSS is the city’s topography and climate, which can also directly influence
the use of bikes. Topography features such as downhill/uphill roads are shown to have a negative
correlation with the BSS use, and bike users will dislike inclines more than 4% and will entirely avoid
inclines more than 8% [24]. For example, users in Barcelona used the BSS bikes only to go downhill
and would leave the bikes there - the bike accumulation at the downhill road grew into a distribution
problem, for which the city had to take action to resolve [24]. In a similar scenario, Brisbane was found
to have significantly more downhill roads than uphill, which also affected the users’ bike patterns [19].
In cases where topography is challenging, the use of electric bikes can help overcome these issues,
with the caveat that they are more costly than traditional bikes [24].

The weather of the city also plays a significant role in bike use as well as patterns of use [25]. For
example, it has been recorded that bike use patterns tend to decrease during times of or in areas with
rainfall [26]. Temperature also influences BSS uptake [15]; People can be less likely to choose this mode
of transportation in adverse weather conditions or uncomfortable temperatures (be they high or low).

For the SC ISO to recommend a mode of transportation that will not, and in some cases simply cannot,
be used equitably in all cities world-wide, and to consider that a measure of smartness seems a little
unfair. From an outcome perspective, that topographical and climate related factors can play a
significant role in the success of relevant schemes should also be considered. Advice and guidance for
city leaders to support them in planning an appropriate BSS according to their city’s unique topography
would be a useful addition here. Does global location dictate smartness? Without adjusting the BSS
system to topography specifications, the 1SO allows for the global location to dictate the smartness and
makes city leaders victims of their city’s topography, evidently, a rigid approach that doesn’t seem smart
or fair.

4.1.4 Access points and Convenience

Convenience and access points are also factors that score high in deciding whether to use a BSS.
Users are less likely to use the BSS if the access points are not convenient or close to their
destination/starting point [15]. Proximity of residential addresses to access stations has a very strong
influence on deciding whether to use the BSS [18], as well as the population density near the docking
stations; the higher the population density, the greater the BSS use [27]. Density of docking stations
themselves can have a positive correlation to BSS use, meaning the more docking stations in the city,
the greater the BSS use [28, 20]. If not in close proximity, users are generally willing to walk to the
nearest access station for around 500m [29,30], a factor that is integral when city leaders and those in
the built environment need to consider when planning for the BSS network.

It is important to mention here that there are three types of docking stations: a) fixed permanent, where
there are designated racks for bikes to lock to, b) fixed portable, an advanced level fixed permanent
station where there are portable modular blocks using solar power (thus no installation needed beyond
placing the modular blocks in the desired location), and c) flexible, where bikes carry a lock mechanism
and do not require a docking station [24]. The SC ISO, does specify that “Users should be able to rent
and return bicycles to any docking station within the bicycle-sharing system” [11, p.47], but does not
specifically exclude other types of BSS schemes that do not require docking stations. Either BSS type
has its pros and cons when it comes to access points. If the city chooses to have docking station from
which users can collect/drop off bikes, these access points will need to be carefully located within the
city to increase convenience of use. If, on the other hand, the BSS is free floating, then this poses an
even bigger issue of unreliability. Users can never know in advance whether they will be able to find a
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bike at the location they need it, which might prevent them from using the BSS altogether. This type of
BSS can also result in careless behaviors, such as littering the city with bikes deserted at inappropriate
spaces, a phenomenon most recently seen with shared e-scooter systems [31].

Travel time is yet another factor on which people decide on their transportation options [18], individuals
will simply prefer an alternative option if biking does not save them any time. Consequently, access
points, network of bikes lanes, distribution of bikes and their density need to be strategically placed not
only within the city, but also within the overall transportation network. A well-connected network of bike
paths with appropriate catchment and access points is crucial and one which the SC ISO standards
should consider before simply extending the length of bike paths to justify the population correlation, or
place thousands of bikes which may not be used.

4.1.5 Vision

Cities around the world have different features, characteristics and needs, and so it is only natural that
they will also have different goals they will want to achieve by implementing a BSS scheme. These goals
could vary from improving the air quality, to promoting biking as a means of (alternative) transportation,
reduce congestion and emissions, encourage bike use instead of cars in short, downtown trips, to
beautify the city and many more [24].

Understanding the areas which a city aims to improve via the BSS scheme is crucial as it will directly
impact how the BSS network is designed, who are its users and what is its intended use in the context
of the entire city transport system. Conversely, if the system is not designed with its goals in mind, it
might struggle to achieve them, and/or use precious resources and funding inefficiently and reap little
rewards.

Literature indicates that cities mostly aim for the BSS to be used in conjunction with other public
transportation. Indeed, a study by Yang et al. [32] evidenced that BSS usage patterns showed extensive
BSS use near metro stations, indicating the scheme was a good solution for the last mile problem. On
the other hand, individuals who do use the bikes, are in their majority switching from walking or using
another mode of public transportation [18, 24, 33], while levels for those switching to bikes from cars
are reported as disappointingly low [18,24]. It is clear that if cities wish to achieve results, they will need
to carefully plan how to develop their BSS, particularly when some of their goals are challenging, such
as reduction of car use in certain areas.

Therefore, the question city leaders should be asking themselves, is what is their vision? This might
certainly vary depending on the city and country, but it's important to know what the end goal is — and
ideally the outcome for their citizens. It is not clear whether the SC ISO envisions BSS to be used as a
reliable mode of transport which citizens will prefer over cars or other public transportation, or if the BSS
should only be used for short distances in between other public means, or something in between.

The proposed SC ISO measurement (number of bikes/100,000 population) is therefore lacking and falls
short in two ways; First, it does not include any guidance, advice or even acknowledge any success
determining factor, despite the fact that these are very well established in literature and real data studies.
It can be irresponsible, wasteful and misleading to propose such indicator(s) without providing additional
direction or even drawing attention to factors that can have a profound impact on both the city and its
people. Secondly, the proposed measurement (number of bikes/100,000 population) discounts any
other quantitative or qualitative factors and imposes a one size fits all approach (it doesn’'t matter what
needs, goals, or characteristics a city has, it's smart as long as it can present a number of bikes which
satisfies this fraction?). Ultimately, the use of a single measurement suggests that the 1SO considers
smartness to be the mere presence of a BSS, regardless of usage rates or any actual impact and
outcome they do or do not have in the lives of the citizens.

5 CONCLUSIONS

Literature makes it clear that developing the infrastructure and the BSS itself are far more nuanced than
this indicator suggests. Although the indicator aims to encourage bike presence (and consequently use)
in the city, its crude approach via presence and quantification alone does not address any of the proven
and well evidenced factors and considerations that would help this initiative become successful. Output
has dominated over outcome.

Formulaic measurements such as the one proposed in this indicator offer a technocentric result with
little meaning or use, all the while remaining blind to other, more valuable, well proven and impactful
methods of success. It is interesting to highlight that the literature and case studies which prove and
establish the BSS system nuances (many of which are cited in this paper) had already been published
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well ahead of the ISOs’ publication year. Yet, neither the QoL or the SC standard considered these.
This suggests a continued reliance within the underlying concept of smartness and has resulted in a
technocentric focus that is encouraged and perpetuated through these standards. Yet one size does not
fitall; The SC ISO can certainly not cater with specific details to every single city worldwide, but in setting
out a smart city vision for cities to follow, it should attempt to ensure that city leaders are aware of all
the necessary nuances that might affect the BSS initiative by at least providing some advice, or even
better, informative guidance, so city leaders can succeed and learn without having to fail first.

Ultimately, what is the vision the city wants to achieve? Certainly, the vision can’t be to simply buy and
release on the streets a large volume of BSS bikes and hope for the best. Endless, senseless
construction/technology for the sake of construction/technology is not the answer. Investing large sums
and using labour to build city parts which potentially do not achieve their intended goals, and which
cause more problems than offer solutions, do not really make for a valuable contribution to the built
environment the world over. Investments that ultimately do not make the city better/smarter are a waste
of resources (monetary and otherwise) in a world which is quickly running out of resources. While this
particular indicator focuses on bikes, when extrapolated to look at the bigger picture of the city as a
whole, it becomes clear that we need to (re)consider the kinds of projects the construction industry is
asked to undertake, and what vision is the industry building towards. We need not make our cities simply
smart, we need to make our planning, design and construction also smart, and thus enable built
environment professionals and the people they serve to be placed firmly at their heart.
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Abstract

With rapid global urbanisation, focus must turn towards the people who are — and will be — inhabiting
the cities of the world. However, for the effective curation of beneficial urban spaces, an understanding
of how the built environment impacts occupants’ not just physical, but mental wellbeing is needed. This
is important as it will enable personnel within the sector to incorporate mental wellbeing effectively within
design — holistically bettering the lives of many.

From a critical realist standpoint, a qualitative study consisting of seven semi-structured interviews with
construction development sector personnel, informed by a review of literature surrounding the topic of
mental wellbeing and the built environment, was conducted to establish the current ways in which mental
wellbeing is viewed and implemented within urban development projects. This further aimed to deepen
an understanding of the barriers faced in the implementation of mental wellbeing measures for
construction projects within an urban development setting. In light of these findings, the study
additionally aimed to establish a common framework, designed to facilitate the effective and holistic
incorporation of good mental wellbeing into urban development projects.

Findings show that while mental wellbeing is appreciated as a complex phenomenon, there exists an
inherent lack of understanding of the depth to its complexity and subsequent residency within urban
development projects. Mental wellbeing’s position within the sector is affected by a number of barriers
that affect its consideration within people focussed design. Via a thematic analysis, and through the
identification of four key themes — Knowledge, Complexity, Ease, and Motivation — these barriers consist
of intangible characteristics that inhibit any consideration and assessment of mental wellbeing, along
with a lack of incentive to do so due to risk, financial, and belief constraints seen within the structured
construction industry. The findings exposed an inadequate understanding of eudaimonic (functioning)
against hedonic (feeling) aspects of mental wellbeing within urban development projects, which prevents
a subtle and holistic understanding of how wellbeing, and mental wellbeing, is manifested within an
urban environment.

With these findings, a common framework was developed to address the incorporation of both
eudaimonic and hedonic elements of mental wellbeing within urban development projects to enhance
the depth in which the concept exists within design.

Keywords: mental health, wellbeing, urbanisation, design

1 INTRODUCTION

With nearly 70% of the world’s population forecasted to be living within a city by 2050, Zhang (2016)
has emphasised that record numbers of people are currently relocating to an increased urban life. This
shift has resulted in rapid urbanisation and its impact upon health is a growing problem. The built
environment’s relationship with people’s physical health has long been investigated, however, despite
the rising number of people residing within cities, as stressed by Dong & Qin (2016), research
surrounding its impact upon its peoples’ mental wellbeing is lacking.

This issue can be set against the backdrop of the United Nations Sustainable Development Goals (UN
SDGs), established and adopted by all United Nations member states in 2015. SDG goals 3 and 11
focus on health and wellbeing and sustainable, resilient cities, respectively. This push for change
requires a need to refocus cities around their inhabitants.

In 2013, Silderberg and Lorah reported on the growing realisation of a ‘people-focused’ ideology within
the urban development sector, spurred on from the evident failures and displacements seen from late
20t century urban architecture. This was further emphasised by Schooling et al. (2020), who recognised
the importance of ‘making place’ in a holistic manner within the urban development field. Explained by
Platt & Medway (2020), these efforts centre around focusing upon the needs of people within beneficial
urban spaces and call for a more holistic assessment of built form, space and use. This has been
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accompanied by calls for wider considerations of inclusivity and diversity within the urban environment,
sparking campaigns such as the UK’s Institution of Civil Engineers’ Inclusive Cities — seeking to address
key imbalances within its cities such as male-orientated designed spaces and safety and provision for
night city workers. Echoing the calls from the ICE, Galasso et al. (2021) heightened attention towards
the risk of unbalanced impacts upon the marginalised and most vulnerable groups within cities. Thus,
these efforts recognise the importance of a diverse group of people within cities.

1.1 The missing link — motivation for research

Evidently, within the urban development realm, there has been a potential shift in the way urban spaces
and their communities are viewed. Through the procurement of social factors within projects, the benefits
of curating people focused design can be seen. However, there still lies a distinct absence within the
literature on how the built environment impacts its occupants’ mental wellbeing. That it does impact is
generally accepted: Abbott (2011) indicated the link between occupants’ likelihood of mental illness
whilst living within an urban setting. Their findings suggest that a link existed between increased
numbers of schizophrenia and occupants’ residency within an urban place. More recently, Buttazzoni et
al (2022) report on a new field of neurourbanism, a multidisciplinary field that considers the effects of
urban living on neurological processes, but its work seems yet to filter to built environment planning,
design and delivery. Thus, a number of problematic questions remain.

1.2 Problem definition and research intentions

Leading on from the above discussion and consideration of key parts of the relevant literature, the
problem investigated and reported on here can be encapsulated thus:

The urban development sector exists so as to enable the built environment to facilitate and better the
lives of people. However, without an appreciation of how mental wellbeing is considered within design,
the success of people focused urban design falters. This is important: the rise of placemaking initiatives
yields the questions of how the sector is focusing its designs on people and how it plans on continuing
to design for the rapidly rising urbanised world? Without a clear understanding of the current state of
mental wellbeing within the urban development sector in terms of its image and implementation, its
acknowledgement, progression and future within the field is hindered. Yet, with the acknowledgement
of the stance of mental wellbeing and methods of implementation within urban development projects,
an appreciation of its nature within the field can be achieved. This will ensure its progression and security
as a critical part in enabling the future wellbeing of the rapidly urbanising world.

1.2.1 Research questions

1. How is mental wellbeing is currently viewed and implemented within urban development
projects?

2. What are the potential barriers to the curation of positive mental wellbeing within urban
development projects?

3. Can a common framework be established to effectively implement mental wellbeing strategies
within urban development projects?

1.3 Contribution and beneficiaries

This investigation consequently yields a wide pool of beneficiaries — further promoting the importance
of this study. As shown, investigations into the value of place and people focused design cover a range
of sectors and thus, a deeper understanding of the built environment’s effect upon mental wellbeing will
be benefitted by many. Voiced by Fincher, et al. (2016), the need for centring urban form around people
is not simply held in the minds of researchers, but small-scale neighbourhoods, communities, through
to regions. Thus, this study will aim to explore the ways in which mental wellbeing is viewed and
implemented within urban development projects. Outcomes, in the form of recommendations and
frameworks, will strive to help urban sector developers visualise the premise of mental wellbeing in
design, enabling them to seamlessly incorporate it into people focused projects. This will ensure the
continued growth of people focused design — bettering the lives of the rapidly growing urban
environment.
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2 RESEARCH APPROACH AND DESIGN

A conference paper is not the place to explore in detail the appropriate philosophical and methodological
nuances of attempting to explore the research questions posed above. But with a clearly subjective
ontology and interpretivist epistemology, the researchers also accept that the subject of this work — the
physical built environment — leads to a critical realist perspective, and this has guided the research
approach. Such an approach also helps in avoiding axiological pitfalls, though the researchers were
continually aware that their own personal values can easily impact upon the interpretations and manner
of communicating the outcomes.

2.1 Data collection

It was quickly concluded that within the realms of qualitative research methods, the use of interviews to
gather data was deemed the most appropriate. The aims, being to fundamentally explore the stance of
mental wellbeing within the urban development sector and subsequently to establish a common
framework to be used, exemplified the need for interviews. The use of interviews, as highlighted by
Fellows & Lui (2015) provides a two-way avenue of data collection, compared to survey methods
inducing only a one-way narrative. This entails a degree of verification from the interviewer to the
interviewee such that the data obtained are understood correctly and not merely recorded as the sole
product of the researcher’s perspective. Thus, with the flexibility of a two-way corridor of data transfer,
interviews allow for the exchange of meaning. This is critical in exploring the ways in which mental
wellbeing is implemented and viewed in the urban development sector as it is well suited for exploring
human behaviour and perception. Thus, for this study, data collated through the interaction and
acknowledgement of personnel within the field aimed to yield holistic and enriching results, helping to
satisfy the research aims.

Semi-structured interviews were chosen that followed a skeleton format, allowing the interviewer to
guide the conversation through focal points yet, still permitting open-ended answers to be received. Due
to the subjective and complex nature of mental wellbeing, the open-ended structure allowed for non-
constrained views to be voiced whilst still ensuring their residency within the scoped domain. This
degree of flexibility ensured an exploratory aspect of the research design remained throughout the data
collection — thus, making semi-structured interviews advantageous compared to, say, structured.
Structuring the interviews too crisply risks narrowing the scope of analysis and yielding a more
explanatory design. However, the semi-structure did allow for some degree of structure. This allowed
the interviews to generate consistent results and avoid the scope becoming too wide — potentially
yielding unspecified and meaningless data.

The interviews were conducted between January and March 2021 via the online platform Microsoft
Teams. Despite the pandemic-induced restricted contact, the interviews were still able to be conducted
face-to-face, and seven interviews were held with professionals in the built environment sector. An
overview of the participant list is seen in Table 1. Their duration lasted approximately 30 minutes. In line
with semi-structured interview practice, prior to interviews, all respondents received an interview guide
consisting of the general research topic and the outlined areas of conversation to be discussed during
the interview. Once more, bias is to be addressed. It could be argued that pre-conceived opinions could
be voiced surrounding the questions. However, given the restricted timescale, providing a short interview
guide ensured that the interviews consisted of partially structured, concise and relevant content. The
interviews were designed to last adequate time for relaxation to be achieved as it was recognised that
the subject of mental wellbeing was personal.

The interviewees were selected by purposive sampling in order to gain a widespread view on the
concerned topic of research. Shown in Table 1, the different types of interviewees ranged from planning
to more engineering orientated side of the sector. Choosing to conduct purposive sampling, instead of
allowing respondents to volunteer, avoided unnecessary volunteer bias. Respondents who volunteer for
interview are subject to potential bias as they are at risk of possessing pre-conceived opinions on the
subject and thus, volunteer with intent (Fellows & Lui 2015). However, the use of purposive sampling is
recognised to have its shortcomings. Bias can be introduced into the sample courtesy of the researcher.
By acquiring samples by selection, the researcher may entail results that they desire to obtain,
subjecting them to ethnocentrism. However, as discussed, through the research design and theoretical
approach outlined, efforts were made to reduce ethnocentrism such that its presence was deemed
insignificant as the researcher maintained awareness of their stance when collecting and analysing the
data.

71



CIBW099W123 | Digital Transformation of Health and Safety in Construction | 21/22 June 2023 | Porto, Portugal

Table 1 Overview of purposive sample for semi-structured interviews

Participant Professional Role Planning or Engineering
Number Background
1 Manager Planning
2 Consultant Planning
3 Manager Engineering
4 Design Engineer Engineering
5 Design Engineer Engineering
6 Co-ordinator Engineering
7 Manager Planning

2.2 Data analysis

The interviews were transcribed from the audio recordings as permitted by participants and analysed
using thematic analysis via the software nVivo 20.

In thematic analysis, the researcher aims to identify patterns present in their data set and identify
themes. However, it is to be made clear that the presence of a theme is not equated necessarily to
quantity. Rather, the theme must be of importance within the data set to the researcher. By ensuring
prevalence was outlined through importance of the theme, the author aimed to mitigate theme
prevalence through quantifiable measures, although it is recognised that these may be concurrent.

In using theoretical thematic analysis technigues, the types of themes are to be identified. As laid out by
Braun & Clarke (2006), themes can either be of semantic or latent nature. This entails a choice of the
level at which the themes are identified within the data and thus, changes the nature of the research
design. Semantic themes are identified by the researcher and presented as literal occurring themes.
Conversely, the identification of latent themes calls for a more interpretive approach allowing for a
synthesis of not only their presence but reasons for their residency within the data set. Braun & Clarke
further outlined (2006), that an effective research design will yield only one of the two. Thus, semantic
level themes were chosen for the analysis. This aligns with the critical realist standpoint adopted in the
research design as the analyst can interpret the findings whilst presenting them in a realist manner.
Identifying latent themes would reside within a more constructivist research design allowing for the
exploration of their meaning rather than just presence.

With the structure of the analysis curated, the method of analysis followed the six-step thematic analysis
method laid out by Braun & Clarke (2006). It is noted that whilst not intended to be a strict set of rules
for thematic analysis, following the six steps ensured that the analysis was thorough and structured —
yielding more robust conclusions.

3 RESULTS AND DISCUSSION

Primary consultation of the gathered data found that the interviews held a diverse but interconnected
collection of semantic themes. Thematic analysis requires the repetitive study of the data set, ensuring
the analyst revisits all parts of the data set numerous times. With familiarisation, four key themes
emerged in the domain of mental wellbeing:

+ Knowledge - the current understanding of mental wellbeing and recognition that further
knowledge of mental wellbeing itself is needed in order to understand how it sits within urban
development.

+ Complexity — the realisation that there are many factors and inter-relationships within the way
in which mental wellbeing resides and how it is to be managed.

+ Ease - as a counter to complexity, the desire to simplify the nature of mental wellbeing and how
it might be managed.

*  Motivation — that getting designers and developers to allow for mental wellbeing in their projects
is not straightforward.

In making sense of these themes, below, we see a number of sub-themes, or micro-themes, emerging
that also require consideration. Figure 1 summarises the themes and their connection to sub- or micro-
themes.
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Figure 1 Thematic map of interview data

3.1 Knowledge

Identified through the sense of respondents’ awareness of mental wellbeing within an urban
development setting. Primarily, the theme presented itself from respondents’ shared perception of
mental wellbeing with a commonality present in how mental wellbeing was effectively “dealt with in
design”. The theme was named such so that findings allowed for the definition of mental wellbeing within
the urban development sector to be explored.

Often, overt references to aspects such as “social connection”, “cycling”, “integrat[ing] areas of
seating...of planting” were mentioned throughout the interviews. Explicitly, when discussing the ways
mental wellbeing was embedded within design, one respondent said, “things like, you know, seating,
cycle stands and space and trees, plants”. It is interesting to note the commonality of this thought
process as respondents indicated that it was a shared acceptance that by incorporating greener and
more connected spaces, their efforts ultimately benefitted people’s mental wellbeing. This notion echoes
the calls from Pfieffer & Cloutier (2016) that the implementation of open greenspaces may directly
increase happiness by incorporating design features that actively promote social interaction (i.e.,
integrating seating).

However, by unpacking the data, the analysis suggests that there lies a fragmentation between the
theory and subsequent knowledge within the field. Interestingly, this issue was conveyed by personnel
from the front line ‘practice’ side of the sector — expressing the presence of an imbalance between theory
(knowledge) and practice (guidelines). One remarked that “sometimes the official guidance can be
slightly behind [the theory]” with another saying, “this is very challenging, especially ‘cause the timelines
are different for publications, so it may be that you publish your development plan and then you have a
national policy coming out the year after you publish the development plan, and it is not that easy to
update”. Struggling with differing levels of insight into whether procedures are up to date with policy
emphasises the presence of the theme of Knowledge. Subsequently, it illuminates the reality of
fragmented knowledge within the field, thus presenting a barrier — how are people to implement it into
design if there lacks a coherent relationship between theory formed, knowledge gained, and practice
implemented? Personnel within the sector seem to hold a common view of what constitutes mental
wellbeing; however, they are disadvantaged when implementing it due to inconsistent, insufficient
guidelines and a subsequent lack of accepted knowledge.

3.2 Complexity

The theme of Complexity was established through the re-occurrence of the intricacy and barriers
surrounding mental wellbeing within the urban development sector as expressed by respondents. Whilst
it was established that a commonly held view of better mental wellbeing equated to the involvement of
greener and more connected infrastructure, as distinguished by Lauwers et al. (2021), this nevertheless
presents a somewhat fractured narrative of the steps needed in urban development projects to constitute
better mental wellbeing. Essentially, mental wellbeing was highlighted as a fundamentally difficult
premise to grasp and it could be suggested that the lack of awareness shown by respondents was, in
fact, revealing the complexities involved with mental wellbeing.

These complexities were further considered to form two subsequent micro-themes: inability to measure
and dynamics.

3.2.1 Inability to measure

Comments such as “Obviously [it is]...something that's difficult to measure” and mental wellbeing being
“not really a parameter as such” demonstrate the acknowledgement of the challenges of quantification.
Such views mirror those in the literature: Dodge et al., (2012), suggesting that mental wellbeing, or
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more generally, the measurement of ‘wellbeing’ is not something that can be easily executed. Why? For
one, as argued by Sherratt (2018) the literature on ‘wellbeing’, before the mental component is even
considered, is particularly hazy, with a distinct lack of concrete data present to constitute its ‘definition’.
With the absence of a universal definition of wellbeing, a lack of knowledge is highlighted once again.
Aware of this lack of knowledge, respondents’ answers echo that of Dodge et al., (2012), who stress
that the incomplete definition of wellbeing leads to its weak ability to be effectively measured
parametrically. These findings echo another view held by a respondent who voiced that the
measurement of mental wellbeing was “really dependent on having some sort of measure to start
with...how do you go about saying “What are the key things?” with the commencement of such
measurement involving “a jumping off point for what [the key things] might look like.” Thus, it is perhaps
not surprising that respondents seemed to struggle to define mental wellbeing, leading to a rather hazy
response in their efforts to incorporate it into design.

Wellbeing’'s measurement “...is a really difficult one. Is it sort of like a happiness scale - like how happy
people are with something?” Here, the respondent is seen to show the apparent inability to confidently
outline a method of measurement for mental wellbeing, with the proposal of a happiness scale. However,
to simplify such a concept endangers the complexity being lost and thus, its measurement being flawed.
The questioning of the measurement method can also suggest a lack of knowledge from the respondent,
yet the instinctive measurement of mental wellbeing with a happiness scale suggests an attempt to
simplify to counter its complexity.

This concept of measurement by simplification is possibly explained by the context of the predominantly
gquantitative and objective field of designing, planning and executing urban development projects.
However, mental wellbeing cannot be easily measured in an objective manner, and it is here that the
urban development field is seen to falter. As highlighted by Giupponi and Thomson (2020), the
subjective element of mental wellbeing lends itself to enhancing its complex nature and consequently,
explains its inability to be measured.

3.2.2 Dynamics

Dynamics presented itself as a micro-theme through responses that signified the complex wider culture
of the urban development sector. Responses indicated that whilst measurement was challenging, the
circumstances and wider culture in which mental wellbeing resided presented significant challenges too.
There appear to be two sides to this issue.

Internal dynamics of design teams

Those who worked directly within the urban development field commonly voiced an ‘us vs them’
dynamic, regarding architects and engineers. Interestingly, this dynamic was voiced strongest by one
respondent working outside the technical engineering team but was present on the planning side.
Certain, striking quotes from the interview include:

“These people are engineers, they're not planning theorists, they are not architects, where architects
will be much more grounded in all of these sort of idealisms about what makes a good place and what
makes a place a positive and happy place to live and work, promotes health and wellbeing, you know.”

“..an engineer will argue that they're protecting your wellbeing, but there's a psychological implication
to that, and it gives a sense of ‘this is a dangerous space where we have to have [quard] rails up to
protect us...”

“l think also, an engineer would argue, they make the place safer and better and so, better for your
wellbeing. But | think a planner or an architect or an urban designer might have a different view.”

Such responses mirror claims from Chiberg & Jensen (1991) regarding the dynamics of small group
communication, which can encounter significant trouble due to differing personnel coming together in a
close-knit environment. This further emphasises a hurdle over which the incorporation of mental
wellbeing into design is seen to face: repeated use of words such as ‘they’ and ‘these people’
emphasises an ‘us vs them’ dichotomised culture, illuminating not just fragmented knowledge, but also
divided team structures.

External relationship between the design teams and the wider community

The thematic analysis exposed another barrier faced by mental wellbeing implementation within design:
the community. The external relationship was depicted by respondents in ways such as “the local
community” who, “designing for ‘all’...then they usually have conflicting needs”. The addressing and
fulfilment of these conflicting needs was framed as “the challenge of striking a balance” and the effort of
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doing so effectively the act of “juggling”. Here, the words of ‘challenge’, ‘juggling’ and ‘balance’ highlight
the theme of Complexity as it shows that the dynamic of designer and community entails an intricate
relationship. Interestingly, these views hold an arguably negative undertone with the inclusion of the
community seen as a ‘juggling’ act, suggesting it to be a manoeuvre not very easily completed. This
suggestion is further voiced by Close and Loosemore (2014) who highlight how the construction industry
still view the community as a liability in the implementation of their projects. Unfortunately, if this group
is treated as a burden, with its presence seen as a hindrance to the overall success of a project, how
can the consideration of the community’s mental wellbeing even begin to hold significance within
design?

3.3 Ease

Further analysis suggested a counter-theme to Complexity, which allowed the barriers faced, or
otherwise, in the implementation of mental wellbeing in design to be explored further. Ease was
established due to the inherently widespread association of increased mental wellbeing with the idea of
permitting everyday actions to be easily completed and the ability to make “people's lives more
manageable and enjoyable.” As seen in the previous section, the complexity of mental wellbeing
instigated its simplification within design — and it is from this simplification that the theme of Ease was
derived. Whilst initially the concept of ‘ease’ was considered as simply possessing positive connotations
for mental wellbeing (its incorporation linked to ‘ease of living’), the analysis yielded the emergence of
its negative nature as well. Herein lies a significant outcome of the analysis, with two sides — positive
and negative.

3.3.1 Ease as a positive construct

A dominant aspect of discussion was the concept of mental wellbeing linking to a desire of achieving
‘liveability’ within a design. Respondents were shown to link the idea of people-focused strategies with
liveability with one referring to the background strategy of their city as the ‘Living Strategy’ — focusing
upon the liveability of a city. Deepening the knowledge of this concept, another referred to “the concept
of liveability” as asking questions such as “how well does this place function? And where can people
thrive?” Respondents tended to link the concept of liveability with the novel premise of “the idea of 20-
minute neighbourhoods”. When pressed further, these new neighbourhoods were described as “these
liveable neighbourhoods...where people can achieve everything they need to achieve to work within a
20 minute sort of radius,” with their goal being to “[make] people’s lives more manageable and
enjoyable.”

The answers alluding to the ease of everyday functions and tasks equating to better mental wellbeing
echo Aristotle’s concept of eudaimonic wellbeing — the sense of positive ‘functioning’ of humanity — and
thus, illuminates Ease’s role in the portrayal of mental wellbeing in an urban development context. The
incorporation of eudaimonia allows for a richer definition of wellbeing to be established: for good
wellbeing to be achieved there is a requirement to not only feel good, but to also function. However, in
contrast with obvious correlations held between green spaces, ample seating areas and good mental
wellbeing, respondents showed a more muted appreciation of the eudaimonic aspect of mental
wellbeing. Their efforts framed mental wellbeing in a more hedonic manner within design with the use
of physical interventions like greenspace and ample seating recognised to promote people to feel better
in the space. Whilst it is recognised that the responses did not explicitly reference Aristotle’s dual theory
of wellbeing, their recognition of wellbeing forming a multifaceted nature is still evident — although
arguably quietly.

3.3.2 Ease as a negative construct

These muted tones amplify a significant part of the thematic analysis that sees the premise of Ease link
the themes of Knowledge and Complexity and essentially mobilise the final theme of Motivation. The
suggestion of eudaimonic wellbeing in the interviews highlight the complexity of wellbeing. Incorporating
the eudaimonic element within design requires the addition and consideration of another layer: it forces
personnel within the field to drift from their ideals of happiness scales and ample seating to face a
complex, multifaceted phenomenon that holds a valid, and essential place within the urban development
sector. It has been established that through the themes of Complexity and Knowledge that there is
arguably a link between the complex nature of mental wellbeing and the subsequent lack of knowledge
possessed in the field. However, recognising the contrast between the deafening tones of hedonic
initiatives against the innately muted tones of eudaimonic ones, calls into question whether this added
complexity is exposing a reluctance within the sector. Incorporating an additional layer of complexity
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onto a concept that is currently hazily understood and defined suggests the encumbrance of major
obstacles and difficult procedures to be conducted.

Herein lies the intrinsic link between the theme of Ease and Motivation. The thematic analysis not only
enabled the identification of potential barriers faced by the incorporation of mental wellbeing into design
but once identified, allowed for the exploration of their causes.

3.4 Motivation

Motivation was identified through the appreciation of the ways in which mental wellbeing is implemented
and the current view of its state within design held by the respondents. This macro-theme encompassed
the micro-themes, money, liability and the construct of ‘the norm’. They represent distinct obstacles met
in the implementation of mental wellbeing within the urban development field.

3.4.1 Liability

The micro-theme liability was a striking element to the macro-theme of Motivation as from the interview
responses, simply the introduction and presence of mental wellbeing in design was viewed as “a risk”.
A common response emphasised the inflexibility of the current structures for design in urban
development projects with “large projects...very much [following] the process” with the added point that
“it’s important in terms of the contractual elements that [following guidelines] happens — there isn’t much
flexibility in terms of that process”. Highlighting the rigidity of design protocols within the sector, the
responses result in a clear indication that mental wellbeing is not something that is easily implemented
into design — as the current procedures do not currently allow adequate flexibility. This agrees with the
claim from Loosemore (2016) that identifies rigidities enforced in formal institutions are one of the
challenges experienced by promoting social procurement within the construction industry.

3.4.2 Money

Emerging alongside this micro-theme lay the subject of financial means and the discussion of money
within the sector. The micro-theme of money indicated a clear connection with the overall theme of
motivation as it was voiced as a major barrier in implementing mental wellbeing with a respondent’s
“second challenge” having to prove “[mental wellbeing] in terms of [financial] benefit to the client”. Their
view formed the opinion that “it’s only once you can prove that there’s money involved, and that it's
beneficial for money that people take it seriously and actually change”.

3.4.3 The Norm

This explicates the link between the two micro-themes liability and money as both allude to the rigidity
of structures and ideas present within the sector. Hence, this illuminated a third part to the macro theme
of Motivation — in the form of the recognised ‘norm’. Respondents tended to frame the incorporation of
mental wellbeing into design only being possible if there were changes to the current procedures and
thought processes present within industry. One respondent referenced the incorporation of active travel
in the hopes of bettering mental wellbeing by stating that the “vehicle and drivers have to get used to
the idea that they have to think about more things other than just other vehicles”. Introducing more
‘people-focused’ designs suggest an appreciated need to change the standard norm with one
respondent voicing “I think people and, whether it be engineers or whether it be just the general public,
there can be some people that can be a bit reluctant to the idea of, you know, changing the thought
process”. This reluctance, again, echoes the rigidity present within the sector in terms of current
procedures and links these micro-themes cohesively.

It is the emergence of the micro-theme of the norm that ultimately highlighted one of the key barriers
faced: the presence of mental wellbeing within a stagnant industry that is lacking motivation to change.
However, upon closer inspection, this absence of motivation to change could arguably stem from
something larger than mental wellbeing itself. Fundamentally, the investigation of mental wellbeing
within the built environment is an immature field (Loosemore, 2016). Thus, it could be argued that by no
fault of their own, the industry resides within a field that contains no significant amount of evidence-
based research surrounding mental wellbeing in the specific context of the built environment and hence,
personnel are left with a lack of knowledge of correct ways to incorporate it. This lack of knowledge is
also partnered with the substantial barrier of the inherent complexity of mental wellbeing and thus,
results in a problematic combination in the efforts of incorporating it into design. Their lack of motivation
stems from a knowledge base that only extends to the boundaries of what industry considers ‘the norm’
— an urban development sector that is incredibly structured, procedures orientated and codes
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dependent. It is the breaking of these boundaries that will see a hope for the effective incorporation of
mental wellbeing into urban development designs.

4 THE FRAMEWORK

The findings of this research suggest the importance of framing both eudaimonic and hedonic aspects
of mental wellbeing. Fundamentally, the muted tones of eudaimonia in contrast to hedonic
implementations exist as the core of this framework. The link present between the complexity of mental
wellbeing, a lack of knowledge of its eudaimonic and hedonic aspects and inconsistent implementation
into design has been established.

The framework is presented in Figure 2 and is presented as a dichotomised model, aiming to yield a
holistic incorporation of mental wellbeing. Through this, it recognises the complexity of the problem it
aims to solve. Therefore, its aim is to provide a baseline for the incorporation of mental wellbeing in this
holistic manner within urban development projects, on which further research will advance.

Integrated seating Proximity to
facilitie necessities

\.

Green Space ] Social cohesion

) Hedonic Eudaimonic .
Active travel facilities ] Physical cohesion ]

-
] Communities have ]
imunities

influence

Figure 2 Suggested framework for the holistic incorporation of mental wellbeing within urban
development projects

5 CONCLUSIONS

This paper presented an investigation into understanding how mental wellbeing is currently viewed and
implemented within urban development projects. The investigation hoped to identify barriers to the
implementation, and establish a framework for designers and developers to better incorporate and allow
for mental wellbeing in their projects.

It is evident that mental wellbeing resides within the industry as a complex, multifaceted concept that
struggles to be effectively measured in an objective, consistent nature. Despite this, efforts have been
made to incorporate it through primarily physically led methods in the form of greener, more connected
and actively promoting spaces. Efforts like these illuminated the goal of urban development projects to
better mental wellbeing by ensuring their occupants felt good. Thus, in line with Aristotle’s definition of
wellbeing, a hedonic framing of mental wellbeing, the premise of feeling good, is seen to currently lie
within the sector. However, furthering its perception within the field, whilst not as domineering, personnel
were found to view the premise of better mental wellbeing equating to ensuring that urban development
projects were constructed in a way that enabled ‘easy living’. Thus, the findings illuminated a subtle
eudaimonic framing of mental wellbeing within the sector allowing people to function well in proximity to
their necessities.

Through providing a common framework, this research exposed the current hindrances met by the
implementation of mental wellbeing within the urban development sector. Existing as a complex
phenomenon, simplified unduly within a complex environment, mental wellbeing faces severe financial,
risk and belief constraints. Thus, the framework acts to visualise the complexity of mental wellbeing
within an urban development setting. Its implementation would contribute to the successful, holistic
consideration of urban space occupants’ mental wellbeing alongside the promotion of Local Place Plans.
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Abstract

Some fairly recent high-profile safety-related failings have left a damaging mark on the construction
industry’s image. Two commonly referenced failings in the UK are the Oxgangs Primary School masonry
wall collapse in Edinburgh, and the Grenfell Tower fire. Both incidents were the results of systemic
failures in delivering quality and safety on projects. The role of the Principal Contractor includes taking
ownership and responsibility of delivering safe and high-quality projects. This necessitates the Principal
contractor to implement safe methods of quality management that improves quality and safety culture.
This paper evaluates the adoption of ‘Viewpoint’ - a construction technology package which is effective
for quality assurance, with particular focus on ‘Field View’ and ‘Viewpoint For Projects’. The study used
existing projects as case study and engaged seven industry practitioners working for a UK based
Principal Contractors through semi-structured interviews to evaluate the effectiveness of the adoption
of Viewpoint for quality assurance. The findings demonstrate the benefits of the adoption of Viewpoint
in terms of quality management, inspection check sheets and reporting non-conformance. Also, having
a common data environment for sharing submissions and drawings significantly increased the quality of
the Information Management and managing design for safety.

Keywords: Innovation, technology, research projects, etc.

1. GENERAL APPROACH

One of the most important issues facing the construction industry is related to poor quality in the
buildings and the built infrastructure. Quality in construction have subjective interpretations by
individuals [1], but fitness for purpose and conformance to specifications are generally used in the
construction industry [2]. However, the perception of the Chartered Quality Institute (CQI) on quality
means constantly pursuing excellence: making sure that what your organization does is fit for purpose,
and not only stays that way, but keeps improving. The difficulty surrounding the issue of quality
assurance in construction stems from the inability to have a unified or an exact definition of it [3]. That
is why issues considered as below standard in construction are commonly labelled as defects, errors or
non-conformance. Quality assurance has been a very topical subject in the construction industry with
some recent events in the UK (The Grenfell Tower and Oxgangs Primary School) highlighting the
serious consequences of poor quality, resulting in reputational damage of the construction industry [3].
Quality installation failures in the cladding were found to be the primary cause of the rapid spread of
flames at the Grenfell Tower [4], while the Oxgang School wall collapse which resulted in the closure of
other schools was linked to serious failures in procurement, design, and construction [5]. It is estimated
that 6% to 15% of all construction costs are as a result of rework of defective components, and 5% of
these costs are detected during maintenance [6]. The root cause of these errors is widespread and there
are suggestions that 54% of these errors could be attributed to human factors e.g. poor workmanship
or insufficient supervision [6].

Generally, quality management is conducted on site in the form of inspections, control, and assurance.
Quality inspection is used during the construction timeline to identify errors which can be reported via a
non-conformance or defect notice, while quality assurance is useful in eliminating the need for non-
conformances and to allow for a smooth construction phase with any errors that are identified, swiftly
resolved. Due to external pressures such as budget and sequencing of work or programme, quality
assurance cannot always be guaranteed in the industry [1], and the lack of timely resolution could result
in safety-related problems within the built environment. Creating a single ‘synergistic’ management
system towards improving both safety and quality performance in construction could be the way forward
[7], but this strategy can sometimes prove difficult to implement on site. Study shows that the nature of
competitive bidding amongst contractors for construction projects (cutting safety and quality budgets to
win the job) could have some impact on safety or quality management as the contractor strives towards
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maintaining a healthy profit margin for the project [7]. This paper evaluates the efficiency of Viewpoint,
a cloud-based construction technology and offline mobile solution used for snagging, SHEQ, non-
conformance, to improve quality assurance in construction as opposed to the traditional pen and paper
approach which is slow in terms of execution and decision making, prone to errors, and not timely.

2. BACKGROUND

Viewpoint is a collaborative project management solution that integrates team members during the
lifecycle of projects regardless of role. ‘Viewpoint for Projects’ is a document management system that
simplifies project documentation, while Viewpoint ‘Field View’ is used in the field for snagging, forms
and permits, project delivery and handover; as an enabler of informed decision-making and enhanced
project efficiency [8]. Viewpoint for projects is useful in enhancing the connection between the office and
the field, by adding more value, increased transparency, reducing risk during design, construction, and
handover. The document control feature allows for the sharing, controlling, and management of
drawings, specifications and schedules, contracts, daily logs, and mission critical reports. Viewpoint for
projects provides the tools and mobile capabilities to improve project profitability, visibility for clients,
risk management, and allows for the effective collaboration of project teams in real-time throughout the
entire project lifecycle [8].

From the contracts point of view, the Joint Contract Tribunal (JCT) which is an industry standard of
contract that is traditionally used during the procurement phase allows for limited contractor design. With
this type of contract, there is no standard for the contractor to provide specifications of quality, but the
JCT outlines the contractor’s requirement in providing a construction phase plan which outlines aspects
of quality, although these plans do not guarantee a standard of detail that must be followed. Therefore,
the JCT could potentially leave the employer in a scenario where they are not able to effectively
configure a plan to manage and apply quality systems on site [9]. However, Clause 2.1 (in terms of
quality) sets a standard of work to be expected by a skilled tradesperson or contractor and that all works
must follow the supporting documents put in place by the contractor and designer. As opposed to the
JCT, the New Engineering Contract (NEC) emphasizes the significance of quality and the contractor is
required to implement site-specific Quality Management policy and plans. This plan allows the client to
express their views in the process of establishing a standard for quality, and how quality issues should
be achieved [10].

Quality management in construction encompasses the total management of quality and products, whilst
ensuring the product is as per scope of works set out by the client and executed within budget and
timeframe [11]. This includes ensuring quality control during construction, and compliance of the product
in accordance with the material and workmanship outlined in the specification documents. It is
suggested that 35% of people believe that poor management is the main reason for poor quality [11]. It
is believed that devoting resources to preplanning, making available the requisite time to undertake
tasks correctly the first time, engagement of leadership and involvement at the workface, and
encouraging and empowering workforce to take pride in their work are potential strategies that could
promote both safety and quality concurrently [12, 13]. For quality management to be successful,
inspections must be carried out by competent personnel with the right ability, skill, and knowledge of the
product being inspected [14]. Competent Quality Managers should oversee quality management, and
the quality department should work towards improving the standard of quality management, thereby
improving the success of a company’s projects. A Quality Manager should be responsible for overseeing
the completion of quality audits, conducting and reviewing quality plans, and the training of on-site
operatives [14, 15]. Therefore, promoting a positive quality culture, where workers and managers are
encouraged to achieve high levels of quality assurance, and to remain motivated whilst addressing the
challenges faced is fundamental to the successful application of quality control [3]. These could
inherently improve overall site and project safety, health, and wellbeing of the workforce.

Quality culture is the pattern of habits, beliefs, and behaviour regarding quality [16], and these values,
beliefs and hopes that are promoted and developed within members of an organisation in relation to
their work leads to the delivery of high-quality products and services and improved total quality
management [17]. The benefits of improved quality management which is reliant on efficient
management of project delivery are associated to project profitability, improved company image, and
safety which are some of the factors that the industry struggles with. Construction companies place
significant emphasis on encouraging the self-reporting of safety issues and there is a general perception
that the recording of non-conformances which is regarded as the failure to conform to specifications or
requirements presents an image of poor quality and poor project management [18].
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The adoption of the Inspection test plan (ITP) that details how the quality of a particular set of works is
managed based on drawings and identifying a set of warranties, inspections, and specifications for ease
of examination of the product is part of the overall project quality management system. An ITP could be
considered as the job’s quality assurance tool used to inspect all works that are undertaken to ensure
compliance with the standards set out in the specification towards improving client-contractor
relationships. Rumane (2017) suggests that inspections are an efficient and productive way to ensure
all materials, systems, and workmanship applied on site are to the required standards. Although the
sign off sheets are an efficient inspection method, they are however not adequate enough and it is ideal
to accompany that with an Inspection Test plans throughout the process rather than at the end of the
cycle [3]. With the use of ITPs and check sheets to manage quality, cases of onsite health and safety
can be easily managed. Viewpoint allows for the digitized, consistent and automated quality processes
(i.e. inspections and tests including associated drawings and specification sheets could be uploaded
online) with the main contractor and client having real time update with the ability to evaluate
performance, analyze trends, and access compliance [8]. The adoption of the ITPs throughout the build
process rather than at completion allows for the defects/errors to be identified and rectified, resulting in
lower costs and improved safety, quality, and duration of the construction project [12].

The cost of quality in construction is the value of incurred costs associated with the maintenance geared
towards achieving high quality and client satisfaction. Existing study suggests that the benefits of better
quality outweigh the costs, however, increased quality cannot be achieved without an increase in cost
and the benefits to the company from increased quality will not necessarily compensate for the additional
cost involved [19]. The cost of quality is considered to be much more than the cost of reworks, as it also
translates to loss of customers, loss of market share, and other unforeseen costs [19]. The CIOB
estimates that up to 2.5% - 5% of construction costs are associated with remedial works [3], and
considering the tightly squeezed low profit margins of the construction industry of 1-3%, the costs of
poor quality can have detrimental effect on the project’s profit margins and the need to get it right the
first time becomes invaluable [12]. Although it is almost impossible to get the full project right the first
time, the most effective way to prepare for and counteract poor quality could be the adoption of
Viewpoint towards improving the Total Quality Management (TQM) plan. This is important because
quality in construction can often be viewed as time consuming and tedious (e.g. with under staffing),
and this results in quality tasks being disregarded or rushed (lack of inspection) which results in poor
workmanship [20]. The short durations that subcontractors have on specific projects and the lack of
continuity [21] could potentially compromise the health and safety of the entire project if there are no
structured approach in place to monitor quality. Therefore, the adoption of Viewpoint as a technology
capable of improving the workers’ efficiency [21] and making efficiency gains related to quality is
considered significant in the construction industry [3, 22].

3. METHODS

This paper adopted the qualitative approach towards evaluating the effectiveness of Viewpoint for
improving quality assurance [23]; whilst developing some level of understanding for the subject under
consideration and to allow for more comprehensive response from the participants using semi-
structured interviews [24, 25]. The involvement of participants reflecting on case studies was essential
towards understanding the complexity of issues in a real-life scenario [26]. The participants’ experiences
were based on their direct involvement in case studies with a major UK principal contractor with
established understanding into the effectiveness of Viewpoint for quality, quality assurance, snagging,
and safety improvements. This builds on the detailed knowledge of the users and their organization’s
experiences in the adoption of the software across multiple projects. The profile of the participants
involved in the semi-structured interviews (via MS Teams) include Senior Project Managers, Quality
Managers, and Engineers involved in the regular use of the software across projects (Table 1). The
participants were sent a description of the study, proposed interview plans, rationale for contacting them
to participate in the study, privacy information, and a consent form regarding voluntary participation in
line with approved ethical guidelines.

Table 1: Participant information

Participant Role Years with employer | Years of Experience
A Quality Manager 2 22

B Site Engineer 5 5

C Senior Engineer/Mgr 3 20
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D Site Manager 5 5

E Site Engineer 5 6

F Senior Site Engineer 12 12

G Head of Digital 3 25+
Construction

The emerging themes from the semi-structured open-ended interviews were aligned to extant literature
to develop a robust understanding of the effectiveness of Viewpoint as a software for improving quality
assurance in construction. The interview questions focused on two aspects/features of Viewpoint —
‘Viewpoint for Projects’ and Viewpoint ‘Field View’ to reflect the participant's own perceptions and
experiences of using the software [27]. The Viewpoint for Projects is a cloud-based project collaboration
tool deployed by contractors to communicate, control, manage, and share information with relevant
parties such as the client, authorities, design teams, subcontractors, and the principal contractor. Field
View is part of the organization’s aim to become fully digital whilst going paperless because it allows for
the ease of information/data population and sharing of documents. As part of the organization’s quality
management policy, Inspection Test Plan (ITP) are used to manage quality by highlighting the relevant
specifications, drawings and contractual responsibilities in terms of tests, materials, and requirements
of warranties of the product. Field View is used to develop the ITPs through the use of Inspection Check
Sheets (ICS). The interviews were recorded on MS Teams with the live captioning feature enabled for
the audio recordings. The live captioning allows for the automatic generation of transcripts when a
meeting is recorded, and when the meeting language is set to English. Thematic analysis was used to
explore the data by identifying themes relevant to the research topic and these themes were grouped
into nodes with the array of nodes aggregated together to reflect the views of the participants [28]. The
steps adopted in generating the themes involves patterns of shared meaning, underpinned by a central
meaning-based concept that emphasizes a uniting idea on main contractor quality, quality assurance,
health and safety, and snhagging [29]. This concept is based on the six steps of data analysis proposed
by [30] which includes familiarization of data by the researcher; generating codes; combining the codes
into themes; reviewing the themes; determining the significance of the generated themes; and reporting
the findings. This whole process involved a continuous questioning and querying of the assumptions
made that are relevant in the interpretation and coding of the research data to generate creative and
interpretive stories about the data based on the researcher’s thoughtful engagement with the interview
transcripts and the analytical process [29].

4. FINDINGS AND DISCUSSIONS

4.1. Impact of Viewpoint on Main Contractor Quality

The participants’ responses on the impact of Viewpoint on quality issues from their perspective as main
contractors focused on the adoption of the Field View and Viewpoint for Projects, see Table 2.

Table 2: Impact of Viewpoint on main contractors’ quality

Field View Viewpoint For Projects
Quality Management Common Data Environment
Inspection Check Sheets Drawing control
Non-conformance Reports

The participants believed the adoption of Viewpoint had a positive impact on quality indicating that the
adoption of both Viewpoint for Projects and Field View were beneficial. However, the adoption of
Viewpoint for Projects seemed to be most favoured as it is considered that the adoption of Field View
offered marginal improvements on the quality of construction. The overall perception of the participants
is that the impact of Viewpoint on quality is dependent on your site role and responsibilities. The benefit
of adopting Viewpoint for Projects on quality in construction is evident on the available ‘common data
environment’ useful for sharing submissions and drawings, thus improving communication and
engagement amongst key duty holders resulting in significant increase in the quality of the Information
Management and assessment of safety in design [31] in accordance with the UK Construction and
Design Management (2015) Regulations. Due to the ease of real-time information sharing, there are
consistency in the level of information being shared amongst the teams resulting in the management of
guality issues, ease of communication with sub-contractors with any design changes, revisions or
updates accessible to all parties involved. Therefore, the common data environment has positively
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improved information sharing, quality of construction and safety of the construction projects and this
could be a proactive approach geared towards managing construction safety [32].

However, the participants suggested that the adoption of Field View slightly improves quality when
compared to Viewpoint for Projects. Although the integration of the quality check sheets within Field
View is beneficial, it thus seems like a ‘one size fits all’ document, and integrating some level of flexibility
or add-ons within the software might be more beneficial to the users in terms of tailored quality checks.
Furthermore, the addition of the quality management features within Field View streamlines the
processes and improves efficiency because the inclusion of inspection check lists and non-conformance
reports can be easily recorded onsite with pictures, compared to the more traditional methods. Due to
the common data environment, the inclusion of pictorial information improves the level of understanding
and communication that allows members of the team to review the reports and design changes, making
it easier and beneficial for addressing and managing any health and safety critical features identified
[33]. The adoption of Field View provides flexibility in reviewing other existing works because of the
common data environment capabilities within Viewpoint, and this allows non-site-based workers access
to site information which is useful for raising technical queries (TQs), non-conformances, hot works
permits and permits to dig thereby improving collaboration and conflict management within projects [34].

4.2. Viewpoint in Quality Assurance

The systemic quality-related failures within the construction industry have been addressed by [35, 36].
The perception of the participants on the role of Viewpoint in mitigating quality assurance issues for
principal contractors and sub-contractors are shown in Table 3, with emphasis on quality culture, SHEQ
and quality related tasks.

Table 3: Role of Viewpoint in Quality Assurance

Principal Contractor Sub-contractor
Up-to-date  Drawings: up-to-date building | Little to no impact on sub-contractors quality
information;  improved  confidence  when

assessing quality
Quality records: inspection check sheets; Non- | Potential for increased efficiency: sub-
conformance reports contractors do not use it enough to full potential;
training requirements

Increased efficiency

The practitioners strongly believe that Viewpoint for Projects have a major impact on quality assurance
for their organization due to its ability to ensure that the site teams have real-time access to the requisite
up-to-date information (including revised drawings) required to build to approved construction standards
rather than changes and revisions communicated via emails. The emphasis on the adoption of
technology in construction is considered pivotal to the future of the construction industry [3], and the
participants believe that lack of adoption of these types of technology is not fit for today’s industry. The
use of Viewpoint for Projects contributes to efficiency gains within organizations when logging quality
records and it is suggested to be highly beneficial for the organization and standard working practices,
for example accessing up-to-date drawings and building information, and similarly SHEQ information
via Field View.

Participants highlighted the significance of the adoption of Viewpoint as a quality assurance tool (based
on 1SO-19650) for principal contractors because of the common data environment but are yet to realise
such gains with sub-contractors. The result of this could be traced to the lack of technological adoption,
culture of resistance to change within the construction industry, and the heavy workload which can often
impact on the commitment of sub-contractors to principal contractors’ procedures [21]. Some of the
limiting factors to these cultural changes could be associated with the lack of training and upskilling
within the supply chain and the principal contractor’s success or failure often relies heavily on sub-
contractors and how they are managed. Overall, the participants agreed that the adoption of Viewpoint
positively improved the organization’s method of measuring quality in terms of transparency between
principal contractor and sub-contractor, keeping track of what non-conformance reports were identified,
what has been closed off, and what inspections have been conducted and when. This allows the
principal contractor to evaluate site performance and that of the sub-contractors in terms of
workmanship and onsite health and safety towards achieving optimum quality in project delivery.
Participants also suggested that the impact that Viewpoint can have on subcontractors’ quality is
dependent on the sub-contractor’s size, ability to adopt and understand the technology, and the quality
standards.
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The significance of creating and maintaining positive quality culture is key to achieving optimum total
quality management [15], and improved onsite safety because many industry failings have been the
direct result of poor-quality culture [37]. The participants broadly agreed that the adoption of Viewpoint
by their organization has positively impacted their quality culture due to the ease of access to the quality
records and trends. However, to maximize efficiency, businesses should be striving towards upskilling
their workforce through training and education. The participants indicated that Field View has had major
impact on SHEQ in terms of the versatility that Field View offers and the efficiency it adds to SHEQ
forms (inclusion of drawings, pictures of quality issues) for non-conformance reports which can be
communicated in real time with the subcontractors to action and resolve quality-related issues in a timely
manner

4.3. Field View for Health and Safety

The capabilities of Field View include accessing health and safety information inherent to the project,
inspections, quality control, daily reports and punch listissues. The adoption of Field View in the delivery
of projects ensures greater project control, real time accurate information capture and transparency on
safety-related issues, quality, and defect management. Whilst quality standards of assurance are key
factors in the success of a job, continuously improving health and safety is fundamental to the success
of any project. However, there are opposing views from participants that the high standards of health
and safety that are imposed on workers can sometimes be considered a distraction to the quality plan.
That is why the implementation of an integrated quality plan in synergy with the health and safety plan
is crucial in the survival of a construction organization now more than ever [3]. The downside of the
inspection test plans (ITP) to identify errors which are reported via non-conformance or defect notice
during the construction timeline is the requirement for a competent team to keep up with the volume of
information and details. ITPs are also thought to be time consuming, and can be difficult to strike a
balance between the priorities of the contractor and subcontractor as per quality, health and safety, and
project schedule issues. Therefore, issues of poor quality which negatively impacts the image and profits
of the organization also impacts on the overall project health and safety. Participants therefore believe
Viewpoint has positively impacted their method of measuring quality performance and also useful for
assessing health and safety related issues including Safety Environmental Observation Reports.

4.4. Viewpoint for Snagging

Every construction project requires the cooperative effort of several workers and stakeholders with each
one having their own perspectives and interests, and the coming together of these different actors for
the successful completion of the project involves managing different expectations and most importantly,
minimizing building defects [7]. It is suggested that the primary indicators of construction quality are
percentage cost of rework and rate of construction defects [12]. It is important that defects are identified
early and Field View is useful as a snagging tool integrated within the common data environment. Field
View’s level of transparency between contractors is the key to improved snagging because of its
increased mobility, ability to pictorially capture the snag and the contractor is able to add evidence of
the snag and the remedial works undertaken. This feature is also a driver for sub-contractors to
undertake their works to a higher standard because the duty holders involved have real-time access to
the information. The identification and ease of location of snags with increased detail is another major
advantage as the snag can be superimposed onto a drawing to identify the exact location and the study
participants believe this feature removes any potential conflict the contractor might have in their
assigned jobs. This feature has improved communication and resolution between the principal
contractor and sub-contractors on issues of non-conformance (resulting from design, poor quality
culture, and poor workmanship) by increasing job profitability and improving safety while sticking to the
project quality plan and reducing repair costs. It is important to state that the adoption of Viewpoint as a
technology for snagging becomes useful and beneficial to organizations when competent people, right
processes and positive change of culture are embedded as the norm within the organization.

5. CONCLUSIONS AND RECOMMENDATIONS

The adoption of Viewpoint for quality assurance for all parties involved from the principal contractor and
subcontractor suggest that the implementation of the technology is fundamental to improving workers’
efficiency and quality gains in construction projects. The focus on the adoption of Viewpoint (Field View)
as a snagging tool for identifying and resolving defects early can result in savings in project cost,
improved standards of quality, and improved project safety. However, the true potential and impact of
Viewpoint on quality in construction can only be achieved when organizations revolutionize existing
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quality culture that is endemic in the industry and work towards improving construction safety. The
adoption of Viewpoint as a tool for identifying and resolving non-conformance resulting from design
errors and poor workmanship is a significant development in quality management through the use of
technology because recent quality failures from the construction industry has led to construction
companies increasing the use and adoption of construction technology to maximise their performance,
efficiency, and safety capabilities. Furthermore, there is perceived administrative burden on users that
are site-based regarding the adoption of new technology, with older workers not keen to learn and
embrace the adoption of the software. Similarly, sub-contractors struggle with the adoption of this
technology due to time and resource pressures and the resistance of buy-in from operatives in learning
new methods of quality assurance. This is why targeted and role-specific training is essential for
operatives because of their differing levels of competency and their understanding of new technology
useful for minimising information overload whilst maximising the capabilities of this software to improve
quality and safety of projects.

Limitation — the data source for this study is limited to participants from same company but with slightly
differing perspectives on the adoption of Viewpoint as a technology across multiple projects. Therefore,
the views of the research participants may not be a fair representation of the industry as a whole.
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Abstract

Research and Experimentation prove that construction safety planning and preparation during the
Design phase significantly impact the safety of the construction workers. Construction work is an
extensive and intense process consisting of several stages and activities that run simultaneously. The
nature of the construction activities is dangerous and risky. Hence, construction workers’ health and
safety are threatened. However, previous studies claim that Designers and Architects are more
concerned with the aesthetics of the building than with safety issues. In addition, they often lack
construction safety knowledge, which is essential to effectively mitigate or reduce construction risks
through design. This short review examines the Automated Rule checking tools that mainly assist in
design for safety or Prevention Through Design (PtD) using BIM to oversee and mitigate construction
risks during the construction phase. Based on a systematic review related to BIM-based health and
safety practices, and after filtering the 99 collected articles, 19 articles related to Automated Rule
checking were included in this short review. Findings suggest that the primary approach to preventing
construction risks through design is creating an automated safety rule-based knowledge library for
designers to automatically check the BIM models for specific safety risks. Moreover, assisting in
construction safety planning and explaining the construction risks to designers and architects.

Keywords: Automated Rule checking; Construction Health and Safety; Prevention Through Design
(PtD); Design for Safety; Building Information Modelling (BIM).

1. INTRODUCTION

Persistent health and safety procedures are applied to avoid construction accidents in the AECO
(Architectural, Engineering, Construction and Operation) sector. Nevertheless, construction labour has
the most serious accident and death rates among other sectors (Ahn et al., 2020).

In 2019, Occupational Safety and Health Administration (OSHA) registered around 200 thousand
injuries related to construction work (Labor, 2019). The AECO sector is responsible for 9.5 fatalities per
hundred thousand full-time workers. Similarly, one in five worker fatalities was in the AECO sector
(Labor, 2019). According to the U.S. Department of Labour, Bureau of Labour statistics, the major
causes of accidents and injuries are stuck-in, falls, struck-by-objects, and electrocution. These causes
were responsible 2019 for 58.6% of the deaths of AECO workers (Labour, 2019). Furthermore, fatalities
related to falls, slips, and trips increased from 805 in 2020 to 850 in 2021, representing a 5.6% increase
in 2021 in all industries. The construction sector accounted for 370 of these fatalities in 2021, an increase
of 7.2% from 2020, when there were 345 fatalities (Labour, 2022). Construction-related work is
responsible for 951 fatalities in 2021 in the U.S., considered the second most occupational death in
2021 (Labour, 2022).

According to Wang'’s accident causations theory, five accident causations factors are responsible for
accidents occurrence (Wang, 2018). These causation factors are Personal factors, Unsafe actions,
Environment and Heredity, Management, Job factors, and conditions. Thus, organisation members must
have safe environments and implement safety knowledge based on specific and detailed safety training
to avoid risky behaviours before on-site construction. Moreover, the work site should constantly be
supervised and monitored to prevent accidents (Wang, 2018).

The traditional safety approaches depend on manual supervision and monitoring. Hence, traditional
approaches incorporate a lot of human errors and misjudgement (Eleftheriadis et al., 2017). There is an
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urgent need to shift to more digitalised and automatised prevention methods to overcome these
traditional approaches that most construction industry still relies on (Zhou et al., 2015). Building
Information Modelling (BIM) is one of the most promising tools being heavily investigated and
implemented. BIM approaches, along with different contributions to the AECO sector, have the ability to
assist in the automation of the safety management and coordination of the AECO sector (Eleftheriadis
et al., 2017). Other research areas involving BIM for safety in the AECO sector are the usage of BIM in
safety education and training (Clevenger et al., 2015). BIM for visualisation may facilitate the worker’s
and the student’s skills to understand and identify construction concepts (Sidani, Dinis, et al., 2021;
Sidani, Matoseiro Dinis, et al., 2021). Alongside safety automation, visualisation, training and education,
BIM tools are widely utilised in various safety fields in the AECO, such as safety planning, monitoring,
design for safety, safety inspection, and safety at the facility and management phase (Clevenger et al.,
2015).

This review examines the present investigation in the field of BIM-based construction safety and
Automated Rule Checking. Consequently, answering six essential questions provides an overview of
the current interventions, objectives, targeted risks, targeted groups, hardware and software,
assessment methods, standards, and regulations utilised to develop BIM-based Automated Rule
Checking applications for safety in construction. The questions are as follows:

Q1. What are the main target groups?
Q2. What are the major risks being targeted by the BIM-based Automated Rule checking?

Q3. At which stage of the Project life cycle is the BIM-based Automated Rule checking
implemented?

Q4. Which standards and regulations are being followed?
Q5. What tools and programs are used to fulfil the requirements of the intervention?

Q6. What are the limitations of BIM-based Automated Rule checking?

2. METHODOLOGY

The current review is based on a systematic review of BIM-based solutions for construction health and
safety. The systematic review was performed with the leading electronic databases for scientific
literature in multidisciplinary, construction and safety areas. The search underwent a snowballing
technique examining the articles’ references to investigate relevant studies from another electronic
database that were not gathered during the search (Wohlin, 2014). Three keywords were used for the
search: (“Construction, Occupational Health and Safety, and Building Information Modelling”).
Furthermore, the authors considered the alternative expressions of each keyword, such as work health
and safety, risks, accidents, and BIM.

After collecting the articles, the second step of the systematic review was screening the articles.
Afterwards, the authors excluded conferences, reviews, discussions, and unpublished articles based on
well-structured inclusion and exclusion criteria. Likewise, Studies not related to the AECO sector were
rejected. 99 articles were considered adequate for the review, among which 19 articles targeted the
fields of Automated Rule Checking for construction safety. Figure 1 mentions the number of fields each
article targeted, considering that some articles mentioned more than one field totalling 129 fields
targeted by the 99 articles. The search was performed in 2022, and the articles collected were up until
August 2022. The authors did not consider any initial date.

The following sections demonstrate the results of the collected articles. All the listed questions are
addressed following a discussion of the main findings, limitations, and the most promising tools to be
considered, conclusions and future considerations.
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Figure 1. Literature review results: Number of mentions for Safety Fields

3. RESULTS

In order to facilitate the organisation of the information obtained from the 19 collected articles in the field
of automation rule checking, the results will be categorised based on the six questions mentioned earlier.

3.1. Main Target Groups

The three main target groups that the authors focused on in their interventions are presented in Fig.2:
Safety managers, with 11 mentions (Ji & Leite, 2018; Khan et al., 2019; Kim et al., 2018; M. Li et al.,
2018; Malekitabar et al., 2016; Shen & Marks, 2016a; Wang et al., 2015; Yang et al., 2022; S. Zhang et
al., 2013; S. Zhang, Boukamp, et al., 2015; S. Zhang, Sulankivi, et al., 2015), Designers/Architects with
ten mentions (M. A. Hossain et al., 2018; M. M. Hossain & Ahmed, 2019; Ji & Leite, 2018; Khan et al.,
2019; Lu et al., 2021; Rodrigues et al., 2021; Yuan et al., 2019; S. Zhang et al., 2013; S. Zhang,
Sulankivi, et al., 2015; Zhou et al., 2021), and finally construction managers with three mentions only
(Kim et al., 2018; B. Li et al., 2022; Y. Zhang et al., 2021). It is important to note that the final number is
24 mentions. Some articles focused on more than one target group. Also, some articles mentioned
designers, and others referred to them as Architects in order to generalise the naming of the authors
referred to them as Designers/Architects.

12

10

Construction Designers Safety Managers
Managers

Figure 2. Target Groups
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3.2. Major risks

Automated Rule Checking collected articles focused on ten major risks Fig.3. The articles represented
the risks differently. Some mentioned work-related risks such as excavation, roofers, carpenters, and
masonry work. Others mentioned risks related to machinery and tools such as cranes, scaffolding, or
other heavy machinery. The rest mentioned risks, such as falls, electrocution, being caught in between,
and caved in, among others. The authors of this paper merged some of the risks of the same nature.
For example, excavation and underground-related risks are considered the same as caught in between,
caved in, and risks resulting in working in confined spaces. Similarly, scaffolding-related work was
considered as falls. The highest number of mentions occurs for Falls, with nine (M. M. Hossain & Ahmed,
2019; Kim et al., 2018; B. Li et al., 2022; Malekitabar et al., 2016; Rodrigues et al., 2021; Wang et al.,
2015; Yang et al., 2022; S. Zhang et al., 2013; S. Zhang, Sulankivi, et al., 2015); following was
excavation and underground related work with five mentions (Khan et al., 2019; M. Li et al., 2018;
Malekitabar et al., 2016; Wang et al., 2015; Y. Zhang et al., 2021); general construction site risks were
mentioned twice (M. A. Hossain et al., 2018; Yuan et al., 2019), and the rest of the risks were mentioned
only once. It is worth mentioning that various articles targeted several risks, resulting in a total of 27
risks.
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Figure 3. Major Targeted Risks

3.3. Construction phase

Only three construction phases were mentioned (Fig.4). The majority implemented in the Design Phase
with nine mentions (M. A. Hossain et al., 2018; M. M. Hossain & Ahmed, 2019; Lu et al., 2021;
Malekitabar et al., 2016; Rodrigues et al., 2021; Yuan et al., 2019; S. Zhang et al., 2013; S. Zhang,
Sulankivi, et al., 2015; Zhou et al., 2021), Pre-construction with six mentions (Ji & Leite, 2018; Khan et
al., 2019; Kim et al., 2018; M. Li et al., 2018; Wang et al., 2015; Y. Zhang et al., 2021), and the
construction phase with five mentions (B. Li et al., 2022; Shen & Marks, 2016b; Yang et al., 2022; S.
Zhang, Boukamp, et al., 2015; Y. Zhang et al., 2021).
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3.4. Standards and Regulations

Only 14 out of the 19 collected articles mentioned standards and regulations that their work was based
on, as shown in Table 1. Most authors implemented OSHA regulations or national/local regulations.
Some authors used specific parts of OSHA. For example, Ji based their work on ASME B30.3- 2016
Edition “Tower Cranes” (Ji & Leite, 2018). While other others referred to OSHA for best practices
(Rodrigues et al., 2021; Wang et al., 2015; S. Zhang, Boukamp, et al., 2015). Tab.1 summarises the

results.

Table 1. Standards and Regulations

Article Title

Standards and Regulations

Construction safety risk drivers: A BIM .
approach

OSHA - The National Institute of Occupational Safety and Health (NIOSH) has
conducted a study on Fatal Accident Circumstances and Epidemiology (FACE)
e OSHA comprises 70 “fatal facts” that fall in the category of construction accidents

Geotechnical and safety protective
equipment planning using range point
cloud data and rule checking in
building information modelling
Automated tower crane planning:
leveraging 4-dimensional BIM and rule-
based checking

BIM-based fall hazard identification
and prevention in construction safety
planning

Building Information Modeling (BIM)
and Safety: Automatic Safety Checking
of Construction Models and Schedules

Ontology-based semantic modeling of
construction safety knowledge:
Towards automated safety planning for
job hazard analysis (JHA)

Excavation Safety Modeling Approach
Using BIM and VPL

Safety plugins for risks prevention
through design resourcing BIM

An automated safety risk recognition
mechanism for underground

Iran’s safety code
e International Risk Governance Council (IRGC),

OSHA - Standards and industrial best practices OSHA 1926.652 (a)(1)

OSHA - ASME B30.3- 2016 Edition “Tower Cranes” and Occupational Safety and

Health Administration (OSHA) electronic code of federal regulations (e-CFR) Title 29,

Part 1926, Subpart CC — “Cranes & Derricks in Construction.”
OSHA

e OSHA

e Construction Industry Best Practices”

e Construction Safety Alliance - Examining Causes of Construction Injuries and
Defining Best Practices That Improve Safety Performance, Construction
Information Quarterly, Chartered Institute of Building, Ascot, U.K., 2004”

e OSHA - regulations and industry safety best practices

e OSHA regulation 1926,

e The Occupational Injury and Iliness ClassificationManual, and Construction
Solutions Database.

OSHA

e OSHA - Occupational Safety and Health Administration and good practices
guidelines

e Portuguese safety legal regulations (DL273/2003 and DL 41821/1958) and the
OSHA 1926-501 (2019).

e Regulation no. 101/96 of April 3 (Portaria no. 101/1996)

e Guidelines for tunnelling risk management

e Assessment of the Safety of Tunnels” construction technical manuals
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construction at the pre-construction
stage based on BIM

Design-for-Safety knowledge library for
BIM-integrated safety risk reviews
BIM-integrated construction safety risk
assessment at the design stage of
building projects

Building Regulation in the UK

e BLS Injuries, llinesses, and Fatalities (IIF) program

e Census of Fatal Occupational Injuries (CFOI) of the IIF program

e Survey of Occupational Injury and lliness (SOII) of the IIF program
e 2010 Standard Occupational Classification (SOC) system

e BLS Occupational Employment Statistics (OES

e RSMeans Data

Towards a unifying domain model of
construction safety, health and well-
being: SafeConDM

Developing an automated safety

BG Bau 100 regulation

checking system using BIM: a case e Bangladesh National Building Code (BNBC-2006)

study in the Bangladeshi construction e Bangladesh Labor Acts (BLA- 2006),

industry

Accident prevention through design e Mandatory provisions of project construction standards (building construction
(PtD): Integration of building part)

information modeling and PtD e The standard for safety inspection of building construction” in China,
knowledge base e Safety regulations, documents, and best practices

3.5. Hardware, software, and Data Exchange Formats

Most articles listed the BIM software used, the languages in which they created the algorithms or risk
databases, and the Model checker programs. In addition, the authors listed the data exchange format
used. Table 2 summarises the hardware, software and data exchange formats employed or developed
by the authors and the file formats that the authors adopted.

Table 2. Hardware, Software and Data Exchange Formats

Title Tools

Geotechnical and safety protective
equipment planning using range point
cloud data and rule checking in building
information modeling (Wang et al., 2015)
A BIM-based identification and
classification method of environmental
risks in the design of Beijing subway (Zhou
etal., 2021)

Automated tower crane planning:
leveraging 4-dimensional BIM and rule-
based checking (Ji & Leite, 2018)

Towards a unifying domain model of
construction safety, health and well-being:
SafeConDM (B. Li et al., 2022)

Ontology-based semantic modeling of
construction safety knowledge: Towards
automated safety planning for job hazard
analysis (JHA) (S. Zhang, Boukamp, et al.,
2015)

Accident prevention through design (PtD):
Integration of building information
modeling and PtD knowledge base (Yuan et
al., 2019)

Algorithms were developed in Matlab™
Commercially available terrestrial laser scanner
GIS

Autodesk Revit

Safety evacuation design toolbox (SEDT)
3Dmax

Navisworks

3D GIS Engine “Citymaker Server V7.0.”
FDB (feature database)

Autodesk Revit

Microsoft Excel

Solibri Model Checker v9.7 (SMC)

IFC data exchange format

Autodesk Revit

Graphisoft Archi- CAD

IFC data exchange format

The SemanticWeb Rule Language (SWRL)
IFC data exchange format

Autodesk Revit

Microsoft Access is used to create a PtD knowledge base for safety risks
related to design, laying the foundation for the automatic detection of
PtD.

Microsoft Visual C#

A plug-in based on Revit was developed in this research to implement
the automatic inspection of rules,
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Design-for-Safety knowledge library for
BIM-integrated safety risk reviews (M. A.
Hossain et al., 2018)

BIM-integrated construction safety risk
assessment at the design stage of building
projects (Lu et al., 2021)

Safety plugins for risks prevention through
design resourcing BIM (Rodrigues et al.,
2021)

Semantic IFC data model for automatic
safety risk identification in deep excavation
projects (Y. Zhang et al., 2021)

Developing an automated safety checking
system using BIM: a case study in the
Bangladeshi construction industry (M. M.
Hossain & Ahmed, 2019)

Near-Miss Information Visualization Tool in
BIM for Construction Safety (Shen &
Marks, 2016a)

An automated safety risk recognition
mechanism for underground construction
at the pre-construction stage based on BIM
(M. Lietal., 2018)

Building Information Modeling (BIM) and
Safety: Automatic Safety Checking of
Construction Models and Schedules (S.
Zhang et al., 2013)

BIM-based fall hazard identification and
prevention in construction safety planning
(S. Zhang, Sulankivi, et al., 2015)
BIM-Driven Automated Decision Support
System for Safety Planning of Temporary
Structures (Kim et al., 2018)

Excavation Safety Modeling Approach
Using BIM and VPL (Khan et al., 2019)

Microsoft’s C# (build the DfS rule-based knowledge library)

Reasoning Engine reads BIM-compliant digital models in IFC format and
comprises a set of safety-checking algorithms.

MySQL

IFC data exchange format

Autodesk Revit 2018 plugin was created

Revit API to develop Windows Presentation Foundation,

C# language for further development based on Microsoft Visual Studio
2017.

Revit API, “Job Hazard Analysis” (JHA) plugin developed,

C# language

“SafeObject” plugin

Autodesk Revit
ArchiCAD
Construction Risk Identification System (CRIS) Prototype

Autodesk Revit
Solibri Model Checker (SMC 2014).
IFC data exchange format

Autodesk Revit
Open application programming interface (API)

SPSS20.0 software for cluster analysis

SQL database software is used to store the safety risk knowledge
BIMQL, which is an open query language for building information
models, combines

IFC standard database with the BIM-cloud by designing a set of query
systems.

Backus-Naur Form method, engineering information in the BIM models
can be well read in the BIM platform

Tekla Structures

Tekla Structures that incorporate the safety rule-checking algorithms
IFC data exchange format

A decision-making engine was created to support decision-making for
scaffolding.

Created Simulation Engine

Autodesk Revit

Visual programming language (VPL)

Hummingbird

Rhino - Grasshopper (plug-in)

3.6. Limitations of Automated Rule Checking

Limitations can be classified into six categories. The first category refers to limitations related to the BIM
models. In general, the models need to be developed to a relatively high maturity stage. In addition,
models often contain inaccurate, incomplete or incorrect information, need to be more automated to
reduce the manual efforts needed for modelling work and scheduling, require more safety design
elements and natural constraints of the construction sites still cannot be accurately modelled, thus,
lacking the realism of construction sites (M. A. Hossain et al., 2018; M. M. Hossain & Ahmed, 2019; Ji
& Leite, 2018; Khan et al., 2019; Malekitabar et al., 2016; Shen & Marks, 2016a; Yuan et al., 2019; S.
Zhang et al., 2013; S. Zhang, Boukamp, et al., 2015; S. Zhang, Sulankivi, et al., 2015; Zhou et al., 2021).

The second category refers to safety risks-related limitations. The databases and libraries for risks are
lacking. Most authors targeted one or few risks because they could not access extensive safety
databases. In addition, automation of risk detection should be increased for multiple scenarios and
needs to include environmental and spatial analysis. Similarly, the detection of dynamic safety hazards
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is missing. Still, manual efforts are needed to contextualise safety rules into computer language and
complex and complete algorithms to refine safety risks are required. Model checkers still lack the
integration of safety regulations and standards (M. A. Hossain et al., 2018; M. Li et al., 2018; Rodrigues
et al., 2021; Wang et al., 2015; S. Zhang et al., 2013; Zhou et al., 2021).

As a third category, there are limitations related to the case studies. These are mostly related to one
risk in a single construction site or a controlled environment. More complex case studies should be done
with more risks and a variety of construction site typologies (M. M. Hossain & Ahmed, 2019; B. Li et al.,
2022; Malekitabar et al., 2016; Wang et al., 2015; S. Zhang et al., 2013; S. Zhang, Sulankivi, et al.,
2015).

The fourth category includes limitations related to the steep learning curve of implementing Automated
Rule Checking tools and procedures. Not all personnel involved in the construction work have the same
educational level, modelling experience, or using digital tools. Thus, Automation Rule Checking makes
it very difficult for some workers to understand and extract the required information. Visualisation of the
Automated Rule Checking information is also considered a limitation, and there is a need to introduce
immersive tools in order to facilitate training, education, and visualisation (M. M. Hossain & Ahmed,
2019; Khan et al., 2019; Shen & Marks, 2016a).

The fifth category refers to limitations that result from the interoperability of the file exchange formats.
Most of the authors used IFC as the preferred data exchange format. Nevertheless, IFC presented
interoperability issues. Moreover, IFC needs to be expanded to target more risk types (S. Zhang,
Boukamp, et al., 2015; S. Zhang, Sulankivi, et al., 2015; Y. Zhang et al., 2021).

The sixth and final category includes limitations related to Standards and regulations. Most of the
authors were able to verify models for compliance with some of the regulations related to construction
safety. However, most of the rules are not verifiable due to limitations in available software tools,
modelling development practices or in the nature of the rules themselves (M. M. Hossain & Ahmed,
2019; Yuan et al., 2019; S. Zhang et al., 2013).

4. DISCUSSIONS

Designers and Safety Managers were mentioned in 21 out of 24 by the authors, leaving Construction
Managers with only three mentions, as shown in Fig. 2. This shows a clear trend favouring
Architects/Designers and Safety Managers before construction works. Moreover, the Pre-construction
and Design phases were mentioned 15 times out of 20, and the Automated Rule Checking tools were
used only five times during the construction phase.

Several articles did not contain any reference for regulations, standards, or best practices. The OSHA
regulations had ten mentions. Precisely, the authors selected specific chapters and topics to include in
their work.

The most mentioned BIM modelling tool was Autodesk Revit, with ten mentions, while Tekla structure
and ArchiCAD were less common and were mentioned twice and once, respectively.

Considering Rule checking programs, Solibri Model Checker was mentioned twice (M. M. Hossain &
Ahmed, 2019; Ji & Leite, 2018). Six authors created different model-checking tools (M. A. Hossain et
al., 2018; Khan et al., 2019; Kim et al., 2018; M. Li et al., 2018; Y. Zhang et al., 2021; Zhou et al., 2021).
Five authors created plugins (Lu et al., 2021; Rodrigues et al., 2021; Shen & Marks, 2016a; Yuan et al.,
2019; S. Zhang, Sulankivi, et al., 2015), as described in Table 2.

Regarding Data Exchange Format, the authors mentioned IFC the most, with almost no other Data
exchange format mentioned, as shown in Table 2.

5. CONCLUSION

Automated Rule Checking seems a promising approach to improve safety levels in construction.
Investigation in this field is currently expanding, and more model-checking tools, safety libraries,
databases, and best practices are being created, facilitating the execution of Automated Rule Checking
techniques. Furthermore, standards, regulations and best practices are being translated into computer
languages, enabling the implementation of more risks. It is believed that the advancement of Artificial
Intelligence automated Rule checking for safety will involve more risks that are hard to translate to
machine languages.
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Automated Rule checking still faces some limitations. First, the environment of construction sites is
constantly changing, so it may not be possible to automatically check all unsafe conditions in a BIM
model in real-time. Moreover, manual effort in rule interpretation is still required for rule translation into
machine-readable code. Furthermore, there is still a lack of safety and risks databases regarding
modelling, reports, best practices, and algorithms. More immersive training and visualisation tools are
required to assist with the steep learning curve and enable construction workers to clearly understand
the models, risks, and prevention methods. The interoperability issue of IFC is improving, but it is still
necessary to incorporate safety risks. Finally, standards and regulations should be modified to facilitate
the adaptation to computer language.

REFERENCES

Hossain, M. A., Abbott, E. L. S., Chua, D. K. H., Nguyen, T. Q., & Goh, Y. M. (2018). Design-for-Safety
knowledge library for BIM-integrated safety risk reviews. Automation in Construction, 94, 290-302.
https://doi.org/10.1016/j.autcon.2018.07.010

Hossain, M. M., & Ahmed, S. (2019). Developing an automated safety checking system using BIM: a
case study in the Bangladeshi construction industry. International Journal of Construction
Management. https://doi.org/10.1080/15623599.2019.1686833

Ji, Y., & Leite, F. (2018). Automated tower crane planning: leveraging 4-dimensional BIM and rule-based
checking. Automation in Construction, 93, 78-90. https://doi.org/10.1016/j.autcon.2018.05.003

Khan, N., Ali, A. K., Skibniewski, M. J., Lee, D. Y., & Park, C. (2019). Excavation Safety Modeling
Approach Using BIM and VPL. Advances in  Civil Engineering,  2019.
https://doi.org/10.1155/2019/1515808

Kim, K., Cho, Y., & Kim, K. (2018). BIM-Driven Automated Decision Support System for Safety Planning
of Temporary Structures. Journal of Construction Engineering and Management, 144(8),
04018072. https://doi.org/10.1061/(asce)c0.1943-7862.0001519

Li, B., Schultz, C., Teizer, J., Golovina, O., & Melzner, J. (2022). Towards a unifying domain model of
construction safety, health and well-being: SafeConDM. Advanced Engineering Informatics, 51.
https://doi.org/10.1016/j.aei.2021.101487

Li, M., Yu, H., & Liu, P. (2018). An automated safety risk recognition mechanism for underground
construction at the pre-construction stage based on BIM. Automation in Construction, 91, 284—
292. https://doi.org/10.1016/j.autcon.2018.03.013

Lu, Y., Gong, P., Tang, Y., Sun, S., & Li, Q. (2021). BIM-integrated construction safety risk assessment
at the design stage of building projects. Automation in Construction, 124,
https://doi.org/10.1016/j.autcon.2021.103553

Malekitabar, H., Ardeshir, A., Sebt, M. H., & Stouffs, R. (2016). Construction safety risk drivers: A BIM
approach. Safety Science, 82, 445-455. https://doi.org/10.1016/j.ssc¢i.2015.11.002

Rodrigues, F., Antunes, F., & Matos, R. (2021). Safety plugins for risks prevention through design
resourcing BIM. Construction Innovation, 21(2), 244-258. https://doi.org/10.1108/CI-12-2019-
0147

Shen, X., & Marks, E. (2016a). Near-Miss Information Visualization Tool in BIM for Construction Safety.
Journal  of  Construction Engineering  and Management, 142(4), 04015100.
https://doi.org/10.1061/(asce)c0.1943-7862.0001100

Shen, X., & Marks, E. (2016b). Near-Miss Information Visualization Tool for BIM. Construction Research
Congress 2016: Old and New Construction Technologies Converge in Historic San Juan -
Proceedings of the 2016 Construction Research Congress, CRC 2016, 142(4), 2916—2925.
https://doi.org/10.1061/9780784479827.290

95



CIBW099W123 | Digital Transformation of Health and Safety in Construction | 21/22 June 2023 | Porto, Portugal

Sidani, A., Dinis, F. M., Sanhudo, L., Duarte, J., Santos Baptista, J., Pocas Martins, J., & Soeiro, A.
(2021). Recent Tools and Techniques of BIM-Based Virtual Reality: A Systematic Review.
Archives of Computational Methods in Engineering, 28(2), 449-462.
https://doi.org/10.1007/s11831-019-09386-0

Sidani, A., Matoseiro Dinis, F., Duarte, J., Sanhudo, L., Calvetti, D., Santos Baptista, J., Pogas Martins,
J., & Soeiro, A. (2021). Recent tools and techniques of BIM-Based Augmented Reality: A
systematic review. In Journal of Building Engineering (Vol. 42, p. 102500). Elsevier BV.
https://doi.org/10.1016/j.jobe.2021.102500

Wang, J., Zhang, S., & Teizer, J. (2015). Geotechnical and safety protective equipment planning using
range point cloud data and rule checking in building information modeling. Automation in
Construction, 49, 250-261. https://doi.org/10.1016/j.autcon.2014.09.002

Yang, B., Zhang, B., Zhang, Q., Wang, Z., Dong, M., & Fang, T. (2022). Automatic detection of falling
hazard from surveillance videos based on computer vision and building information modeling.
Structure and Infrastructure Engineering, 1-15. https://doi.org/10.1080/15732479.2022.2039217

Yuan, J., Li, X., Xiahou, X., Tymvios, N., Zhou, Z., & Li, Q. (2019). Accident prevention through design
(PtD): Integration of building information modeling and PtD knowledge base. Automation in
Construction, 102, 86—104. https://doi.org/10.1016/j.autcon.2019.02.015

Zhang, S., Boukamp, F., & Teizer, J. (2015). Ontology-based semantic modeling of construction safety
knowledge: Towards automated safety planning for job hazard analysis (JHA). Automation in
Construction, 52, 29-41. https://doi.org/10.1016/j.autcon.2015.02.005

Zhang, S., Sulankivi, K., Kiviniemi, M., Romo, I., Eastman, C. M., & Teizer, J. (2015). BIM-based fall
hazard identification and prevention in construction safety planning. Safety Science, 72, 31-45.
https://doi.org/10.1016/j.ss¢i.2014.08.001

Zhang, S., Teizer, J., Lee, J. K., Eastman, C. M., & Venugopal, M. (2013). Building Information Modeling
(BIM) and Safety: Automatic Safety Checking of Construction Models and Schedules. Automation
in Construction, 29, 183-195. https://doi.org/10.1016/j.autcon.2012.05.006

Zhang, Y., Xing, X., & Antwi-Afari, M. F. (2021). Semantic IFC data model for automatic safety risk
identification in deep excavation projects. Applied Sciences (Switzerland), 11(21).
https://doi.org/10.3390/app11219958

Zhou, M., Tang, Y., Jin, H., Zhang, B., & Sang, X. (2021). A bim-based identification and classification

method of environmental risks in the design of beijing subway. Journal of Civil Engineering and
Management, 27(7), 500-514. https://doi.org/10.3846/jcem.2021.15602

96



CIBW099W123 | Digital Transformation of Health and Safety in Construction | 21/22 June 2023 | Porto, Portugal

THE MATURITY MODEL OF IMMERSIVE TECHNOLOGY
APPLICATIONS USED FOR SAFETY TRAINING IN CONSTRUCTION:
A SCIENTOMETRIC ANALYSIS

Farisya Abu Bakar?, Clara Cheung?, Akilu Yunusa Kaltungo?®, Saeed Reza
Mohandes*and Eric Lou®.

!PhD Candidate, Department of Mechanical, Aerospace and Civil Engineering (MACE),
University of Manchester, M13 9PL, UK.
2Senior Lecturer in Project Management, Department of Mechanical, Aerospace, and Civil
Engineering (MACE), University of Manchester, M13 9PL, UK.
3Senior Lecturer in Reliability and Maintenance Engineering, Department of Mechanical,
Aerospace, and Civil Engineering (MACE), University of Manchester, M13 9PL, UK.
“Postdoctoral Research Associate, Department of Mechanical, Aerospace, and Civil
Engineering (MACE), University of Manchester, M13 9PL, UK.
*Reader in Project Management, Department of Engineering, Manchester Metropolitan
University, M15 6BH, UK.

Abstract

Though there is growing interest in the utilisation of immersive technologies (ImT) for improving the
effectiveness of safety training in construction projects, limited research has been conducted to assess
the organisational readiness of adapting ImT for this purpose. This study aims to identify the prevalent
maturity models (MMs) used in evaluating maturity level for ImT application in construction, through a
systematic literature review (SLR). The study found that most studies were published between 2019 and
2021; and showed that United Kingdom, China, and Australia, have the highest rankings in the
development of maturity models for ImT application in the construction industry. The mapping of 23
selected papers demonstrated that the current maturity model research used for ImT application is
applicable to 18 objectives such as safety training and visualisation and communication. The paper
revealed that many researchers have been focusing on developing new models rather than using or
enhancing the existing ones. The findings of this study could enable researchers and practitioners to
understand the status of using maturity models to assess the readiness of ImT application in
construction.

Keywords: Technology readiness levels; Immersive technologies; Construction safety; Occupational
safety and health; Maturity model.

1. INTRODUCTION

Safety training is one of the most common interventions to improve safety performance in construction.
Indeed, effective training was identified as a critical success factor in some of the earliest studies on
safety interventions (Tezel et al., 2021). Several studies have identified safety training as a factor for
reducing the rate of unsafe acts and behaviours. Solis-Carcafio & Franco-Poot (2014) found that
workers with minimal safety training and weak safety culture are more prone to accidents. Tam & Fung
(2012) discovered that mandatory training increases construction employees' interest in safety. Hence,
workers receiving safety training is critical to the development and management of safety programs. Ho
& Dzeng (2010) demonstrated that appropriate safety instruction has the capacity to encourage safe
behaviour. Kaskutas et al. (2013) concluded that employees who had undergone safety training
established more effective safety communication practices. In other words, an effective constructing
safety training programme with standardised rules for planning, management, and administration could
improve safety performance by decreasing the accidents frequency (Getuli et al., 2021).

Nevertheless, construction projects are now facing increasing demands to keep up with the various
pressures, needs, and objectives in safety training practices, which require the utilisation of innovative
materials, methods, and technologies to establish adequate training skills that are compatible with
project requirements (Mouchi et al., 2011). To meet these needs, the construction industry is beginning
to embrace immersive technologies (ImT), so as to minimise the risks and complexities associated with
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conventional safety training in construction projects. A considerable amount of previous research
suggest that integrating ImT into safety training programmes is an effective way of boosting training
efficiency and quality, by capturing trainees' attention and reinforcing learning in construction related
safety training (Chen et al., 2013; Sacks et al., 2013; Zhao & Lucas, 2015). According to Alizadehsalehi
et al. (2020), ImT represents a 360-degree area in which to expand reality or to build new universes
using virtual reality (VR), augmented reality (AR) and mixed reality (MR). Each of these technologies is
constantly evolving in order to assist employees in simulating real-world scenarios and train them in a
safe and engaging immersive training environment.

ImT has an advanced approach that can help employees gain training experience in a more engaging
and personalised manner within a risk-free environment (Jeelani et al., 2017; Noghabaei et al., 2020),
allowing organisations to improve the effectiveness of safety performance throughout construction
projects. Immersive training can help in keeping learners' safety knowledge and skills up to date so they
can handle complex or new hazards. For example, VR systems have conventionally concentrated on
boosting the sense of vision, but recently VR technology has expanded to encompass wearable headset
technologies that are putting a greater emphasis on audio feedback using headphones (e.g., demolition
sounds), and on physical simulations for materials (e.g., rigid bodies, joints, characters, robots)
(Grassini, 2020). Trainees can obtain knowledge-based safety training through a gamified scenario that
includes active exploration and human-computer interaction (Gavish et al., 2013). This gamification also
allows trainees to experience the entire project, including its interior and outside locations, with a much
greater realism (Ahmed 2019).

The development of ImT application takes time but most importantly depends on organisation readiness.
Due to the complexity of such developments, collaboration with other organisations is required to
acquire, develop, and exchange various types of knowledge, information, and other resources.
Therefore, organisations almost never innovate in isolation (Charles Edquist, 2013). Other businesses
(suppliers, customers, competitors) may be included in these organisations, but they may also include
universities, research institutes, investment banks, schools, government ministries, and so on.
Organisations frequently establish relationships with other types of organisations through their
innovative activities; thus, viewing innovating firms as isolated, since individual decision-making units
face fierce challenges and delays (Charles Edquist, 2013). In this research context, the successful
implementation of ImT for construction safety training requires large financial and human resource
investments. ldentifying, analysing, and comprehending elements (i.e., capability attributes) and
stakeholders that influence the organisation, both internally and externally, is necessary for successful
management (Clarke & Flitcroft, 2013). Therefore, to support organisations in evaluating their readiness
for deploying ImT in safety training, developing an ImT readiness model in this context could help them
to conduct these analyses.

As a process improvement safety training method, the maturity model helps organisations understand
their existing capabilities and provides a systematic path to improve their capabilities to reach higher
maturity levels (Facchini et al., 2019). In a variety of industries, maturity has different definitions. Maturity
is a concept that describes the gradual development of project management systems and processes
that can be used to assess an organisation's capabilities and provide a route for improvement
(Pennypacker & Grant, 2003). In terms of technology development, maturity is considered as a process
management tool that streamlines all processes, demonstrating that maturity models (MMs) and their
definitions are industry-specific (Tocto-Cano et al., 2020). Even though ImT has been shown to improve
training performance and the ability to identify potential hazards on a construction site more effectively,
and that many MMs have been developed in the construction industry, little research has been
conducted to determine their readiness for ImT application in construction safety training. This suggests
the idea that even though MMs share fundamental similarities, their definitions vary and provide different
meanings considering the context. In this regard, there is a clear need for research to be carried out the
construction MMs to develop a definition for the ImT application in safety training development context.
It is intended that the maturity model adopted by the study reflect the capability attribute perspective in
terms of people, processes, technology, and finances. This perspective is suitable for evaluating the
organization's readiness when it comes to invest resources in training method for construction safety.
Hence, this study begins by reviewing the extant literature on ImT applications for safety training in the
construction industry. The study identifies the prevalent MMs available, and the approach used in
evaluating maturity levels for ImT applications in construction. The study aims to address the following
research question:
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e What is the current state of maturity model deployment for ImT applications in the construction
industry?

2. METHOD

Based on the research question, a systematic literature review (SLR) was used to identify relevant
publications as well as assess their quality, using well-defined procedures (Khan et al., 2021). It is
distinguished from traditional reviews and comments by its specific and systematic methodology. This
research was designed in accordance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement, which provides guidelines to facilitate the reporting of SLR.
Although PRISMA is not an evaluation tool for determining SLR quality, it can provide both researchers
and practitioners with evidence-based insights about a specific topic or research problem (Petersen,
2019).

2.1 Identification of relevant studies

In order to identify publications that are relevant to the use of MMs for ImT application in construction, a
meticulously constructed set of keywords was formulated for searching the significant literature
databases. For this SLR, Scopus database was selected due to its multi-disciplinarity and size. To
optimise the refinement process, filters were specifically designed for the titles, abstracts and keywords.
Collectively, the filters were utilised to identify relevant publications (Moore et al., 2019). As it was difficult
to identify relevant publications when using “safety training”: as a keyword, it was initially removed from
the search formulation process. During the identification process, the initial idea to include the keyword
"health and safety” was scrapped. This is because most publications only concentrating on the maturity
model for organisational change, with no mention of ImT. While this review is intended to determine the
maturity model used for the ImT application in safety training. Figure 1 illustrates the search string used
in the study.

2.2 Study Selection

Figure 1 summarises the three stages of the SLR process used in this study. A paper retrieval process
related to the maturity model used for ImT application in construction was filtered according to exclusion
criteria. This was carried out as follows:

i. The initial stage of exclusion aided in the identification of relevant publications from a wide range
of subject areas. To be precise, a complete examination of the literature covering engineering,
computer science, social science, and management subject areas were selected as a
foundation for this research, to establish the possibility of developing these topics further.

ii. The second stage of exclusion involved a quick review of the title, abstract and keywords in
order to eliminate publications that did not discuss the maturity model for ImT application in
construction, hence considered irrelevant to the target topic area. The review only focused on
studies written in English language, with full-text reviews available. Papers that merely
discussed the ImT application in construction without proposing any maturity model were
deemed ineligible for review. The publications that met these criteria were then put through
Mendeley reference management software for identification of possible repititions, which then
yielded 23 papers for further evaluation and analysis. At this point, table outlines were
constructed.

iii. The concepts in the category research content emerged gradually by analysing the publications.
Each publication was classified with keywords, summarising the content in a coarse way. The
final concepts are subsequently explained as follows:

a. Concept/construction: publications where a maturity model is developed (conceptual)
or constructed (design-oriented),

b. Description: publications where existent MMs are described for presentation purposes
or as applicable methods or instruments,

c. Mapping/comparison: publications where existing MMs are compared and mapped to
each other or to other maturity evaluation concepts,

d. Assessment: publications where the maturity of industries, organisations, etc. is
assessed (not the assessment, in terms of validation, of the model itself),
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e. Transfer: publications where an existing maturity model is applied to another domain or
research field without changing the model or developing a new one,

f.  Empirical study: publications where an empirical study (qualitative, quantitative, and
mixed) has been conducted to develop, apply, or validate MM, assessments, or other
purposes,

g. Theoretical reflection: publications where theoretical implications of MMs are
discussed; for example, applicable theories, measurement approaches, theoretical
benefits, and others.

h. Others: publications that could not be classified into any of the aforementioned
concepts.

Based on these premises, 23 publications published between January 1998 and March 2022 were
initially retrieved using the Scopus search string formation. The Scopus database was used because its
literature is indexed from a variety of disciplines, journals are ranked by their h-index, and content is
chosen for scientific quality as well as a technical infrastructure to guarantee full coverage (Baas et al.,
2020). An extra filtration process was utilised during the screening process to ensure that all extracted
publications were related to the study's objective. This stage led to the removal of publications that were
published between 1998 and 2000, owing to the misalignment with ImT application in the construction
industry and in the context of maturity model, hence did not address the primary research objective.

[ PHASE 1: DEFINE SEARCH KEYWORDS ]

model" ) AND ( "immersive technolog™ OR "augmented reality" OR "mixed reality"

(( "technology readiness" OR "technology readiness level" OR "maturity" OR "maturity
OR "virtual reality" ) AND (“construction” OR "construction industry” ) )

[ PHASE 2: RUN SEARCH IN DATABASE ]

SCOPUS
37 papers

RESEARCH AREAS:
Engineering

:
; T
« Social science BPARELs

Computer Science
« Management

Total output: 32 papers

[ PHASE 3: SCREEN ARTICLES ]

UNDER EXCLUSION CRITERIA

ARTICLE TYPES + Articles written in a language other
INCLUDED than English
= Articles « Articles not related to Immersive
* Review technology
« Conference Review « Articles not related to maturity model
« Conference Paper « Articles without full text

[ 23 papers were sel d for data i ]

Note: In phase 1, the asterisk symbol used in the keyword “immersive technolog*” will assist in the search for
muitiple character such as technology, technologies, etc

Figure 1: Four-stage SLR process.

2.3 Scientometrics analysis

The papers selected from Scopus were subjected to scientometric analysis. The VOS viewer software
was used to build and visualise bibliometric networks based on citation, bibliographic coupling, co-
citation, or co-authorship connection indicators throughout the specified topic area from journals,
researchers, or individual publications (DeGroote, 2023). This approach helps researchers to identify
particular concerns, generate subject themes within a given area, and specifically, determine the amount
of representation of relevant studies within the field. This, in turn, makes it easier to identify important
research streams and future research objectives. This analysis approach was employed in this study to
gain deeper insights into and comprehension of the phenomena under scrutiny within a range of studies
(Adekunle et al., 2022).
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3. RESULTS AND DISCUSSIONS

The final sample included 23 publications that presented the maturity model used for ImT application in
the construction industry. These publications comprised 22 original research (i.e., 20 journal and 2
conference publications) and 1 review publication. Figures 2a, 2b, 2c and 2d illustrate the total number
of publications by year, country, subject areas, and papers that related to developed MMs, which may
provide an indication of how much research has contributed to the deployment of MMs for ImT
application in construction.

To get an overview of the trends in MMs research, the papers in the study were analysed by the year of
publication. The publications were evenly distributed over the years until 2018 (with an average of one
paper per year), as can be seen from Fig. 2a, after which the number begins to rise gradually. The
development of the maturity model for ImT in construction began in 2000 with the assessment studies
on VR applications; the library-based approach, straightforward translation approach and database
approach, which were used as tools to improve construction processes for data organisation. Although
the development of a maturity model for ImT application has been established since 1998, there are no
publications relating to the maturity model for ImT application in construction for that timeline. One of
the reasons for this underrepresentation is that the concept of ImT was still undergoing notable
development, with education and training as the main area of application (Mencke et al., 2017). The
number of yearly publications stayed around one until 2018. In 2019, it appears that the subject began
to garner attention and there was a considerable increase in the number of publications. This is
demonstrated by additional papers in 2019 and 2021, which produced 3 and 8 papers, respectively.

In Figure 2b, China and the United Kingdom (UK) generated the most papers based on the first author
of the paper published, contributing four publications each. A reasonable justification would be that the
UK has been leading the research and technology advancement in visualisation for a number of years.
According to the Institute of Personnel (2020), digital learning was extensively available in the UK prior
to the COVID-19 outbreak, with more than 200 businesses offering online learning for adult learners
with low to intermediate abilities. Meanwhile, three publications originated from Denmark, with nations
such as Australia, Canada, Vietnam, France, etc., contributing one publication each.

)7 2010 8 2019 2020 202

2000 2005 20 12 2013 2017 2018 ¢ 1 2027

s Number of Paper Publshed by Year = Number of Paper Publshed by Different Countrie

(a) (b)
2 Papers, 9%

5 Papers,
12 Papers, 22% mputer Scier
52%

4

Papers,
7%

©)

Fig. 2: Descriptive data: (a) Distribution of papers by year, (b) Distribution of papers by different
countries, and (c) Distribution of papers by subject area

Fig. 2c shows the distribution of publications across four of the most relevant subject areas, where it
can be seen that engineering (12 papers, 52%) was the most contributing subject area, then followed
by Computer science (5 papers, 22%). Management (4 papers, 17%) subject area had the third highest
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contributions to maturity model for ImT construction. Social science (2 papers, 9%) appeared as the
least contributing subject area, based on the database and search strings applied in this study.

The matrices in Fig. 3 link the maturity model development concept (8 domain contents), the model
application objective (18 application domains) and the model validation method (7 domain methods).
The colour in the circle corresponds to the number of publications found for a given combination. The
maturity model objective categories in the middle can be read in combination with the charts on the left
and right. The bottom left chart in matrices shows the relationship between the maturity model
development concept (refer 2.2 for the description) and the maturity model objective, while the right side
shows the relationship between the method used to validate the model and the maturity model objective.
The matrices show where the studies are concentrated. It indicates that the primary maturity model
approaches for ImT application in the construction industry have mainly focussed on safety training
among empirical studies and concept/construction research content, which released 2 papers in each
area. The matrix on the opposite side shows the combination of the maturity model approach and model
validation method. Researchers used questionnaire surveys (5 publications) to validate the MMs for a
variety of purposes, including safety training, virtual learning environment, digital technologies, decision-
making, and maintenance and quality management. The findings showed that the second most popular
data collection approaches were via interviews and experiments, with 4 publications in each category.

Maturity Model Objective {18 Domains)

2 2 1. Safety Training (4 Publications) 1 1 2
1 1 2 Visualisation (3 Publications) D@ 1
1 3. Communication (2 Publications) 1
1 4 virtual learning environment (1 Publication) 1
1 5. Digital knowledge (1 Publication) 1
1 6. Decision making (1 Publication) 1
1 7. Construction planning (1 Publication) 1
1 8. Project controls programs (1 Publication) 1

9. Integrated Project Delivery (IPD) implementation (1 1
Publication)
1 10. Continuous improvement (1 Publication) 1
1 11. Maintenance and Quality Management (1 1
Publication)
1 12. Pedagogical delivery methods feducation (1 1
Publication)
1 13. Localisation (1 Publication) 1
1 14. Mechanical Model / Development model (1 1
Publication)
1 15. Audio-visual presentation characteristics (1 1
Publication)

1 16. Virtual Personality (1 Publication)
1 17 Landscape creation (1 Publication) 1
1 18. Virtualisation (1 Publication)
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Notes:
1. A circle's size represents the number of publications it has.
2. Numbers inside the circles indicate the number of articles related to each domain.

Fig. 3: Relationship between model application objective, maturity model development concept and
method used to validate the model.

Meanwhile, Fig. 4 depicts the relationship between the maturity application objective, developed
maturity model, and model validation status. The majority of MMs are still undergoing validation.
Interestingly, even though four publications demonstrate their objectives for safety training, these MMs
introduce new concept, including three publications that require further validation and one publication
that has been validated. Other publications, on the other hand, have been dominated by their own
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concepts in developing model and have certainly not been validated. The paper revealed that many
researchers have focused on developing new models rather than considering the use or enhancement
of existing ones. A large number of researchers with their own (own/other) maturity model is not
surprising given the limitations of research publications or non-academic application reports. These
models do not look holistic or systematic due to their limited understanding (Olugboyega O & Windapo
A, 2019). This makes it difficult to assess the reliability and robustness of the model. It is also difficult to
identify the best model for a given problem. Moreover, the lack of standard benchmarks makes it difficult
to compare models objectively. The Quality Management Maturity Grid (QMMG) and Building
Information Modelling (BIM) model are the most recognised MMs. The other types of MMs, although
widespread in practice, seem hardly significant for research. The matrices also showed that the BIM
maturity model was mentioned in two publications about mechanical model and continuous
improvement. One validated publication referenced virtual personality and was covered by Maslow's
hierarchy.

Maturity Model Objective

4 1. Safety Training (4 Publications) 1 3
2. Visualisation (3 Publications) 1 2
1 3. Communication (2 Publications ) 1
1 4_\irtual learning environment (1 Publication} 1
1 5. Digital knoweledge (1 Publication) 1
1 6. Decision making (1 Publication) 1
1 7. Construction planning (1 Publication} 1
1 8. Project controls programs (1 Publication) 1
9. Integrated Project Delivery (IPD} implementation (1
1 Publication) 1
1 10. Centinuous improvement (1 Publication ) 1
1 11. Maintenance and Quality Management (1 Publication) 1
1 12. Pedagoegical delivery methods /education (1 Publication} 1
1 13. Localization (1 Publication) 1
1 14. Mechanical Model / Development model (1 Publication) 1
1 15. Audio-visual presentation characteristics (1 Publication) 1
1 16. Virtual Personality (1 Publication) 1
1 17. Landscape creation (1 Publication) 1
1 18. Virtualisation (1 Publication) 1
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Motes:
1. A circle's size represents the number of publications it has.
2. Numbers inside the circles indicate the number of aricles related to each domain.

Fig. 4: Relationship between maturity model objective, developed maturity model, and model validation
status.

Fig. 5a shows an overlay visualisation used to optimise academic research trends using keywords from
the literature between 2014 and 2022. This helps to identify the target subject areas where the maturity
model has been applied over the past decade, which in turn, assist researchers to find future research
directions. As shown by the colour key in the map's corner, the keywords are colour coded according to
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the publication year. The circle's colour denotes the time period when the keyword was most frequently
used; darker colour indicates more prevalence in older studies, while lighter indicates most recent
studies. The keyword "virtual reality" was centred in the map and had the strongest relationship with the
other keywords. As can be seen, it’s larger size of the circle covered the largest number of journals, and
it's the linkage covered to a variety of subject areas in the construction industry.

In studies conducted prior to 2012 and up to 2014, terms such as "computer assisted design", "computer
simulation”, and "visualisation" were more prevalent, indicating that researchers paid greater attention
to these themes. Between 2016 and 2018, the majority of publications were related to engineering
education, augmented reality, and technological readiness. From 2018 to 2022, there is a new path in
academic concentration is indicated by keywords like "e-learning”, "architectural design," and "safety
training," which emerge while the "building information model" remains to appear in a recent publication
indicates that researchers are exploring the potential of ImT in the architecture and engineering in the
construction sector.

As shown in Fig. 5b, it was observed that MMs have recently migrated to ImT application areas involving
"technology readiness" along with "virtual reality" and "safety training” from 2020 onwards. The
keywords colour code indicates their similarities and relationships, while the size of the circle suggests
weighting which is a function of documents, citations, or occurrences (Jan van Eck & Waltman, 2022).
This close map has provided a twofold direction, that the "virtual reality” keywords have a strong link
with "technology readiness" and the far distance yet shows an initiative effort between "technology
readiness" and "safety training”. It also indicates that, despite the widespread use of virtual reality in the
construction industry, current research on developing a maturity model for ImT applications for safety
training is still in its early stages in recent years.

Enlarge view of ImT. application in construction that
linked to safety training

related to safety training.

For evaluating the maturity level of immersive training, an assessment and evaluation instrument is
needed. It is worth noting that a recent study has shown that the Technological Readiness Levels (TRL)
model is being applied extensively across the world to assess the technological readiness of opportunity-
driven projects (Judi HRL, 2022), but none of the papers has been evaluated on this model during the
review process. This model was originally proposed by the National Aeronautics and Space
Administration (NASA) as a type of measurement system for assessing the maturity level of a particular
technology (Dixon et al., 2018; Salazar et al., 2020). The scale originally had seven levels but was
subsequently upgraded to a nine-level scale, ranging from level 1 (basic observed and reported) to level
9 (actual system proven through successful mission operations) (Uflewska et al., 2017). The TRL scale
is regarded as an effective tool to assist the successful deployment of technology. This is useful in the
context of product design, where teams must plan, know how long it would take to advance to a certain
level of TRL, and project the resources required (Islam, 2010). Moreover, it would also be useful for
appraising the stakeholder role (people), management procedure (process), technology (infrastructure)
and cost (financial), as clients need to evaluate how big an investment could be, or what impact a
technology may have. Although it has been developed and much research have advocated for its
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application in several industries such as nuclear, manufacturing, and aerospace, its use in the
construction industry is still limited. Thus, further investigation is required.

4. CONCLUSIONS

Effective safety training is critical for safety performance and outcomes. However, training interventions
have not consistently resulted in the expected gains for worker safety readiness. The systematic review
conducted here discovered not only the status but also trends of MMs that focus on ImT application in
the near future. 23 publications from Scopus database were consulted, with most of them being
published between 2019 and 2021. The review also revealed that the majority of the studies
investigating the development of MMs for ImT application in the construction industry originated from
United Kingdom, China, and Australia. Furthermore, the study found that MMs of ImT application in
construction have 18 different objectives, and safety training is the most studied objective. In particular,
most of the MMs developed for evaluating the readiness of ImT for safety training focused on developing
new models rather than building on existing well-established MMs (e.g., CMMSs). Yet, most of those new
models have not been validated. In addition, based on the scientometric analysis of this study, it
indicated that there is a growing number of MMs of ImT application in safety training in recent years. All
these suggested that more research is needed in this area to evaluate the effectiveness of adopting ImT
in safety training.
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Abstract

There is an unclear consensus into the most effective methods of teaching, training, and educating
construction health and safety. Within construction workplace training and construction tertiary
education, researchers have called for greater use of participatory methods. Role-play is an innovative
participatory technique that could be used within both workplace training and tertiary education. This
study aims to identify scenarios where role-play could be effectively used in construction health and
safety education. A review of health and safety studies that have used role-play was undertaken. This
helped inform where role-play could be effectively implemented within construction. The results found
that role-play had been effectively used for teaching in: daily workplace practical skills, coping with crisis
or emergency situations, mental health training and transferring of safety knowledge. These four themes
can be translated into the construction sector, since the industry requires an abundance of practical
skills, experiences accident and emergency situations, has a poor record with mental health, and still
requires effective ways to transfer safety knowledge. It is recommended that future construction
research work implements and evaluates role-play techniques used within these identified scenarios of
practical construction skills, emergency situations, mental health training, and safety knowledge
transfer.
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1. INTRODUCTION

Health and safety (H&S) education and training are fundamental in creating a safe working environment
[1] [2] [3]. In prior work, it has been contended that passive pedagogical methods should be replaced
with training techniques that encourage participation of construction employees [4] [5]. Similarly, within
construction education in the tertiary sector, it has proposed that there should be greater use of more
participatory teaching methods including: role-play [6], problem-based learning [7], and interactive
teaching methods [8].

Role-play has been highlighted as a way of equipping construction students with the skills required for
the profession through an active learning environment that balances theory and practice [6]. Despite
having promise as a teaching method, role-play has not received attention in construction research
studies. Indeed, there is a clear lack of understanding into the use of role-play within construction safety
education. To begin to fill this gap in knowledge, this study aims to: identify role-play scenarios that
could be successfully implemented for teaching construction safety. This insight could also be useful for
identifying and informing role-play scenarios for construction workplace H&S training.

2. HEALTH & SAFETY TRAINING AND EDUCATION

Occupational health and safety (OHS) professional education has advanced significantly in recent years
with certification of OHS practitioners and professionals, the development of an OHS Body of
Knowledge, and an accreditation of OHS professional education at universities [2]. The relevance of
H&S education and training is not only limited to OHS professionals, with prior research identifying
different safety leadership behaviours to support training managers and leaders [9], as well as identifying
the different H&S training needs that operators and managers have [10].
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Previous H&S literature has evaluated types of OHS training, examined the role of the trainer, and
highlighted limitations, drawbacks, and challenges in the delivery of effective OHS training (see [11] [12]
[13] [14]). While within the body of OHS literature, innovative learning methods such as team working,
real-life case studies, and blended learning have been found to being useful techniques for teaching
OHS [15], there is still a lack of clear consensus within research on the most effective ways to teach
H&S. This lack of understanding remains problematic for the construction industry, who have high
accident rates and a variety of degree programs, including civil engineering and construction
management, where construction H&S education is vitally important.

Within the construction sector, training sessions are one of the most common ways to transfer safety
knowledge [16]. Previous studies have investigated various types of training including: first aider training
and safety knowledge [17], mental health training [18], virtual reality safety training [19] and supporting
emergency management training [20]. However, despite efforts to educate and train, the construction
industry remains one of the most dangerous places to work [21] [22] [23]. There are physical health
conditions emerging from noise, dust, and heat [24], mental health conditions arising from high demands
and lack of resources [25], and safety incidents that can be observed through the high accident rates
within the industry [4].

Training methods that are active, rather than passive, have been associated with stronger impacts on
OHS awareness [26]. One active approach of training and teaching is through the use of role-play
techniques. There are challenges to navigate with role-play, such as students not engaging in the role-
play [27], potential embarrassment, and poor acting skills [28]. However, role-play has been proposed
as a potential effective teaching approach for the construction industry [6], which requires both
theoretical understanding and practical skills. It also has been recommended that further research into
construction health and safety training is required [29] and that the tertiary educational sector needs to
participate as one of the remedies for OHS training reforms in the construction sector [30]. By exploring
the potential use of role-play as a training and educational tool, this study will begin to address a
knowledge gap and contribute to the body of construction H&S literature.

3. RESEARCH METHODS

A review was undertaken to gather insight for the implementation of role-play within construction safety
teaching, training, and education. The review aimed to identify relevant articles on both role-play and
health and safety. A search on Google Scholar of articles since 2012 included the terms: ‘role-play
safety’; ‘role-play health’; ‘role-play hazards’; ‘role-play accident’; and ‘role-play risk’. Both the
hyphenated ‘role-play’ and ‘role play’ were used in these searches. Google Scholar was chosen as the
primary database, as relevant health and safety papers would be in multidisciplinary fields. To
supplement this approach, the database ‘A+ Education’, was also searched since role-play educational
approaches were of interest, as was ‘Elsevier ScienceDirect’, since leading health and safety journals,
such as Safety Science, are within this database.

The articles that were included had to have used role-play within health and safety research. There were
37 articles identified that met the inclusion criteria of this relevance to health and safety research, as
well as being in English and published in a peer-reviewed journal. All articles were scrutinised for
meeting this inclusion criteria, with some articles excluded, such as Matthews et al.’s [31] conference
paper on role-play in a mental healthcare setting and Dohaney et al.’s [32] book chapter on the use of
role-play in a volcanic crisis (since both not published in a peer-reviewed journal). The articles that met
the inclusion criteria were thematically analysed to identify key themes on where and how role-play
methods were being used for health and safety education. The outcomes of these studies were also
captured within this analysis. There were four key themes that emerged from the data, which were
labelled: ‘role-play for daily practical skills’; ‘role-play for crisis or emergency situations’; ‘role-play for
safety knowledge and interventions’ and ‘role-play for mental health training’.

4. FINDINGS

The results found 37 peer-reviewed articles that involved role-play methods for health and safety. The
papers were predominately within the healthcare sector (23), though other sectors were represented
such as the military [33], manufacturing and transportation sectors [34]. Other role-play work explored
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public safety within society, such as child safety [35], vulnerable people in public [36] and safety in
disaster situations [37]. Within the construction sector, there was only Martin et al.,’s [38] work, who
argued that the use of role-play in engineering ethics education is an effective way to broaden case
studies, with participants considering multiple perspectives due to the role-play, including safety. Aside
from this study, there were no relevant articles found within the construction sector, highlighting a clear
gap in knowledge. The following subsections provide an overview of the results (and relevant papers)
on the four key themes that emerged:

4.1. Role-play for day-to-day practical skills

Role-play teaching methods were often used to educate students on practical skills that they would need
when entering to workplace. For example, within the healthcare sector coached role-play (with goal-
setting) proved an effective approach to teach medical students an interview examination that covers
suicide/depression and safety amongst other topics [39]. Further, the use of role-play has been
recommended as an effective educational method in teaching students the SBAR (Situation-
Background-Assessment-Recommendation) technique [40] [41] [42], which is a standard tool for
building effective communication to avoid errors that could endanger patient care.

Other studies within the healthcare sector, concluded that: the role-play simulation is an effective
educational approach for teaching handover techniques [43], that role-play had a positive impact on
improving medication communication skills for future clinical practice [44], that physiotherapy students
reported their confidence and preparedness for clinical placement higher post role-play intervention [45]
and that role-play was found to being a cost-effective method that provided a unique learning experience
which allows for the incorporation of non-verbal interactions of care [46].

Role-play has also been successfully adopted to improve teamwork. For example, Ferrero et al. [47]
designed a role-playing game to foster stakeholder collaboration in Water Safety Plans. In healthcare,
participants reported improved understanding of an unfamiliar and challenging role-play scenario that
required collaboration, communication, and situational awareness to improve patient safety and reduce
risks [48]; and amongst community health volunteers role-play resulted in positive experiences,
teamwork spirit, learning from one another, and increased motivation [49].

4.2. Role-play for crisis or emergency situations

Role-play has also been found to be useful in situations of emergency and crisis. For example, Thomson
et al. [50] developed a simulation-based emergency training course involving role-play for new
psychiatry residents, who need to rapidly acquire the clinical and team-working skills to manage
psychiatric emergencies. The training was well-received with statistically significant increases in
confidence in both non-technical skills and clinical skills found between pre-course test and post-course
test results.

Research into time-critical situations, such as telephone conversations in the emergency department
[51] [52], revealed that participants reported the role-play approach had increased their confidence,
knowledge, and that the less experienced were able to learn from the more experienced. Other time-
critical studies also found positive shifts of self-perceived abilities, such as research into role-play for
educating tertiary geoscience students to forecast and mitigate a volcanic crisis, as well as delivering
media releases, and real-time, high-pressured, press conferences [37]. In situations where there is loss
in emergency situations, it has been found that role-play scenarios led to a self-reported increase in
comfort, knowledge, and competence in communicating difficult news of death and poor prognosis to
family [53].

4.3. Role-play for safety knowledge and interventions

Role-plays were found to being effective teaching methods for transferring safety knowledge to
vulnerable members of the community, such as the intellectually disabled and children. For example,
through role-play all students with a moderate intellectual disability learnt safety skills when lost in the
community [36]. Another study (see [54]) investigated individuals with Williams syndrome (where
increased sociability towards strangers is displayed leaving them socially vulnerable and potentially
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unsafe). Prior to a role-play intervention, only 14% of participants walked away from a stranger. This
rose to 62% following role-play safety skills adopted from the role-play.

Studies into food safety for children found that role-play could significantly improve attitudes and skills
of school children with food safety [35], especially when coupled with high levels of parental knowledge
[55]. Role-play has been effectively used to significantly increase the level of knowledge of school-age
children into the prevention of child sexual violence [56]. It has also been used help evaluate training
children gun safety skills [57] and has been proposed as form of treatment following a traumatic
experience, since it can allow children to experiment with different roles and gain control of their
experience to feel safe again [58].

Within healthcare, it has been reported role-play teaching approaches for ‘speaking up for safety’ early
in a nursing students’ tertiary education can have important psychosocial implications for their
confidence, empowerment, and success [59]. Further, role-play has been effectively used as a safety
intervention through the implementation of a WHO Surgical Safety Checklist (see [60]). The role-play
led to both high completion rates and high staff satisfaction. In another study on nursing students, hazard
prediction scores were found to being significantly higher in the role-play group, demonstrating safety
knowledge transfer [61]. Significant increases in safety knowledge have also been found in other non-
healthcare settings, including the manufacturing and transportation sectors, following role-play training
[34].

4.4. Role-play for mental health education and training

Role-play was also reported as an effective technique for mental health education and training. For
example, role-play was found an effective approach for mental health providers serving the military [33]
and was a highly effective pedagogy for nurse bullying [62].

In a study on nursing for psychiatrically ill patients, Dawood [63] (2013) reported that although doing a
role-play can create initial fears and anxiety amongst students, the process of role-play brought many
benefits including: improved communication, active participation and teamwork, the integration of theory
and practice of psychiatric nursing, as well as overcoming fears, doubts, and anxiety around real-life
nursing care practices.

Role-play provided participants with both an initial exposure to individuals with mental health challenges,
and an opportunity to repeat and refine their skills. For instance, a role-play involving students in a
hearing voices scenario, and provided an opportunity for them to practice their skills in preparation for
their first mental health clinical experience [64]. Whilst a repeated practice of virtual role-play improved
teacher’s communication skills for intervening with bullying.

It has also been proposed that virtual role play had benefits over traditional as scenarios could be
replayed multiple times [65], that the effectiveness of virtual reality simulation or traditional clinical role-
play scenarios do not differ [66], and that repetition of online role-play was useful for effectively learning
for mental health communication skills [67].

5. DISCUSSION

This review of literature aimed to identify where role-play had been effectively used in broader health
and safety studies to inform potential avenues for use within construction health and safety education,
teaching, and training. The healthcare sector was clearly the most advanced in terms of having a
growing body of literature on the use of role-play as a teaching method. The results revealed four main
themes where role-play was used for teaching. These included: performing daily practical skills within
the workplace; coping with crisis or emergency situations; mental health training; and improving safety
knowledge.

When considering using role-play as a teaching method, it is initially important to identify the scenario
that role-play could be effectively implemented. These four themes above highlight where role-play
could be potentially used within sectors, such as construction, that have yet to develop a body of
knowledge on role-play for teaching, training, or education. For example, role-play has been found in
broader literature, particularly in healthcare, to be useful for teaching students’ practical skills within the
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workplace, as well as improving their confidence and preparedness for the workplace. While within
healthcare this was for sector-specific tools, such as SBAR [40] [41] [42], this could translate to daily
practical tools used within the construction sector, such as undertaking a role-play teaching how to do
Safe Work Method Statements or pre-task risk assessments.

As well as these daily practical skills, role-play has been successfully used as a teaching method for
crisis and emergency scenarios. For instance, studies found role-play useful for time-critical
communication in an emergency [51] [52], delivering real-time, high pressured new conferences during
a natural disaster [37] and for delivering difficult news of death and poor prognosis to family [53]. These
scenarios all have potential to also be of use within the construction sector. For example, in the event
of an accident on a construction site, an emergency phone call scenario would likely emerge. There
could also be media interest if the accident was significant, or the construction project was under public
scrutiny. Thus, role-play techniques for teaching how to deal with the media could also be of use.
Considering the high fatality rate in construction, as well as other major injuries that occur, there is also
potential for construction professionals to have to deliver difficult news to family.

Serious accidents and injuries can have a significant mental health toll for those involved. Within this
review, mental health training was another topic that role-play techniques were found useful for. This
included those being trained to deliver mental health training [33], working with those that are mentally
ill [63] [64] and dealing with workplace bullying [62]. Considering the construction industry has significant
mental health challenges [68] and has vulnerable workers, such as apprentices who could be targeted
for bullying [69]; role-plays on the topic of mental health could be a very useful teaching, training, and
educational technique for the construction sector.

Other potential role-play scenarios that emerged from the review included the transfer of safety
knowledge. Studies have successfully used role-play to educate safety to those vulnerable in the
community, such as the mentally ill [36][54] and children [35] [56]. Role-play was also found to being
successfully used for the transfer of safety knowledge in organisations [34], as well as for safety
interventions [60] and to improve hazard identification [61]. Teaching safety knowledge, interventions
and hazard identification are also clearly relevant to the construction sector, due to its poor health and
safety record. These topics are therefore also identified as potential scenarios where role-play could
provide an effective learning approach.

6. CONCLUSION AND FURTHER RESEARCH

The first step in successfully using role-play in teaching and training is to identify scenarios for the role-
play. Within construction safety education, there is very limited understanding into how role-play could
effectively teach health and safety, despite other sectors, such as healthcare having developed a
growing body of knowledge within this space. This study aimed to use the knowledge gathered in other
more advanced sectors to inform potential scenarios for role-play teaching in construction health and
safety. The results found that those considering implementing role-play techniques within construction
education should consider role-play for: daily workplace practical skills (e.g. SWMS), coping with crisis
or emergency situations (e.g. serious accident), mental health training (e.g. bullying) and transferring of
safety knowledge (e.g. hazard identification). It is recommended that future construction research work
implements and evaluates role-play techniques used in these identified scenarios.
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Abstract

The construction industry generates jobs for large numbers of people and makes up about 12 percent
of the global gross domestic product (GDP). Even though labour conditions vary widely throughout the
world, construction represents one of the most dangerous industries. Construction safety intends to
prevent people from dying or becoming injured. International Labour Organization estimates that losses
of GDP due to this type of accidents represent about 4% of GPD. On the other hand, every construction
site is different, unique. It is influenced by many internal and external factors that affect the execution of
construction works. The proper training and teaching process can lead to the reduction of occupational
accidents and hazards. The education system is increasingly part of the digital transformation of society,
which can take advantage of its benefits and opportunities. We are witnessing society's demand for
online education and increasing people's digital skills in the field of health and safety in construction.

The aim of the paper is to present an interactive educational tool for the design of a safe construction
site using a universally interoperable virtual environment which was developed as part of an educational
project supported by the Erasmus+ program. Training tool allows to identify the safety risks during the
implementation of construction works and propose measures for their elimination in virtual reality. The
emergence of possible safety risks is identified in six groups of scenarios (e.g. fall hazard, tripping
hazard) describing 18 dangerous situations on the construction site. A significant benefit of the
developed tool is its dynamic dimension, which allows each user (instructor, teacher) to create their own
hazard scenarios and their own construction site environments by building information model. The
developed educational tool can be used without installing additional software, only with the support of
an internet browser on any device (smart phone, PC, tablet).

Keywords: Construction, safety, education, virtual reality, digitization

1. INTRODUCTION

Architecture engineering and construction (AEC) belongs to an important part of the European Union
(EU) economy. AEC activities contribute to about 10% of GDP in the European Union and create 20
million jobs [1]. On the other hand, AEC presents represents a dangerous working environment for all
stakeholders. In addition, it is characterized by the following features:

- each building and each construction site are unique,
- more contractors are interested in construction project implementation,
- more contractors and subcontractors participate in construction process,
- construction process requires its own production place (construction site),
- construction process has stationary character — people, machines, products ,follow* the
construction,
- construction process requires many workers — in terms of number of workers, as well as
professions,
- main construction works (earthworks, foundations, framework) are influenced by weather
conditions,
- relatively long duration of construction — project implementation.
These aspects confirm the fact that AEC represents one of the most dangerous industries from the point
of view of occupational health and safety. The construction site is a dynamic and complex environment,
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which makes it difficult to manage and monitor. Ensuring a safe working environment, i.e. the
construction site and the construction process, prevents working accidents and even deaths. It is a
socially actual issue. According to the Occupational Safety and Health Administration (EU-OSHA) in
2020, more than a fifth of all fatal accidents at work in the EU took place within the construction sector
[2]. It also represents an economic problem, costing about 4% of world GDP [2]. In the XXI. century, it
is unacceptable for a worker to be fatally injured during the implementation of his work. Safety
challenges are particularly significant for new and often low-skilled workers due to a lack of training.
Injuries and accidents occur because workers are not properly trained in occupational safety [3, 4].
Every construction site is different, so it is necessary to train technicians, workers and engineers on the
potential risks that can arise from each new environment [5, 6]. In order to prevent the emergence of
safety risks on construction sites, it is not possible to rely only on traditional, current measures for their
prevention [7].

There is a solution. The construction industry complies with the concept of Industry 4.0 and provides
significant space for the application of the latest trends, knowledge and technologies in the field of
Smart&Safe solutions. One of the possible ways of applying this idea is the field of digitization and
automation of construction related to the design of an intelligent construction site and the monitoring,
identification and elimination of safety risks. It is necessary to solve it already in the educational process
by using current innovative elements and approaches. Educational project “Construction Safety with
Education and Training using Immersive Reality” (CSETIR) dealt with the development of interactive
educational tool for the design of a safe construction site using a universally interoperable virtual
environment.

2. CONSTRUCTION SAFETY WITH EDUCATION AND TRAINING USING
IMMERSIVE REALITY (CSETIR)

The education project CSETIR was developed as part of an educational project supported by the
Erasmus+ program. The civil engineering faculties of universities from Slovakia, Croatia, Portugal and
Greece was involved as project partners. The opinions and experience of construction practice were
implemented in the project through the representative of a construction company from Croatia. The
following chapter provides information about the given project, its goals and outputs.

2.1. Project CSETIR - project goals

The CSETIR project was based on the synergy between higher education institutions and
representatives of construction practice. The goal was to introduce the use of intelligent technologies in
the proper training process for the elimination of safety risks in the construction industry. The effort is
the implementation of digital tools that enable the creation of a virtual environment that simulates
construction scenarios and enables teachers, instructors, technicians and engineers to identify and
prevent safety risks.

The aim of the project was also to improve the exchange of knowledge between representatives of the
three sectors with the aim of innovating approaches to accident prevention through effective cooperation
between researchers in the field of virtual reality and construction companies. The CSETIR partnership
has developed innovative and interactive VR/AR (virtual and augmented reality) solutions for the
prevention of construction site accidents. CSETIR has created a useful tool for teachers, technicians
and engineers that can be used in any construction project. The created digital tool with study materials
is accessible online on the web site. The project solution supports the horizontal priorities of the
Erasmus+ program: (i) supporting individuals in acquiring and developing basic skills and key
competences, (ii) tackling skills gaps and mismatches; (iii) promoting and rewarding excellence in
teaching and skills development. Project is aimed on three topics: ICT - new technologies - digital
competences; new innovative curricula/educational methods/development of training courses; health
and wellbeing.

2.2. Project CSETIR — project outputs

The CSETIR project was focused on the creation of a digital education tool for the elimination of safety
risks on the construction site. To create the tool, it was necessary to process the following partial outputs:

- needs analysis,
- safety risks scenarios,
- development of interactive educational tool,
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- training manuals.

2.2.1. Needs analysis

An analytical part provided input information for the solution of the project. It was focused on choosing
a suitable VR/AR environment and finding training methods at all levels of qualifications.
Based on systematic and literature reviews done by project participants, on involvement in several
international meetings and conferences focused on H&S, in construction sector contributions, several
conclusions and guidelines became clear. The research analyzes were mainly focused on tools of BIM-
based augmented reality/virtual reality (AR/VR) which can be used as a working environment for
development of the interactive educational tool. The selection criteria were set as:
- isthe tool available for use,
- isthe tool proprietary or freely available, and if proprietary is it affordable,
- what are the hardware requirements (for computing power),
- is any additional special hardware needed (i.e. special hardware elements, not including Head
Mounted Displays (HMD)),
- does the tool have a desktop version in addition to a full virtual environment,
- does the tool have a smartphone version (i.e. for Samsung Gear) in addition to a full virtual
environment,
- does the tool support multiple platforms (supports more HMD’s such as HTC Vive, Oculus Rift,
etc.),
- does the tool require additional supporting software, and if yes, is it available to use,
- how detailed and realistic can the virtual environment be,
- how simple is the tool to install and to use,
- does the tool support multiple users in VR at the same time,
- how simple would it be to replicate the research results outside the project partners’ institutions,
- is the tool appropriate to teach Health and Safety related topics,
- what hazards/scenarios are available in the tool,
- does the tool support the import of user generated BIM models,
- does the tool support creating additional scenarios,

- does the tool have open source, enabling modifications to suit the user’s needs.

Tab. 1: Summary analyzed tools of BIM-based augmented reality/virtual reality [8-17]

TOOL CRITERIA

A B C D E F G H
1. 3M YES YES NO NO? NO YES NO YES?
2. CAT YES YES NO NO? NO NO NO YES?
3. SRI YES NO NO NO? NO NO NO YES?
4. SAFETY COMPASS YES NO NO YES NO NO YES YES?
5. LANDMARK VR YES YES NO YES NO YES NO YES?
6. FULMAX CUBE YES YES YES YES NO N/A NO YES?
7. VISUALIZATION YES YES YES NO? NO YES NO YES2
TECHNOLOGIES IN SAFETY
PLANNING AND MANAGEMENT
8. SMVS YES YES YES NO? NO YES NO YES?
9. OSHA PIXO YES YES NO NO1 NO YES NO YES?
10. LIRKIS G-CVE YES YES YES YES YES YES YES YES

Criteria: A - The tool is available; B - The tool is suitable to teach health & safety (H&S) topics; C - Ability to create and
customize scenarios; D - Possibility to have multiple users in VR, E - Has open source; F - Supports various HMD’s; G - Has
mobile and desktop versions; H - Possible to use and to replicate in outside the project partners’ institutions
Notes: 1 Only one user in VR, however others can watch on a separate screen; 2 Possible, but the intended user needs to buy
the software and/or special hardware

Ten tools of BIM-based AR/VR were analyzed considering the selected evaluation criteria (Tab. 1). The
result of the evaluation analysis was the selection of a suitable tool for solving the project. The
development of interactive educational tool for the design of a safe construction site using a universally
interoperable virtual environment was implemented in LIRKIS G-CVE environment which present web-
based collaborative virtual environments. This VR collaborative virtual environment allows interaction in
virtual space among more participants that may be spread over large distances. Globally, multi-user

117



CIBW099W123 | Digital Transformation of Health and Safety in Construction | 21/22 June 2023 | Porto, Portugal

groups can participate together in one completely immersive virtual environment to achieve goals.
Distributed virtual environments can be purposely used as training tools for real-time 3D simulations or
scenarios. The main benefits of G-CVE tool are: (i) multi user, (ii) no expensive SW/HW needed, (iii)
web based (only web browser needed), without installation of any software, (iv) work on any operation
system and any device (also with Oculus, HTC, MS Hololens products), (v) switch to VR mode (with VR
headset), (vi) open source. VR environment LIRKIS G-CVE was developed by researcher at Faculty of
Electrical Engineering and Informatics, Technical university of KoSice. LIRKIS G-CVE tool can combine
the requirements of the construction site layout and construction smart management with the VR
collaborative environment. This compatible virtual environment based on web-based VR technology for
the design, monitoring, updating and change of construction conditions will not require the installation
of any software. It will work on any of the currently available hardware solutions for working with VR. An
indisputable benefit of the proposed application (VR based on web based VR technology) is the
possibility of its use in the design of Smart&Safe construction site already in the project construction
phase (as part of the site organization project processing) and also in the construction phase (as part of
the site equipment project) with respect for all necessary aspects of the construction design, in term of
the investor, designer or contractor.

Training was provided for levels 1 to 7 of the European Qualification Framework (EQF) [18]. In terms of
training methodologies the partnership is mostly composed by higher education institutions that are
experienced in training levels 5 to 7. Concerning levels 1 to 4, generally designated as Vocational
Education and Training (VET) the partnership was employ the approaches suggested by European
Centre for the Development of Vocational Training (CEDEFOP) and used by VET providers like
European Association of Institutes for Vocational Training (EVBB) or European Vocational Training
Association (EVTA). The training was based on the outcome based method proposed by Tuning
Academy. All modules and training activities was designed and prepared taking into account the
knowledge, skills and attitudes required. The competences required was defined to face the several
risks and preventive measures adequate for the respective level of qualifications. This outcome based
training will allow to prepare everyone from basic level (1) to master level (7), as follow:

- Level 1 — basic general knowledge,

- Level 2 — basic factual knowledge of a field of work or study

- Level 3 — knowledge of facts, principles, processes and general concepts, in a field of work or
study

- Level 4 — factual and theoretical knowledge in broad contexts within a field of work or study

- Level 5 — comprehensive, specialised, factual and theoretical knowledge within a field of work
or study and an awareness of the boundaries of that knowledge

- Level 6 — advanced knowledge of a field of work or study, involving a critical understanding of
theories and principles

- Level 1 - highly specialised knowledge, some of which is at the forefront of knowledge in a field
of work or study, as the basis for original thinking and/or research [18].

2.2.2. Safety risk scenarios

Construction workers face numerous hazards every day, but some are however more frequent and have
more serious consequences. Due to the limitations of the final training module, not all hazard scenarios
designed to teach safe work practices can be presented to the users in a reasonable amount of time.
Therefore, a prioritizing of hazards was needed as an initial step in the BIM model creation and
construction hazard scenario building process.

Construction injury statistics are often unreliable due to injury underreporting. Most injuries which do not
require immediate assistance of a medical professional and more than a few lost work days are seldom
reported. This is due to contractor’s cost with regards to government penalties, health & safety (H&S)
injury rating, worker compensations, higher insurance premiums and others. Injuries that are always
reported are those with serious consequences, which might skew the total injury type statistics. For
example, all falls from height are reported, while some less severe accidents which happen quite often,
are most likely underreported. Both types of hazards are significant in their own way and both should
be included in safety training tools.

Injury statistics for severe injuries are reliable as they are reported to the authorities. Most frequent
severe injuries are from falls, struck-by accidents, electrocutions and caught in-between accidents, also
called fatal four by the US Occupational Safety and Health Administration. Lower severity injuries are
not often reported to the authorities, but there is however a way to quantify and rank them using tacit
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knowledge contained in either H&S experts’ personal experience or in the contractor's private
databases.

To structure the presentation of those more significant hazards, it was necessary to group them by type
of construction workers who were exposed to the hazards, while the hazards to which all workers can

be exposed to were grouped by injury type and severity rate (Tab. 2).

Tab. 2: List of safety risks scenarios

HAZARD TYPE SCENARIO SEVERITY RATE
1.FALL HAZARD fall from height when working on roof structures high
falling from a maobile scaffold medium to high
fall from ladders low to medium
fall from an unprotected edge medium to high
2.TRIPPING tripping on slab rebar low to medium
HAZARD tripping when walking through the construction site low
3.STRUCK BY angle grinder accidents high
hazards when concreting with a pump medium to high
objects flying in the worker's eyes low to medium
fall of objects from height high
fall of object from a crane high
worker struck by construction machinery medium to high
collision with a vehicle medium to high
trench cave in medium to high
4.CUTS AND table saw accidents medium
AMPUTATIONS
5.0BJECT FALLING | formwork collapsing on a worker medium
ON A WORKER wall and column formwork overturning and falling medium
on a worker
6.ELECTROCUTION | electrocution due to faulty wires or tools medium

2.2.3.

The proposed digital tool for the elimination of safety risks at the construction site in a collaborative
virtual environment enabling interaction in the virtual space between multiple participants; and a
description of the visualization of security risk scenarios. The tool enables a training process for students
(not only) in the field of occupational safety and health on the construction site. Developed tool consists
of 3 inputs (BIM model and construction site, hazard scenario and safety requirements and measures)
embedded and cooperating in a virtual environment LIRKIS G-CVE (Fig. 1).

Interactive educational tool and training manuals

(- VR ENVIRONMENT ‘
SAFETY
BIM MODEL HAZARD REQUIREMENTS
AND SITE SCENARIO

AND
MEASURES

|

TRAINING ENVIRONMENT IN VIRTUAL REALITY

. J

Fig. 1: Elements of the training environment in VR

Training tool allows to identify the safety risks during the implementation of construction works and
propose measures for their elimination in virtual reality. The training strategy is based on visual display
of the safety hazard situations, of preventive measures and simulation of the consequences of adopting
the preventive measure. The particular scenario with safety hazard uses a BIM model in web-based
collaborative virtual environments and preventive measures adequate for each risk using BIM. The
trainee’s avatar, who has completed interactive training, stands on the construction site. VR
environment enables the selection of suitable solutions for a specific safety hazard situation (Fig. 2) [19].
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A significant benefit of developed tool is the processing of the dynamic environment which enables the
creation of specific construction sites by instructors/teachers who do not have to use a static
environment of BIM models of construction and its sites. The design, validation, feedback and
subsequent improvement of the tool environment, identification of critical safety construction processes
and the design of preventive measures were carried out within the framework of meetings of the
international working group, which was made up of experts from the academic environment and
construction practice. Scientific methods, analysis and synthesis of knowledge focused on the VR/AR
environment, construction safety risks and education were used. Validation of the designed educational
tool was carried out through meetings of experts, structured interviews and questionnaire surveys.
Questionnaire surveys were aimed at verifying the choice of safety risks scenario, interactive
environment and ways of evaluating the training process. The initial survey was attended by 46
respondents from universities and construction practice (OHS coordinators, site managers, construction
workers, etc.). The representatives of the International Safety and Health Construction Coordinators
Organization (ISHCCO) and International Association of Civil Engineering Faculties (IACEF) were
involved to the validation process.
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,,,, I — ‘u
Move the lacker because of change e scos

Extond the iaddec 10 the sepropras ST ‘l

MiamEINED

-
-
-
w»
r
£
]

l

A PRI ;“:..- : = . BO

Fig. 2: A: Safety features of construction site equipment (ladder); B: Selection of preventive measure

The processing of training manuals was also an integral part of the developed tool. It presents
instructions (manuals) for the use of a web-based interoperable virtual environment, where it is possible
to create construction sites or upload modeled construction sites with safety hazards. Two types of
training manuals were created - for instructors (teachers) and students (workers, learners),
supplemented with links to video manuals. Manuals were created for both groups, which provide
information about the software and hardware environment of the developed VR tool, the text and figure
guide. The content, scope, arrangement of the training manuals was designed based on cooperation
(meetings) with representatives of academic institutions and construction practice in Croatia, Slovakia,
Portugal and Greece. Their functionality was subsequently verified by employees of selected
construction companies (OHS coordinators, site managers, etc.) and construction workers. Their
comments were incorporated into the final design of the training manuals. Verification was carried out
through structured interviews.

3. CONCLUSIONS

Virtual simulation techniques are not often used in the construction industry for risk analysis and
subsequently in the educational process of students, workers, engineers or technicians. Based on the
discussions and research from the table, it became clear that the implementation of VR/AR tools for the
elimination of safety risks on construction sites can also benefit construction practice. In fact, digital
education and training technologies can be used in the field of health and safety. However, a condition
is the close cooperation of the academic community and construction companies. These facts were an
indication of the involvement of new technologies in the daily operation of the industry with regard to
construction safety. VR/AR have shown potential in the field of research and have subsequently been
implemented as promising tools for education and training.

The solution of the CSETIR project and its results are proof of this. This project offered innovative and
different education and training techniques. VR/AR, BIM and other digital tools have been on the market
for some time and can be used as part of a construction safety solution. The synergy of using practical
experiences and digital platforms based on BIM and VR/AR simulations represents an innovative way
of transferring competence enhancement in the field of health and safety in the construction industry to
various target groups, which makes it possible to prevent risks and support the identification of
dangerous situations.
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CSETIR aims to implement a methodology for collaboration and practice, integrating a broad vision of
the project, where all disciplines create a very close and interconnected communication. The developed
tool supports improved communication, experiential training, a more practical and innovative approach
to learning in an environment that reproduces the future practical challenges and situations. The
transnational character of the project affected the reality of the labor market more globally, different
cultures enabling the universality of results and outputs. In addition, the use of e-learning tools and
digital platforms enabled the development of autonomous learning and training and the exchange of
solutions and case studies between participants.
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Abstract

Research shows that supportive communication in the workplace is critical to construction apprentices’
physical and psychological health and safety. This paper describes the process of developing a digital
role-play game (RPG) to improve the communication between construction apprentices and their
supervisors and co-workers. A participatory design approach was used for developing the RPG.
Interviews were first conducted with apprentices and supervisors to explore characteristics of effective
and supportive workplace communication, which then became the focus of the RPG’s learning
objectives. Three scenarios were developed for the RPG. A unique series of situations were designed,
and specific characters were created for each scenario. When playing the game, players would be asked
to decide how the characters should respond to an unfolding situation. An advisory committee,
comprising apprentices and supervisors, was regularly consulted to seek input for refining the scenarios
during the design process. Scripts were developed for the scenarios, which were subsequently filmed
and digitalised with motion capture technology. Example situations from one of the three scenarios are
introduced in this paper to illustrate the process of developing the digital RPG. The effectiveness of the
digital RPG in improving workplace communication is being evaluated using a before-and-after study
design among construction apprentices.

Keywords: apprentices, construction, communication, role play game, health and safety.

1 INTRODUCTION

1.1 Poor health and safety experiences of young construction workers

Young workers (frequently defined as workers under the age of 25) experience disproportionately high
rates of workplace injuries and accidents compared to older workers [1, 2], especially among young
male workers [3, 4]. Young workers constitute 17% of the Australian workforce in Australia but account
for 20% of all workplace injuries [5]. The risk of workplace injuries for young workers is further elevated
by working in the construction industry. Young construction workers also experience a higher risk of
workplace fatalities than their counterparts in other industries. In Europe, the highest number of
occupational fatalities involving young workers (aged up to 24 years) is recorded in construction [6]. In
Australia, young workers accounted for 8% of fatalities across all industries but 13% of fatalities in the
construction industry during 2016-2020 [7].

Young workers are also susceptible to psychological and mental ill-health when transitioning into full-
time work, especially when employed in poor-quality jobs with high demands and complexity, low levels
of control and low job security [8]. The working conditions in the construction industry are highly
demanding and stressful, making construction a high-risk industry for mental ill-health [9]. Research
shows that young construction workers experience substantially higher psychological distress levels
than their counterparts in the general population [10]. Additionally, young male workers (15-24 years) in
Australia accounted for 14.6% of suicides in construction, compared with 10% in non-construction
industries during 2001-2019 [11].

1.2 Supportive communication and apprentices’ health and safety

Research suggests that the social environment of the workplace shapes the health and safety (H&S)
practices and experiences of young workers [12]. It is through social processes and interactions that
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young workers ‘make sense’ of the risk culture of their workplace and adapt to what is considered as
‘normal’ or acceptable work health and safety-related behaviour [13].

Supervisors and co-workers are important social influences for young workers, and supportive
communication and positive interactions with supervisors and co-workers are determinants of young
workers’ H&S [14]. Pek, et al. [15] report that supervisors and co-workers influence young workers’ risk-
taking behaviour and experiences of workplace injuries through injunctive H&S norms, i.e., supervisors
and co-workers’ H&S behavioural expectations that young workers perceive through interacting and
communicating with them. Tucker and Turner [16] found that young workers’ responses to workplace
H&S hazards are influenced by their communication with supervisors and co-workers. Specifically,
young workers are more likely to bring H&S concerns to their supervisors if they gain co-workers’
validation and support. However, young workers display reluctance to report H&S issues if their
supervisors are not receptive to hearing about safety concerns. Similarly, Breslin, et al. [17] report that
young workers’ willingness to talk about H&S is affected by supervisors’ willingness to listen. Supportive
communication from supervisors is critical in encouraging young workers to speak openly and ask
guestions about H&S at work [18].

The workplace social environment is also critical to young workers’ mental health and well-being [19]. A
work environment characterised by supportive communication and positive interactions can help young
workers to thrive, i.e., experience positive meaning and a sense of well-being at work [20]. Through
examining Australian apprenticeships, Buchanan, et al. [19] identified that effective workplace structures
of support for apprentices comprised both formal support (e.g., mentoring programs) and informal
support (i.e., embedded in daily interactions between apprentices, supervisors, and co-workers).
Informal support was found to be even more important than formal support for the health, well-being and
satisfaction of apprentices [19]. Conversely, an unsupportive work environment can be detrimental to
young workers’ health and well-being. Einboden, et al. [21] report that apprentices at the bottom of the
workplace hierarchy often experience overt and covert forms of abuse and aggression from supervisors
and co-workers. This abusive and aggressive communication in the workplace contributes to
apprentices’ mental ill-health and attrition [21]. Gow, et al. [22] consistently report that apprentices’
relationships with their supervisors and co-workers are the most significant predictor of intention to quit.

1.3 Calls for effective interventions to improve communication

Effective communication has been identified as a core H&S competence [23]. Many interventions have
been designed to provide information and encourage young workers to identify and raise workplace
H&S concerns. One such example is marketing campaigns in the form of web-based, print, and
television advertising, which make an emotional appeal to young workers to speak up about workplace
H&S by showing the consequences of workplace incidents [16]. However, such intervention programs
do not consider workplace social structures and power relations, which can hinder young workers’ ability
to advocate for H&S rights, even when encouraged [24]. Interventions should involve other stakeholders
such as employers and supervisors, who need to understand the structural and psychological barriers
preventing young workers from participating in H&S communication.

Developing confidence and communication skills for self-advocacy has been a trend within training for
young workers [25]. For example, the ‘Safety Voice for Ergonomics’ program in the USA was designed
to help apprentices develop a ‘safety voice’ by integrating the soft skills of self-direction, self-control,
accountability, responsibility, communication strategies, and leadership [26]. The ‘Attitude to Work’
program in Finland seeks to provide young workers with readiness and confidence to advocate for their
H&S in unfamiliar work environments [27]. These programs also employ various active learning methods
such as group discussion, problem-solving and role-play.

To our knowledge, interventions focused on young workers’ H&S in the construction industry have not
fully addressed the features highlighted above, including reflecting the workplace social context,
developing communication competency and self-advocacy, using engaging delivery approaches and
empowering young workers to speak up about H&S. There are calls for developing effective and novel
interventions to better protect the physical and psychological H&S of young workers [28].

1.4 Research aim

Given the importance of communication for young workers’ H&S, a research project is being undertaken
to develop an innovative digital role-playing game (RPG) to foster supportive communication in the
workplace and protect young workers’ physical and psychological H&S. This paper uses examples from
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one of the RPG’s scenarios to demonstrate the development process. The following section introduces
the premise of RPGs and the participatory approach adopted to developing the project's RPG.

2 DIGITAL ROLE-PLAY GAMES

Role play is a well-established approach to developing soft skills, such as responding to particular
situations and developing empathy between roles. It has been widely used in training medical
professionals [29] and has also been used to teach engineering students about the social aspects of
engineering practice [30]. The role played by a participant can reflect a participant’s position, or the role
of another person, thus promoting perspective-taking. Role-playing enhances learning because the
roles are played in a safe environment, allowing participants to experiment and learn without the risk of
irreversible consequences [31]. A role-playing game (RPG) has been defined as “A game where each
player takes on the role of a character. The character’s story takes shape and evolves depending on
the player’s decisions and choices. Role play implies a complex interaction among the players (social
interaction) or among a player and computer-controlled characters” [32]. Digital RPGs are increasingly
used to help users improve interpersonal skills, such as communication skills, negotiation skills,
leadership skills and assertiveness training [33].

Digital game-based training presents benefits over traditional training approaches. Oblinger [34] argues
that digital games provide powerful learning environments for young, digitally savvy learners
accustomed to digital media-rich communication and information-processing environment. Through
digital game-facilitated learning, learners will likely be motivated when stories and meaningful contexts
are provided [34]. Digital game-based learning also creates stronger emotional, cognitive and
behavioural connections between users and learning materials, which increases engagement attention,
immersion, involvement, and feeling of presence [35]. So far there has been limited application of digital
game-based training in construction, and applying this approach to training may improve learning
outcomes relating to communication and H&S in the construction industry.

3 PARTICIPATORY DEVELOPMENT APPROACH

The value of involving participants in the design of H&S-related interventions has been recognised (see
for example [36]; [37]). A participatory approach has also been advocated in the development of health
interventions targeting young people [38]. A participatory approach keeps the needs, experiences, and
knowledge of young people at the centre of intervention development and uses knowledge collected
from end-users to design interventions that are relevant, effective, and appealing to young people [38].

Participatory design is user-centric and engages participants as co-designers of the intervention [39].
Spinuzzi [40] describes that participatory design: 1) seeks to understand tacit aspects of human activity;
2) assumes these aspects can be ethically examined through design partnerships formed with user
participants, in which researcher-designers and participants co-design artefacts, systems, and
prototypes; and 3) the partnership is iterative so researcher-designers and participants can verify and
refine interpretations of relevant human activity represented in the intervention.

Spinuzzi [40] suggests that different research methods, such as interviews and focus groups, can be
used in participatory design to develop an initial evidence base and iteratively shape the emerging
design. The resulting intervention reflects content that has been co-interpreted by researcher-designers
and user participants [40]. Thus, the participatory design combines end-users’ tacit knowledge with
researchers’ analytical knowledge as inputs into intervention design [40].

Hagen, et al. [38] proposed a framework for the participatory design of health interventions for young
people, which was adopted in developing the digital RPG in the present study (Fig. 1).

e-©- -o-0-

Lnerature review Qualltatwe interviews Dellvery framing Scenarlo design Scenano filming Intervention
rollout
government model communlcation consultatlons dlgltlsatlon
strategic priorities

Fig. 1. The participatory design process (adapted from Hagen et al., 2012)
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A literature review highlighted supportive communication as an important determinant of young workers’
H&S. The problem definition, framing of the intervention, concept development and creation of the
intervention are described in the remainder of this paper.

4 DESIGN OF THE DIGITAL INTERVENTION

4.1 Problem definition

A literature review identified communication as a contributing factor to young workers’ H&S. To further
investigate this phenomenon, semi-structured interviews were conducted with 30 apprentices and 11
supervisors in the construction industry of New South Wales (NSW), Australia. The interviews explored:
(i) ways that apprentices, supervisors and co-workers talk about H&S; and (ii) characteristics of
supportive communication and positive interactions. Exploratory and open-ended interview questions
were used to elicit participants’ opinions and personal experiences. Due to Covid-19-related travel
restrictions, interviews were conducted over the phone, or via video, depending on participants’
preferences, and were audio recorded.

Interview data was transcribed and thematically analysed using an inductive approach [41]. This
consisted of conducting a thorough, detailed reading of interview transcripts, and assigning small,
successive samples of text throughout the transcript to a code according to a concept or idea. The
coding of the interview data was iterative and developed as the authors worked their way through the
interviews. The thematic analysis identified communication characteristics and interaction styles that
support positive H&S outcomes. The characteristics and interaction styles are shown in Fig. 2.
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Fig. 2. Characteristics of effective and supportive communication

4.2 Intervention positioning

A digital role-playing game (RPG) format was conceived for the intervention. The communication
characteristics and interaction styles identified in Fig. 2. became the key learning objectives of the RPG.
Three scenarios were constructed for the RPG to support the learning objectives. Stories shared by
apprentices during the interviews were used to build the RPG scenarios, ensuring the content reflected
realistic events drawn from lived experiences of end-user representatives.

Each scenario depicted challenging situations to be navigated by characters (including a supervisor and
up to three apprentices). Players are asked to decide how the characters should respond to each
unfolding situation. Players’ selected responses determine what happens next in each scenario.
Scenarios run between five and eight minutes and involve multiple sequential and inter-related
communication decisions. When players complete a scenario, they obtain an outcome as the product
of their communication decisions, which can be positive or undesirable. Players are advised of the
communication characteristics covered in the scenario and provided with an explanation of how their
communication decisions contributed to the outcome. Players are then encouraged to replay the
scenario to experiment with different choices.

Example situations from one of the three scenarios are described in the following section to describe
the development process of the RPG.
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4.3 Construction of the scenarios — An example: Non-judgemental and
supportive interaction

4.3.1 Step 1: Content design based on interview results

Being non-judgemental and supportive were frequently mentioned in the interviews as important
interaction characteristics that enable effective communication. Many apprentices considered a non-
judgemental or psychologically safe communication environment as important for them to be able to
speak up about H&S concerns or seek help. Apprentices recognised the roles of both supervisors and
co-workers in creating a non-judgemental environment.

“[My supervisor is] absolutely really good with it. There’s no real judgement if | can’t do this work if that
makes sense. If it’'s something | can’t — | just can’t do because I'm not strong or I’'m not as sure. There’s
no actual judgement towards me about it. You know he’s very understanding and he usually gets on top
of it very quickly.” (Natalie, female carpentry and joinery apprentice)

“... like being comfortable with — with the people | work with onsite. Like, being very comfortable enough
to kind of just openly speak, and not like worry that they're going to be like judging or anything like that.
Kind of — | guess you could say it gives me the confidence....” (Caleb, male carpentry apprentice)

Apprentices are more likely to open up and trust their supervisors if they raise H&S needs and
supervisors support these needs. Supervisory support is particularly important when apprentices are
new to an environment and feel uncertain about how others will see them if they raise H&S concerns.
This is reflected in the story shared by Alexis, a 22-year-old female plumbing apprentice. Alexis was
injured while carrying large heavy blocks in the rain when working for her previous employer. She was
unable to work for three months due to the injury. Later she moved to her current training employer. One
day when she was faced with carrying materials down steep timber stairs, she experienced a panic
attack. She did not feel comfortable telling other trade workers because she was new to the site and
worried that she would be judged unfavourably by them:

“...at the time | felt like | couldn't talk to the tradies about it ‘cause - like, | just started working with them
- | felt like they would just go, "well, toughen up, sweetheart” or "have some concrete" sort of thing and
get on with the job and, like, | don't know how | would have handled it if | got that response.” (Alexis,
female plumbing apprentice)

However, Alexis discussed her concerns with her supervisor, whom she perceived to be supportive of
workers’ H&S. Her supervisor was supportive and suggested that she seek professional advice.

“But | brought it up to my boss and | let him know, and he suggested that if it's a serious issue, maybe |
should get some therapy to discuss with that, ‘cause they - he knows that he can say something, but it
might be wrong, so he tried to suggest, you know, professional help rather than give the wrong advice.
So - but | said that it shouldn't really be a problem and, like, a few weeks later we did another job on
even steeper wooden stairs and | carried, like, some really heavy stuff down it and | was all good and |
didn't have a problem. So | told him about that and | told him how much | improved and, like, that was a
one-off thing 'cause |, like, just started working on timber stairs again.”

Supportive interactions between apprentices and their supervisors and co-workers enable apprentices
to develop confidence and achieve positive learning outcomes. An apprentice shared how the workplace
support he received had helped him to overcome his fear of heights, which he considered to be an
important step in learning and becoming a fully qualified tradesperson:

“...sometimes they give you the push, which was good for me when | was first starting off...because |
was pretty scared of heights, as a kid. So | still am a little bit, but like getting onto the roofs and stuff like
that, and walking on the roof, and you're like, ‘whoa.” You know, at the start, | got up on the roof and,
like, 'oh, my legs aren’t going to move, eh?’ Like, ‘this is not going to happen.’ But eventually, they
helped me walk on the roof, and you've just got to tell yourself, ‘well, I'm going to have to do this by
myself one day, or when you're a bit older,” so you've just got to do it. And it kind of helps for a lot of
other things, | suppose. You do that one hard thing and you kind of slowly — like now | can walk on the
roof fine.” (Paul, carpentry apprentice)

Based on the interview findings, a scenario titled “This time it's personal” was developed to address
non-judgemental and supportive communication characteristics. The situation and associated decisions
are depicted in Fig. 3.

127



CIBW099W123 | Digital Transformation of Health and Safety in Construction | 21/22 June 2023 | Porto, Portugal

SCENARIO 3 (START HERE)
“Alright lads, break time is over. For the next job we'll
have to get up on the roof” (residential building)

ED: "Ah..do we both have to go?" ED is scared of
heights — in his last job he froze up on a ladder.
However, SUPERVISOR and LIAM don't know that, and
he's worried they!ll call him a wimp

SUPERVISOR: Yep, you alright with that?

1
| What should ED do?

1

0 is supperted by LIAM and

et the job dona Tog E
SUPERVISOR.

Fig.3. Scenario “This time it’s personal” decision flowchart.

The context of the situation is that after taking a work break, the supervisor asks two apprentices to get
up on the roof with him to do some work. However, the apprentice Ed has a fear of heights. He is unsure
whether he should let his supervisor (Phil) and the other apprentice (Liam) know, as he worries that he
may be ridiculed. The player is asked to decide for Ed whether to disclose his fear or try to continue
working without mentioning it.

If the player opts for sharing his fear, Ed will tell his supervisor and Liam that he is scared of heights and
‘froze’ up on a ladder in a previous job. Next the player is asked to make another decision about the
reaction of the apprentice Liam, who either tells Ed to “man up”, or shows empathy by saying that getting
on a ladder can be scary at first. In both options, the supervisor tries to provide support to Ed. However,
Liam’s reaction will lead Ed to respond to the supervisor's support differently, ultimately producing
different well-being outcomes for Ed. Specifically, if the player selects the first choice, the supervisor will
intervene by shutting down Liam and trying to help Ed. However, due to Liam’s negative, judgemental
response, Ed is embarrassed, pretends that his fear is not a big deal, and attempts to get on the roof.
This time Ed’s legs freeze again, and he experiences a panic attack. The supervisor and Liam end up
getting up on the roof without Ed.

In contrast, if the player selects the empathetic and supportive response for Liam, the outcome is
different. In this situation, Liam tells Ed that he has also struggled with heights before. The supervisor
will propose doing a safety check on the ladder with Ed to reassure him that the equipment is of good
quality and positioned correctly. The supervisor will also encourage Ed by telling him that he will get
better at dealing with working at heights if he keeps trying. As a result, Ed feels supported by his
supervisor and co-worker and is able to climb the ladder to work with them on the roof.

Positive relationships between apprentices and their supervisors/co-workers entail trustworthy personal
connections that help to create a non-threatening context in which young people feel safe to express
their thoughts and concerns. This example demonstrates the critical roles of both supervisors and co-
workers in creating a non-judgmental and supportive communication environment. This also highlights
the important role of supervisors in cultivating a supportive workplace culture.

4.3.2 Step 2: Consultation

The research project included an advisory group comprising four apprentices and two supervisors. The
advisory group has voluntarily contributed to the project by providing feedback and advising on the
development of the RPG scenarios. The content of this scenario was also reviewed by the advisory
group members who provided input on the realism and relatability of the decision points, characters,
language and outcomes. The first decision regarding Ed’'s fear of heights (shown above) was
challenging for some apprentices as the option to “push through” seemed to align more with default
behaviour than openly talking about being uncomfortable or afraid. Whilst pushing through appeared to
be the more likely option for a young apprentice, the apprentices in the advisory group understood that
it was the riskier choice and were not surprised when it led to Ed experiencing a panic attack.
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Apprentices in the advisory group also pointed out that the presence of Liam, a more confident
apprentice, serves to exacerbate the situation and that Ed would probably be more comfortable talking
about his fear if Liam was not present, or was more supportive. This feedback influenced the scripting,
staging and the performance of the scene in the next stage.

4.3.3 Step 3: Scripting the scenario

The decision flowchart for scenario “This time it's personal” was modified and finalised based on the
feedback received from the consultation process. The scenario was then scripted for subsequent filming.

4.4 Scenario filming and digitalisation

After consulting with the apprentices and supervisors for feedback on the three scenarios, they were
further revised and then motion captured in which professional actors’ who provided the movement and
facial expressions and voices for the digital characters. The motion capture process is shown in Fig. 4.

Fig. 4. Scenario filming with motion capture technology

The animation team created virtual sets and digital characters using Unreal MetaHuman and transferred
the motion-captured animation to the virtual characters. The resulting animation was rendered in Unreal
Engine 5. The animation was then edited into clips and uploaded to an interactive online video platform
where they were encoded into a choose your own adventure style interactive narrative. An example of
the digitised output is provided in Fig. 5

Agree it can b;:‘scary at first Tell Ed to man up

-

Fig. 5. Example digital images developed following filming

5 EVALUATION OF THE RPG INTERVENTION

With the three scenarios now fully workshopped, revised, digitised and in playable form, the digital RPG
intervention is being evaluated using a before-and-after study design. The RPG intervention is being
delivered to construction apprentices registered with training institutions in New South Wales and
Victoria. Apprentices who have participated in the study were requested to complete a baseline survey
first, and then invited to play the RPG. About four weeks after the delivery of the RPG, the apprentices
were asked to complete a follow-up survey. Upon the completion of intervention delivery and data
collection, responses from the baseline and follow-up surveys will be analysed to determine whether
exposure to the intervention has produced any improvement in apprentices’ confidence in
communication, willingness to voice safety concerns, perceived communication ability and sense of
health, safety, and wellbeing in the workplace. Apart from the two surveys, each participant who plays
the RPG is prompted to answer three questions after each scenario, including: 1) Have similar situations
ever happened to you (or a mate)?; 2) Did you learn anything new about handling situations like this?;
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and 3) Would you use what you learned from this? Google Analytics captured responses to these
guestions. Data from the first 181 participants shows that an average of 49.7% of players said they had
experienced similar situations, perhaps reflecting their inexperience as young apprentices. However, an
average of 71.0% answered that they learned something new and 82.7% said the game was useful.

6 DISCUSSION AND CONCLUSION

In light of the importance of supportive workplace communication and the critical role played by
communication competence in shaping health, safety, and well-being outcomes, providing training to
supervisors and workers to develop their communication skills is imperative. However, communication
skills are difficult to teach in a traditional classroom situation. Research in other disciplines such as
health education has demonstrated the promising opportunities of using experiential learning and role-
playing as effective educational delivery methods to teach communication skills [42]. The digital role-
playing game (RPG) developed in this study provides a novel training approach for supervisors and
workers to learn communication skills in an interactive and engaging way.

Vocational education provided to young construction workers typically focuses on learning technical
knowledge and skills. Relatively little attention is paid to the learning and teaching of ‘soft skills’ such as
communication. This presents a significant capability gap in the vocational training of the construction
workforce. The digital RPG in the present study was designed to support the learning of communication
skills by construction apprentices and their supervisors. The digital RPG has excellent potential to be
integrated into the vocational training curriculum to fill the capability gap.

Research shows that the effectiveness of learning through role-playing partially depends on the extent
to which training involves taking roles that are realistic and relatable [43]. The participatory approach
used to develop the RPG in the present study was critical to ensuring that the scenarios were realistic.
The scenarios constructed were drawn from lived experiences of construction apprentices who
participated in interviews and were further refined by applying feedback from an advisory group
comprising of apprentices and supervisors.

The digital RPG is being evaluated with a before-and-after study design in New South Wales and
Victoria. The evaluation will determine the extent to which apprentices’ communication competence is
improved by exposure to the digital RPG. A qualitative evaluation of the RPG’s effect on supervisors’
communication competence is also being undertaken.
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Abstract

Occupational safety, health and wellbeing management has fully embraced the Construction 4.0
revolution. Technology now offers myriad solutions to worker OSH, with a notable interest in the
adoption of personal wearable technologies. There is a rapidly growing body of work focused on
wearables for construction safety, however the technological optimism surrounding this particular ‘digital
transformation’ of safety in practice is perhaps misplaced. Following a purposive literature review of this
body of knowledge, analysis reveals some areas of concern, including research funding, methodology
and methods used, and the overall aims and intentions for the findings. Yet this body of work is not only
being used to justify the adoption of wearables on sites, but also sets a precedent for future research as
it directs the narrative and agenda. This review is, therefore, both timely and necessary. It seeks to
remind academics of the tenets of our work: to ask robust research questions in ethical ways that ensure
valid, reliable, and robust findings able to contribute meaningfully to the body of knowledge in this field.

Keywords: construction 4.0, safety, wearables, wearable technologies, workers.

1 INTRODUCTION

Construction 4.0 has resulted in myriad new technologies and interconnected technological processes
able to support and enhance the construction industry worldwide [1]. Construction 4.0 is often
propounded as the solution to the industry’s longstanding problems of poor productivity and
predictability; through the increased use of robots, sensors and digital platforms linked through 5G
capabilities and the Internet of Things (loT), generating big data for Machine Learning (ML) and Artificial
Intelligence (Al), all of construction’s problems are to seemingly be solved by this latest technological
revolution (see [2] for a more detailed discussion of this discourse).

Unsurprisingly, the field of construction occupational health, safety, and wellbeing (OSHW) has also
aligned itself to this new wave of technological optimism, not least because of the recent plateau in
severe injuries and fatality (SIF) rates [3] suggests a paradigm shift is needed in how we manage OSHW
on sites to reduce them any further. Indeed, the strapline for this CIB conference is the ‘Digital
Transformation of Health and Safety in Construction’ and a technological flavor can now be found in
most OSHW events. For example, the recent industry-focused ‘Future of EHS’ conference held by the
National Safety Council of America had a ‘Safety Technology Pavilion’ embedded within the program
[4]. Enthusiasm for technology as the solution to the construction industry OSHW issues is also
prominent within academia. One obvious motivator for this mirrors that of construction firms and safety
professionals; that we clearly need to do something different to overcome the plateau in SIFs.

Yet to champion technology as the optimum remedy for the current situation is perhaps not quite so
simple, not least because the “...history of the construction sector is littered with supposed panaceas
derived from the application of modern technology’ [5]. There is the possibility that technology in the
case of worker OSHW may not be the magic potion it is heralded to be, yet it is arguable that the current
body of academic research — which is used to make policy decisions, to influence and justify industry
practice and to direct future avenues of enquiry — makes no such acknowledgement. Instead,
technocratic optimism and a fundamental presumption in favor of technology abound, and construction
management research appears to be more focused on overcoming any barriers to adoption [6] than
asking whether a certain technology is the optimal thing to adopt in the first place [7].
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In order to further unpack this situation and to provide some valid and reliable findings to underpin more
critical discussion, a purposive literature review was undertaken of wearables for construction OSHW.
The findings of this review were interrogated to explicitly unpack the funders of this body of work, the
research questions being asked, the methodologies employed therein, and the potential claims that can
be made of the findings generated. The aim of this work was to evaluate how construction safety
academics are researching wearables for safety and to unpack the potential consequences of this body
of work for the wider OSHW agenda.

2 WHY WORRY ABOUT WEARABLES?

This study focuses on wearable technologies for construction workers’ OSHW. Wearables are here
defined as sensor technologies worn by the worker. They can be integrated into hard hats or clothing or
worn on the wrist like commercial smart watches and fithess monitoring devices [8] and can provide
various forms of real-time data [9]. They have excited the interest of many researchers seeking to
transfer potential benefits of this new source of data into practical improvements for OSHW in the field
and have been noted as a ‘trending technology’ within the wider use of technologies for safety [10].

Wearables for safety tend to fall into one of four categories that generate different types of data about
the worker, as set out by [11]:

1. Physiological sensor monitoring of workers, able to generate data on worker pulse and blood
pressure, Electro-cardiogram (ECG) heart data, Electro-encephalogram (EEG) brain activity
rates, Electro-myography (EMG) muscle activity rates, glucose levels and calorie use,
perspiration, temperature [8] as well as skin photoplectometry to monitor stress levels [9] and
eye-tracking able to monitor where workers are looking [12]

2. Motion sensor monitoring of workers, able to record their posture, speed, and acceleration
[13]

3. Location sensor monitoring of workers can be integrated with the project BIM model and able
to record worker’s precise location on site and issue warnings when they are close to hazards
or dangerous areas [9]

4. Environmental sensor monitoring of worker surroundings, able to facilitate the automated
detection of hazardous materials and dangerous weather in real time, such as dust [9, p256],
noise, and light intensity [8], as well as alerting workers to other hazards such as gas leaks,
electrical discharge changes in humidity and temperature [13, 14].

Data collected from the above approaches are described as valuable, with the general presumption that
the more data that can be collected, the better [15].

The selection of wearable technologies for this study is deliberate, as they are also among the most
intrusive and ethically challenging to implement in practice and can result in serious negative
consequences for workers. As the UK Government recently concluded: ‘Pervasive monitoring...[is]
associated with pronounced negative impacts on mental and physical wellbeing as workers experience
the extreme pressure of constant, real time micro-management and automated assessment’ [16, p6].
There is therefore the possibility for unintended consequences should wearables be introduced to the
construction site space without due care and attention, and thus they should be carefully and robustly
evaluated before they are championed as the panacea for construction OSHW.

3 METHOD

In order to unpack the current body of literature on wearables for construction safety in more depth, a
purposive literature review was undertaken. There have already been a number of systematic literature
reviews (e.g. [13], [17]) and bibliometric analyses (e.g. [10]) undertaken to examine safety technologies
for construction which provide valuable resources to the field. Therefore, to avoid duplication of efforts
for this study and keeping the aim of a critical evaluation of technological determinism and optimism
within the field, a smaller and more purposive sample of literature was obtained for analysis. This review
therefore differs in both its intent and the way the papers were reviewed which focused more on the
methods used and by whom, rather than the claims made in the conclusions.

Initially, a search was performed in the electronic Science Direct database. The search process was
guided by the presence of three keywords: [wearables] AND [construction] AND [Safety], which
generated a total of 78,811 results. The top 250 of these papers (to set an appropriate scope for this
study) were then reviewed using the basic inclusion criteria of: (i) Publication in a double-blind peer-
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reviewed journal, (i) Written in the English language, (iii) The full-text article can be accessed, (iv) The
paper included novel empirical work focused on wearables for safety management.

Exclusion criteria were subsequently applied to this sample of 250 papers to remove those irrelevant to
this specific study. This included papers researching wearables for medical monitoring unlinked to safety
or occupational health and its management, experiments using wearables within training environments
rather than during work itself, and those researching wearables in factories, on production lines, or other
fixed-industrial workplace environments. Papers that also did not use the wearable technology to collect
data from the worker explicitly for subsequent use within OHSW management, such as using
Augmented Reality through Google Glass for hazard recognition, were also excluded as no data was
explicitly collected from the worker via the wearable technology, although of course the inevitable ‘digital
exhaust’ remains [18]. This resulted in a total of 53 papers for review from the publications as shown in
Fig 1.
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Fig 1: Paper distribution by journal

Each paper was then analyzed from a number of different perspectives. Basic data such as geographical
location, methodology and funder was aggregated, whilst a discursive approach [19] was undertaken to
the content of the papers themselves, focused on their discussions and positioning of ‘wearables for
safety’ within their introductions, literature reviews and conclusions. This latter analysis sought to
determine how the authoring academics used language to construct wearables for safety within the
context of their papers, unpacking the discourse they mobilized in their narratives. Given the limited
sample and approach to the data, no claims of generalizability are made here, and this work has been
undertaken to show general trends and patterns within what could be considered the most impactful and
high-quality papers currently available on this specific topic.

4  FINDINGS AND DISCUSSION

4.1 Who is doing the research?

Fig 2 shows how the activity of researchers roughly geographically correlates to the locations of
dominant companies and markets in the wearable technology space [20]. Asia and North America
contain the Top 6 companies in the global wearable technology markets and are the dominant locations
where research of construction safety wearable technologies is also carried out. A notable number of
the papers were collaborations across continents, however, within these collaborations, Asia and North
America still dominated, and indeed there were several collaborations between the two.

4.2 Who is funding the research?

The vast majority of the research, where funded, was supported by National or Governmental research
grants, and in many cases smaller grants from both had been combined to fund the research as a whole.
This reflects the comments of [5] in that research funding itself is biased towards innovation and new
technologies — including research on wearables for safety.
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In only 3 papers was a corporate partner/collaborator noted. Interestingly, [21] received in-kind support
from ‘“...two technology providers (Topcon and Selectronic-Funk Sicherheitstechnik GmbH), which
enabled the extension of existing systems rather than creating them from scratch’. This study explored
the potential for a cloud-based autonomous system to monitor workers to avoid struck-by incidents, and
this argument therefore seems reasonable under the circumstances. However, this collaboration was
not noted in the paper’s acknowledgements but rather in the methodology, which instead reported two
government funders.

Unfortunately, the dominance of public sector funding for wearables for safety research can seemingly
be charged with continuing the long tradition of public funds being used to enhance the products and
services of private companies, who can then mobilize such findings for future profit [22].

4.3 How are we doing the research?

Details of the location and samples for the studies can be seen in Table 1.

Table 1: Locations and sample compositions for the body of research

Lab Study Site Study Lagtfd?te Survey
Students 13 1
Workers 4 18 1
Subjects 10 2 3
Unknown
TOTALS: 27 21 2 3

As shown in Table 1, 51% of the studies were undertaken in a laboratory environment, 40% being
undertaken in the field on jobsites. There are likely several reasons for this, not least problems of access
to live, working, and high-hazard environments. As [23, p64] explained in their study: ‘to deploy and test
the [RTLS] system within a construction environment is dangerous, and the main contractor of the
construction project was aware of the potential accidents that may be caused to or caused by the
research team during the test’. Therefore, the ‘...performance of the system was evaluated in a
construction environment and testing environment similar to that of previous research’.

136



CIBW099W123 | Digital Transformation of Health and Safety in Construction | 21/22 June 2023 | Porto, Portugal

Yet it does not necessarily follow that how technology behaves in the lab will equate to performance out
on site. Construction sites are not welcoming environments. Poor working conditions are commonplace,
as they are constantly challenged by dust, noise, and the weather. Such conditions can affect the use
of technology in the field and go some way to explain the continued popularity of that high-tech tool —
the pencil — over all other ways to make your mark or collect data. Indeed, in their site-based study, [24]
note that the participants in their study of sensor vests seeking to warn workers of hazards ‘...had
difficulty in identifying signals due to loss of attention during field trials, and they were unable to perceive
parts of the transmitted information correctly.” This highlights the importance of field trials for wearables
for safety, as participant reactions in a safe and secure laboratory simply do not accurately reflect the
construction site environment, and conclusions for effectiveness should be drawn appropriately,
however, not all the papers of acknowledged the reported research methods or approaches as
limitations. Given the nascent stage of wearables for construction safety, it may be that the technology
has simply not yet been fully developed for the construction field and is awaiting confirmation from the
labs that such an investment would be worthwhile. However, this should limit claims to effectiveness
accordingly.

It was also noticeable that the sample sizes for the research of wearables for safety are relatively small.
A total of 303 samples were used in the 27 lab-based studies, giving an average sample size of only 11
individuals per study. Two site-based studies report sizeable samples of 79 and 100 workers; however,
these were outliers within the research as a whole. Removing these two studies from the data resulted
in an average of only 6 participants per site-based study. In four cases no sample sizes could be
determined from the published research.

Such small sample sizes are concerning when their findings are then used to verify success of
application and to make the case for more widespread adoption. This is particularly worrisome when
there is the possibility for unintended consequences, such as potential negative impacts on worker
mental health and wellbeing. If wearables for safety were instead a new drug aiming to cure a disease
(a not unreasonable analogy), such sample sizes would be considered both unethical and unscientific,
and much more sizeable and rigorous trials would be required before the drug was prescribed to
patients. We should perhaps hold this analogy a little closer as we move forwards with the research of
wearables to ensure any benefits are scientifically proven and, thus, the benefits outweigh the risks
before we use such research to urge and argue for their increased use in practice.

Furthermore, the composition of many samples would also likely have consequences for the validity of
this body of research. As shown in Table 1, students or ‘subjects’ are often used for experiments rather
than construction workers. The substitution of students for laboratory studies is perfectly acceptable but
must be clearly acknowledged as a limitation for translating the research into practice. In many cases,
the term ‘subject’ was used for the lab-based studies, yet the average ages of the participants often fell
into the student body age range. The commonplace use of this term obfuscates the participants and is
therefore problematic when the reliability of the study is considered. It can also create a potential
problem when the findings are considered for application in the field, as to again draw on a medical
analogy, pharmaceutical trials ensure their participants are appropriate for the study being undertaken.
For example, with regards to Musculoskeletal Disorder (MSD) motion sensors, the study participants
should be required to undertake construction tasks as they are done professionally in the field,
something students are not likely to be able to replicate. To presume manual skills and tasks are
something anyone can do is not only naive, but also more than a little condescending.

A final point of note is that using students and laboratory studies does not fully replicate the intended
use of wearables for safety. To use something for a limited period in a warm and dry laboratory is not
equivalent to a worker wearing it for 8hrs+ per day in the field, again challenging research quality by
negating ecological validity. In the vast majority of this research, it was the technology being tested
rather than its use in the field, however, should the same type of studies be replicated or enhanced to
explore user experience, then further problems will arise as there is a world of difference in being
monitored for a few hours to help out your professor, and being monitored constantly throughout your
working day.

Indeed, academics seem content to carry out research to develop products and systems, keeping them
on the leading edge of research (which in turn enhances citations, h-indices and consultancy potential,
all of which are a grim necessity of academe) rather than more challenging research to robustly test
existing products in the field to determine their actual effectiveness in keeping workers safer and
healthier on jobsites.
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With regards to the survey data, again, methodology matters. For example, in introducing their survey
work examining the impact of safety technologies (including wearables for safety) [25] state that it is
‘...crucial to establish safety management using technologies based on big data for the construction
industry.” They also note that ‘construction is one of the least digitized industries...which makes it
difficult to solve the problems experienced by the sector.” Why digitization is the only solution able to
solve such problems is not further justified, and this introduction is a familiar narrative to many studies
that draw on a discourse of technological optimism and determinism as they then go on to claim that
‘...the construction industry can benefit from such technologies to a great extent in terms of improving
safety performance.’ It would seem technology is simply going to solve all our OSHW problems by
default. Their subsequent survey seeks opinion data from a sample of senior management-level
construction professionals (notably not site-based supervisors or workers, who are often much harder
to access) to ‘evaluate their performance in terms of practicing emerging technologies in relation to
construction safety’. Using structural equation modelling of this opinion data sought from those a long
way away from any actual construction site, they eventually conclude that ‘The analysis of the structural
model proves that there is a positive and significant relationship between emerging technologies and
construction safety performance’ with ‘wearable devices...detected to be [among] the most significant
technologies in terms of impacting safety performance.” This provides a welcome citation for those
seeking to justify the use of wearables for safety in practice, despite its foundations in opinion data
generated some distance from the field. Whilst such surveys can and indeed are both insightful and
useful, they should perhaps not be used to prove ‘success’ in practice.

Indeed, when considered amongst the very limited experimental work carried out to date in this space,
the body of evidence of the benefits of wearables for safety reveals itself to be rather thin. Yet this would
not matter if the inherent limitations of laboratory studies, opinion data, small samples, and the use of
students were appropriately noted when such research is subsequently cited by others, and comment
is made of the ‘general’ state of safety technologies, including wearables. But all too often it is not, and
instead this body of research is frequently referred to as scientific ‘evidence’ and ‘proof’ that wearables
for safety are effective, appropriate, and demonstrably beneficial for practice.

4.4 What is being researched and why?

4.4.1 Wearables for what?

The research focus of the body of wearables for safety research and the categories of wearables found
therein can be seen in Table 2. Please note the 3 survey papers are not included in Table 2.

The majority of studies focused on the reduction of MSDs within the construction workforce. These
studies sought to develop systems able to monitor and warn workers of poor posture and unhealthy
activities as they go about their working day. Various technologies are tested, including Inertial
Measurement Unit Sensors (IMU) (n=6), insoles (n=3), and even smartphones and Apps (n=2).

The use of physiological sensors, including EEGs and heart-rate devices, were mobilised in a variety of
applications to measure and monitor a number of different factors and were the most prominent use of
wearables for safety within the sample of papers. The states of distraction, fatigue, stress, general
mental condition and even hazard awareness of workers could all be determined through the use of
physiological sensors.

An interesting body of work focused on the use of wearables to effectively turn the workers themselves
into site surveillance devices. For example, loss of balance monitoring using insoles or IMUs was applied
to both the assessment of workers' vulnerabilities to slips trips and falls, and to provide management
feedback on the locations of working conditions that may cause slip, trip, and fall injuries. This approach
was also applied to hazard identification, through the use of insoles (n=3), and IMUs (n=1) to again
identify and inform management of the location of unsafe conditions.

It should also be here noted that although only 44% of the papers monitored worker location, this has
only been recorded for the studies that explicitly noted this element of data capture. In many cases,
location monitoring was not mentioned, even with technologies connected to the loT and wider Al/ML
systems. In many cases, location data cannot not be collected by default, and thus the potential for the
original intentions of such surveillance to be vulnerable to exploitation for productivity or other non-safety
monitoring inevitably remains [2].
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Table 2: Areas of focus and sensor categorization for the body of research

Sensor Categorization

No
Focus Papers Physiological Motion Location Environ
MSDs 11 1 11 1
Fatigue 7 7 1 1
Hazard Identification 5 1 4 4
Distraction/Vigilance 4 4 1
Slips/Trips/Falls 5 1 4 4
Struck By Accidents 4 4
Physical Demand 3 3 1
Heat stress 2 2
Risk Perception 2 2 2
Activity Recognition 1 1 1
Hazard Awareness 1 1
Location 1 1
PPE Compliance 1 1
Worker mental state 1 1 1
Stress 1 1
Total Worker Health 1 1 1
TOTALS: 50 25 22 22 0

4.4.2 A worrying sense of purpose

The justification and rationale for much of this monitoring are of course to improve the construction
industry OSHW. However, the subsequent processes through which the data generated is analysed into
meaningful ways to bring about that change are far less well articulated within this body of literature — if
they are articulated at all. In many cases, the research stops at the point where technological success
has been ‘proved’, with little consideration of how the findings will then be used in practice.

For example, [26], in their study aiming to ‘identify workers with poor postural controls’ in their quest to
reduce falls on jobsites, generate data for ‘...managers/foremen for onsite balance monitoring of the
construction workers using the 20-second test at different times of the day and establishing their
corresponding balance performance profiles.” To share such personal worker data is fundamentally
problematic, but to think that construction managers and site foremen have time in their day to
monitor/test workers is perhaps more than a little unrealistic. Furthermore, this study becomes even
more worrisome as the goal appears to be to ‘assist early identification of fall prone workers, plan
mitigation schemes before a fall accident happens and ultimately help reduce falls in the construction
industry’ [26]. When the most straightforward mitigation scheme is to get rid of that particular worker,
we have simply returned to the punitive ‘Bad Apple’ theory of safety management from decades ago,
and this wearable for safety can all too easily be used to identify and fire workers based only on data
from a random test and an Al judging whether their wobbles are too extreme.

Another set of studies that have a worrying sense of purpose are those directed at determining worker
fatigue. Construction work inevitably creates fatigue — it involves manual labor, long hours and often
punishing shift systems, thus, improvements for OSHW should arguably focus on how to reduce work
activities/shifts to ensure workers do not become fatigued. However, some wearables for safety, using
EEG monitoring, instead seek to determine whether workers are or become fatigued during the working
day [27], or are even too fatigued to be put to work in the first place [28]. In both instances, this is a
laudable motivation, as both physical and mental fatigue can easily result in accidents, however, the
consequences could be considerable for workers deemed unable to work or continue to work, as they
are likely to be sent home unpaid. Unless such monitoring also includes those who put people to work
(the management and supervisors), this is inequitable, unfair, and again resurrects the ‘Bad Apple’
theory of safety — by simply punishing those who do not meet technologically-determined benchmarks.
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A further problem, as noted above, is in sharing personal data with management or supervisors. The
lament is made by [21] that ‘General Data Protection Regulation (GDPR) requirements raise data
recording and storage complexity...[and] may affect a system like the one proposed negatively.” Yet
these EU regulations were put in place precisely to protect individuals from the use and misuse of their
data and should not be undone lightly.

Much more extensive research outside of the construction industry has already proven that constant
monitoring of workers is bad for their health [16], and so to combine this with archaic approaches to
OSHW management in the field is a serious concern. Despite good intentions, the lack of consideration
of how the vast amounts of data generated by wearables can and will be used is itself highly problematic.

4.4.3 A worrying lack of purpose

A counter position was also found within the data, where research had been undertaken with no greater
purpose than ‘monitoring’ workers. For example, in their study of activity recognition via smartphone
technology, [19] only offer a vague justification that ‘Effective and timely analysis and tracking of
workforce activities are essential to overall productivity measurement, progress evaluation, labor training
programs, and safety and health management.” Such vagaries are also found in wearables simply
seeking to locate workers on jobsites. Whilst [23] justify their study as necessary because ‘There is an
imminent need for the development of a tool to assist in the real-time monitoring of workers, in order to
reduce the number of construction accidents.” Their system aims to ‘...provide alerts when ‘any worker
violates pre-defined hazard proximity rules’ and provide data on the ‘automatic positional monitoring of
site workers’, which is therefore of ‘...considerable assistance to site safety management teams.” Yet
simply knowing where workers are on a jobsite and the ability for such dynamic workplaces to have
fixed ‘hazard proximity rules’ seems vague with regards to practical application. How such monitoring
will be carried out and by whom is also unclear.

5 CONCLUSIONS

Wearables for safety form a distinct and sizeable subcategory of the wider safety technology industry.
They are able to monitor, measure and generate a wide variety of data on construction workers through
various and different wearable devices, from personal EEG monitoring of physiological factors to Real
Time Location Systems (RTLS). Notably, no studies within this sample sought to research wearables
for immediate environmental monitoring to support workers in the field despite this suggested application
from wider literature. Instead, the studies in this sample focused entirely on wearables that generated
data from the workers themselves for use by others.

The analysis undertaken here shows that academic research of wearables for safety could generously
be considered ‘limited’. Small samples and lab-based work with students indicate this is a nascent field
of research, nowhere near able to make claims of effectiveness in the field. That many studies are
published in the journal Automation in Construction further indicates that these are first steps in the field,
yet also is perhaps unhelpful when the myriad equations, calculations and ‘hard data’ analyses perhaps
reassure more than they should of the ‘science’ behind these studies. Research must first shift into
social science spaces better able to test their implementation reliably and their validity in practice,
incorporating management practices, worker experiences and, most importantly, ethical issues into the
studies. Indeed, the lack of discussion or even consideration of ethics and privacy within this body of
literature as a whole is worrisome, despite this being a common worker concern [30], yet this is perhaps
to be expected given the current technological focus of wearables for safety research. There is some
progress in this area, for example, the research of blockchain to ‘balance privacy and OSH’ by [31] is
welcomed but is also more than a little ironic; proposing a technological solution to problems caused by
technology use in the first place.

Yet this raises another point. Technocratic determinism that wearables for safety will inevitably improve
OSHW safety management on sites means we are perhaps failing to consider any other options for
improved safety management — things that do not involve technology at all. We know many construction
activities cause MSDs in workers, so is it not better to put our efforts into researching new ways to
construct and thus eliminate or mitigate problems at their source rather than use insole sensors to
monitor workers as they continue to struggle in the field? Such wearables can become just another form
of PPE, albeit one that can tell you when you’re ‘doing it wrong’, but that is not exactly aiming high at
the hierarchy of control.

Most importantly, this study demonstrates that whilst wearables for construction safety are already a
prominent and growing commercial industry in and of themselves, we should as academics be mindful
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of what science is actually able to prove. The current body of academic research of wearables for safety
cannot (yet) demonstrate that they do make a positive difference on construction jobsites. We should
therefore be much more cautious in championing this tool of Construction 4.0 as the panacea for OSHW
management — and start to develop valid, reliable and generalizable studies that examine wearables for
safety entirely objectively, mindful of our ethical obligations. Our first responsibility should always be to
the construction workers who risk their health, safety and wellbeing when they go to work each day,
rather than to governments fixated on demonstrating ‘technological progress’ or firms seeking to
maximise profits from invasions of worker privacy.
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Abstract

The construction sector is one of the segments that most register work accidents in Brazil. Safety
management is a fundamental activity at the construction site because it identifies, controls, and
assesses hazards in the work environment. There is a need for tools to support safety management at
the construction site that considers human behavior and cultural issues in the region to identify
management strategies that promote the reduction of unsafe behavior of workers. Recent work has
developed agent-based computational models to analyze the theme based on social theories such as
risk theory and the theory of planned behaviour. Agent-based modeling (ABM) is a computational
methodology with solid potential for the simplified representation and analysis of complex systems such
as construction sites. This article paper analyzes social theories applied to agent-based models focused
on construction safety management and identify the most appropriate theory(s) to represent a Brazilian
construction site. To this end, the study conducts a literature review and a structured analysis of the
data collected about the safety management of construction sites in Brazil, ABM applied to the subject,
and related social theories. As a result, (1) the social theories used to analyze the safety behavior of
construction workers are identified, and (2) social theories are selected to propose a conceptual
framework to support the development of an ABM focused on the Brazilian context. From the analysis
of sixteen articles found in the literature review, it was possible to identify eleven social theories used to
investigate the safe behavior of civil construction workers. The study proposed a decision-making
framework for Brazilian construction workers' cognitive process of unsafe behavior based on risk theory,
organizational support theory, and social identity theory.

Keywords: Agent-based modelling, safety, construction site, social theories, human behavior.

1 INTRODUCTION

The construction industry has great relevance in the country's economic structure, being responsible for
a considerable part of the generation of jobs in Brazil. [1]. According to the Digital Observatory of
Occupational Health and Safety [2], there were about 446.9 thousand work accidents in the country in
2020, with more than 10 thousand occurring only within the construction sector. The mortality rate in the
Brazilian construction industry reaches 11.76 cases for each group of 100,000 full-time workers per year
[3]. In the Middle East, the mortality rate is 18.6 per 100,000 [4], while in established economies, the
rate is 4.2 per 100,000 [5].

Ensuring the safety of people in construction is a comprehensive and challenging task due to the sector's
dynamic and complex working conditions. Accidents and fatalities remain a worldwide problem despite
existing regulatory reforms, legislation, and research [6]. Several authors associate human behavior as
one of the main factors related to the occurrence of occupational injuries and accidents, highlighting that
work safety programs focus on individual behavior and risk management ([7], [8]).

The creation of tools to support construction safety management is an action that should be encouraged.
Agent-based modeling (ABM) stands out as a suitable approach for analyzing this environment [9]. ABM
is a computer simulation method that analyzes a complex social system using virtual agents to
reproduce the behavior and interactions between individuals in the system [10]. The accuracy of this
modeling type allows the analysis of a heterogeneous set of agents from a single system of resources
[9]. From the development of an ABM, it is possible to define and analyze the interactions between the
personnel related to the safety of the construction site, their properties, and individual behaviors. Their
interaction rules can be represented respectively at the beginning, forming a system at the macro level.
However, social theories need to be used to base the simulation of the construction worker's behavior
as close to reality as possible.
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Through an integrative literature review, this interdisciplinary research aims to map the main social
theories used in literature to understand the safe behavior of construction workers. The study aims to
develop a theoretical proposal of the cognitive behavioral process of Brazilian construction workers and
identify social theories that can support this proposal. We expected that the results of this study will
contribute to the development of agent-based models that support the search for safer Brazilian
construction sites.

The remainder of this paper is organized as follows: Section 2 presents the literature review, and Section
3 describes the methodology adopted. Section 4 presents the results of the integrative literature. Section
5 presents the selected theories, discusses their validity for the Brazilian scenario, and presents and
discusses a cognitive process framework proposal to support the development of an ABM focused on
the Brazilian context. Finally, Section 6 presents the conclusions.

2 LITERATURE REVIEW

In recent years, the unsafe behavior of workers has received attention in investigations of accidents in
the construction industry, as deviation from safety procedures by employees has been identified as the
leading cause of accidents in the sector [11]. Worker behavior is considered one of the four main
contributors to safety incidents [12]. However, the industry cannot always control the risks in
construction, given the multitude and instability of factors involved in the production stage of construction
(materials, equipment, and workers) [13]. Therefore, safety management should increase awareness of
risks and provide safe working conditions to minimize risks.

Management strategies can reduce workers' unsafe behavior on a construction site [14]. The safety
culture can affect the safety relationship in the construction work environment, associated with
management commitment and employee participation [15]. Employee perception of the organization's
safety climate is manifested according to how safety is rewarded and supported by the organization
[16]. A positive safety climate induces safer worker behavior and fewer accidents and injuries [17].

By measuring the safety climate, it is possible to predict the occurrence of future accidents or injuries in
the work environment, as it represents an external or instant reflection of the safety culture [18], which
can highlight areas for overall improvement in the work environment's safety [19]. Given the direct
relationship between safety climate and human behavior, social theories such as risk theory and planned
behavior theory are used by different authors ([10], [11], [14]) to understand how management strategies
can impact workers' safe behavior, both within the construction industry and other industries.

In literature, studies that analyze aspects of safety from the base of production (workers) to the top
(management) are based on behavioral and social theories to justify the agent's decision-making ([11],
[12], [14]). The most analyzed organizational factors were the influence of feedback from managers,
followed by training and safety inspections. However, the main focus of the studies was to investigate
co-workers' impact on employees' behavior. There is a lack of technology integration in real projects at
construction sites. This integration is fundamental to enable the effective use of technology, such as
agent-based modeling, to assist managers in decision-making.

3 RESEARCH METHOD

Three stages composed the present research. The first stage consisted of bibliographic research on the
topic, analyzing the panorama of Brazil's construction safety sector and the context related to the
application of computational technologies to analyze the safe behavior of construction workers. The
second stage performed a structured analysis of research that applied social theories to investigate the
safety behavior of construction employees. This stage consisted of an integrative literature review [20].
The study conducted a structured analysis of 16 research selected in the literature to map and analyze
the main social theories used by the authors. The study chose Scopus and Science Direct as databases
due to their representativeness and relevance within the knowledge of construction, testing different
research strings until reaching the one that provided the best results with the larger sample size
according to the research objective (Table 1).

Fig. 1 presents the analyzed studies, relating the authors, year of the research, type of research,
countries, and study objective to an identification code. Each study has a specific purpose, but all
analyze the safety behavior of construction workers from the perspective of social theories.

The third stage involved the development of a proposal for a cognitive-behavioral structure of Brazilian
workers based on social theories identified in the previous step and considered applicable to the
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Brazilian context. The proposed framework aims to support the development of an ABM focused on the
Brazilian context that plans to simulate the influence of safety management strategies on workers' safe
behavior. The study used three Brazilian national studies to identify the relationship between selected
social theories and the Brazilian context and to validate the proposed framework. It selected these
bibliographies because they are national studies presenting essential data on Brazilian workers' safety
behavior.

Table 1. String definition

Database Search Terms Results
Scopus and Science TITLE-ABS-KEY ( ( "agent-based" AND ( model* OR simulation ) ) 10
Direct AND ( construction OR build* ) AND safety ) )

Snowball sampling - 6
Country COD REF/Type Year Purpose

To explore differences in safe behavior change among construction workers with different
personality traits.

To compare the influence of traditional management actions with management practices
using technologies to analyze the safe behavior among construction workers.

To study the influence of seven factors (safety, organization, psychology, and individual) on
the dynamic performance of safe behavior by construction workers.

To conduct a literature review on the construction safety climate and provide a theoretical
framework.

To investigate psychological ownership as a mediator in the relationship between safety
climate and occupational safety behaviors among construction professionals in Ghana.

To explore the causes of cognitive impairment in construction workers and the influence of
social groups and social organization factors on the safe behavior of construction workers.

SR1 [21]* 2022
SR2 [22* 2022
® sRr3 [23/* 2022
® SR4 [24]%** 2021
SRS [25]%* 2021

® sRe [14* 2020

To investigate how organizational support can cultivate a multilevel safety climate in the

7 ** 202
SR 18] 020 construction industry.

SR8 [261* 2018 To investigate the effects of two different actions to support employees on three levels of

COUNTRIES: severity of safety performance in a construction project.

To analyze interpersonal interactions on construction sites between workers and
@ China Iran Taiwan [ ] SR9 [101* 2019 management teams to study the effect of these interactions on construction safety
® United States ® Saudi Arabia ® Ghana performance.

To investigate the social influence on the safe behavior of construction workers and
interaction with different safety management interventions and different site risk conditions.
To analyze the influence of different management strategies on the safe behavior of

Singapore @ Korea ® Middle East 9@®® R0 [11)* 2018

@® SrRi1 [27]* 2018

TYPES: construction workers in different locations with different levels of risk.
* To assess security performance and network resilience to risks for communication and
* ABM development ® sr2 (g 201 security management.
** Empirical Testing SR13 [29]* 2016 To analyze safety behaviors when planning a construction activity.
*** Literature review @ SR14  [30]**** 2016 To develop a cognitive model of construction workers’ unsafe behaviors.
LT Development ofa cognitive model ® sRis [19]** 2015 To investigate the systematic influence of three types of institutional pressure (namely,

coercive, mimetic, and normative pressures) on the safety climate of construction projects.
® sRi6 [31]** 2013 To investigate the factors behind why scaffolders opted not to use safety harnesses.

Fig. 1. Selected Research (SR)

4 RESULTS

The studies were from nine different countries. No publications related to the Brazilian context were
found (Fig. 1). Several studies point to the influence of cultural differences on safety [32]. Therefore,
these studies do not represent the reality of safety in Brazil.

The analysis of the studies allowed identifying social theories used to understand the safety behavior of
construction workers. In agent-based modeling, it can guide decision-making by employees and the
rules of interactions between agents.

The Theory of Planned Behavior and the Risk Homeostasis Theory are the prevailing theories. The first
appears in eight of the sixteen selected surveys. The second appears in four. Studies can use these
theories in isolation or combination. Both have great potential to understand the causes of individuals'
unsafe behaviors.

Table 2 presents the conceptual definition of the theories and an analysis of how the authors used them
in their respective studies.

Some studies (SR1; SR2; SR6; SR9) created "frameworks" to understand the factors that influence the
behavior of construction workers. The cognitive process structure proposed by SR6 for construction
workers considers the influence of individual, social, organizational, and group social cognitive factors
in each of the three stages of the cognitive process. In contrast, the model proposed by SR9 considers
five stages of the workers' cognitive process and relates it only to individual cognitive factors.

SR2 presents a similar conceptual structure to that of SR9, adding the influence of typical manager
behaviors, like the social and organizational factors proposed by SR6. At the same time, the structure
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of SR1 related the three stages of the cognitive process to different risk perceptions and tolerances,
according to the different personalities of construction collaborators.

Notably, none considered the safety climate's influence on workers' behavior.

Table 2: Relationship between social theories and selected research

Social theory

Definition

Selected research

Analysis

Risk
homeostasis
theory

Theory of
Planned
Behavior
Theory of
Organizational
Support

Risk perception and
risk tolerance are the
main dimensions
determining individuals'
risk behavior [33].

All  individuals are
rational  [23].  This
theory presents five
primary constructs:
attitude, subject norm,
perceived behavioral
control, behavioral
intention, and behavior
[34].

Employees develop
beliefs  about the
degree of appreciation
that the organization
attaches to their
contributions, as well
as the company's
concern for the well-
being of its members
[35].

SR1, SR8, SR10 and

SR11

SR2, SR3, SR4, SR9,

SR11, SR13, SR14
and SR16
SR7

SR1 analyzes, through ABM, the relationship between the
risk theory and the Big Five personality traits, by associating
different perceptions and acceptance of risk with the
personality traits of construction workers.

According to SR8, alerting co-workers to leave the risk area
and to use personal protective equipment can reduce risk
exposure.

SR10 based the proposed ABM on risk perception and
assessment concepts by considering that people's risk
attitude guides their perception.

SR11 considers the tolerable level of danger as one of the
ABM variables related to management strategies and
perceived production pressure.

SR2 associates the subject norm with “Demonstrative role”
and “Behavior feedback,” the safety attitude with
“Demonstrative  role,” “Behavior feedback,” “safety
inspection,” and “intelligent video surveillance,” and the
perceived behavioral control with “Taking action.”

ABM developed by SR3 considered attitude, subject norm,
and perceived behavioral control as responsible for
construction worker safety behaviors. These constructs can
be affected by individual characteristics, organizational traits,
and psychological abilities.

The SR4 literature review presents a conceptual framework
of the relationship between construction safety climate (CSC)
and construction worker safe behavior (CWSB). This
framework was based on previous CSC research and the
Theory of Planned Behavior (TPB).

SR9 associates the subject norm with “perceived responses,”
the safety attitude with “decide a safe response,” and
perceived behavioral control with “execute the safe
response.”

SR11 used the theory as justification to analyze the effects
of contagion probability and safety-productivity tradeoff.

SR13 considered in the ABM the effect of the subject norm
through the influence on the truck drivers' safety attitude to
analyze the truck drivers' safety behavior during the
earthmoving operation.

SR14 is based on theory reflecting the various factors
influencing workers to perform unsafe behavior.

SR16 used TPB to investigate why the scaffolders decided
not to utilize safety harnesses.

SR7, in the research, sought to investigate how
organizational support (OS) in cascade can cultivate a group-
level safety climate (GSC), by relating the safety climate (SC)
with supervisory safety-specific transformational leadership
(SSTL) and co-worker support (CS). SR7 results indicate that
OS does not have a direct effect on SCG. Instead, OS acts
as an indirect factor that contributes to the increase in SCG
through the mediation of Organization-level safety climate
(OSC) and SSTL, in addition to moderating the relationship
between CS and GSC.
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Table 2: Relationship between social theories and selected research (Continuation)

Social theory Definition Selected .
Analysis
research
Social Two interacting parties do acost- SR5, SR7  SR5 presents a model of safety climate and safety behavior
exchange benefit analysis to assess risks mediated by employee psychological ownership, based on
theory and benefits [36]. this theory.

SR7 uses this theory to help visualize the association
between organizational support and the safety climate.

Social identity People are aware that they SR3 and SR3 considers, through this theory, the influence of the

theory belong to social groups with SR10 safety climate and the leader-member exchange (LMX) on
emotional meaning and value the workers' subjective norm.
[37].

SR10 uses this theory in the proposed ABM to substantiate
the social influence mechanism between agents.

Social People define their social and SR10 SR10, based on this theory, considers that agents adjust
comparison personal worth by comparing their behavior based on interaction with other agents
theory themselves to others [38]. (observation and communication).

Social network  The theory highlights the role of SR12 Based on the theory, SR12 analyzed and compared three
theory social relationships in changing designs and simulated a network model to see how it reacts
an individual's attitude or to security alerts.
behavior [39].

Institutional Organizations tend to adhere to SR15 SR15, building on the theory, developed and tested a
theory norms and behaviors that are model to explain how coercive, mimetic, and normative
socially accepted to maintain pressures systematically influence the safety climate of
structural congruence with their construction projects in China.
specific institutional environment
[40].
Information Three stages compose the SR6 Based on the theory, SR6 developed a framework for the
processing cognitive  process:  obtaining cognitive process of construction workers. The authors
theory information, understanding considered the influence of the individual, the organization,
information, and responding and and some group factors in each of the three stages of the
acting [41]. cognitive process.
Bounded The limitation of an individual's SR6 and SR6 considers in the cognitive stage of understanding the
rationality cognitive process can lead to SR13 agents' information that the worker calculates the risk and
theory underestimation or income level brought by the behavior.

overestimation of the risk [42].
[42] SR13 uses the dynamic system (DS) model of mental

fatigue to model truck drivers' mental fatigue during work.

Social learning  Individual behavior results from SR6 The results obtained in SR6 indicate that the social learning
theory interacting with cognition, action, category should include behavioral feedback and the
and environment [43]. demonstration role.

Some theories have a social influence bias used in studies to model human behavior. However, not only
social exchanges and influences determine workers' behavior. It is essential to analyze the internal
process that drives employees' actions [11]. When deciding, it is necessary to consider what individuals
understand and perceive as risk [11]. This process includes workers' awareness and knowledge of
safety.

Some studies have considered unsafe behavior failures in workers' cognitive processes (SR1; SR2;
SR3; SR6; SR9; SR14). In other words, failures may occur in understanding and processing information,
selecting which response to perform, and executing the action. Unsafe behaviors result from errors in
risk observation/perception, the level of risk judgment, and subsequent inadequate decision-making
[30]. In contrast, SR10 did not relate errors to the cognitive process. Therefore, errors do not necessarily
result from judgment or bad decision-making in the cognitive process but rather from mistaken actions
during the action-taking phase. Hence, an error may occur without the cognitive process being unsafe,
and it may also happen without errors in the cognitive process under an unsafe condition, as it relates
to individuals' risk perception [11].
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5 CONSTRUCTION WORKERS IN BRAZIL: A COGNITIVE PROCESS
FRAMEWORK PROPOSAL

This section presents a proposed structure for the cognitive decision-making process of Brazilian
construction workers. The proposed framework aims to model the behavior of these agents, simulating
the influence of safety management strategies (training, communication, and safety climate) on workers'
safe behavior.

There are two approaches to modeling human behavior using artificial intelligence: mathematical and
cognitive, which can be adopted separately or together. SR1, SR2, SR3, SR6, SR9, and SR14 analyze
the cognitive factors of workers and how they influence the unsafe behavior of employees, which is
responsible for increasing the number of accidents and injuries on construction sites. Despite the
similarities between workers' cognitive decision-making processes, each author presented their specific
cognitive process, indicating the individual, organizational, and social factors influencing the worker's
unsafe behavior. They all emphasize the worker's risk perception, assessment, and decision-making.

Considering the analyses of the identified theories in the literature, the proposed framework adopts the
following social theories to define the structure of the cognitive process of decision-making by
construction workers: the Theory of Risk Homeostasis, the Theory of Organizational Support, and the
Theory of Social Identity. The study chose these theories based on their relationship with existing safety
aspects in Brazilian construction. Table 3 presents the connection of these theories with three field
surveys carried out on construction sites in Brazil ([45], [46], [47]). The study selected these studies for
their relevant content on the safety behavior of construction workers in Brazil. Cultural elements are
responsible for differentiating workers' risk perceptions and the impact of management strategies on
agents' safe behavior [32]. Social theories must be chosen according to their relationship to the local
culture.

The proposed framework, presented in Fig. 2, is based, first and foremost, on the structure proposed by
SR1, which relates the three stages of the cognitive process of employees (Information processing
theory) with the Theory of Risk (Table 3).

However, unlike SR1, which associates the perception of risk and tolerance with the different
personalities of workers, this structure associates the perception of risk with managerial actions, such
as safety communication, safety training, and safety inspection, as proposed by the RS6. Although, RS6
does not associate workers' cognitive processes with risk theory. Based on the literature review, the
proposed conceptual framework considers the impact of management strategies on the safety behavior
of construction workers. Safety training and communication are managerial actions that teach workers
to recognize and avoid risks in the work environment. Therefore, these were considered influential
factors in workers' perception of risk.

Table 3: Relationship between social theories and the Brazilian context

Social theory

Aspects of social theories

Analysis of safety aspects in Brazilian construction

Risk
homeostasis
theory

This theory states that each individual has their
perception and tolerance for risk. It is
understood that each construction worker will
present their risk perception, even if they are
exposed to the same real risk.

The factors that influence risk tolerance are
personal characteristics, expected
consequences, and safety culture [44].

The excessive trust of managers and workers and the lack
of formal procedures lead to practices incompatible with
legislation and good practices in the construction sector
[45].

Even knowing the possible consequences, the worker
feels confident to take unnecessary risks due to the low
rate of accidents he has witnessed or experienced
throughout his professional life [46].

Employee awareness and collaboration are among the
main difficulties in complying with safety legislation. The
improvement in management actions and practices needs
to focus on the participation, training, and awareness of
the workforce at the construction site [47].

When analyzing some risk situations, it is necessary
immediate training to construction workers so that they
"perceive" the risks in their workstations [46].
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Table 3: Relationship between social theories and the Brazilian context (Continuation)

Social theory Aspects of social theories Analysis of safety aspects in Brazilian construction

Social identity According to SR10, this theory has beenused The deficient safety culture is evidenced by the lack of
theory by organizations to understand the behavior information among workers about the importance of using
of their employees. This is because Personal Protective Equipment (PPE) and the lack of
organizational identification acts as a adequate supervision by managers [45].
mechanism that regulates motivation,

behavior, and job satisfaction. Instructions on safety at work were only followed in the

presence of the construction engineer or inspector of the
SR3 assumes that construction workers will  contracting company [46].
be impacted by other social groups, such as
managers, supervisors, and coworkers when
they implement safety behaviors.

Organizational  Through this theory, SR7 asserts that an The results of a case study about accidents at
support theory  organization that values safety will develop construction sites show that the causes of accidents were
effective policies and procedures to maintain  strongly associated with organizational factors [45].
high safety standards. In addition, it will
require frontline management to effectively
enforce these safety policies and procedures
to create a safe work environment.

Research carried out at construction sites showed that
regardless of the strength of the safety culture,
organizational failures - and not individual factors - played
a decisive role among the factors that caused problems
[45].

According to workers, receiving safety information during
planned training and with specific instructions has a more
significant impact than receiving safety advice just a few
minutes before the start of the task [46].

Given the relationship presented by the authors between safety climate and safety culture, it is possible
to affirm the influence of safety climate on employee risk tolerance (SR3; SR4; SR7). In addition,
Rundmo [44] proposes a relationship between the individual risk tolerance level and the organizational
climate.

SR6 related organizational factors in its model with individual cognitive factors, such as safety
awareness and knowledge, experience, attitude, and subject norm. Safety communication, inspection,
and training influence safety awareness and knowledge, increasing the employee's perception of risk.
According to the Theory of Organizational Support, these managerial actions impact according to the
level of priority given to safety by members of the organization. According to the Social Identity Theory,
employees exhibit safe behavior based on the actions and behaviors performed by their coworkers and
managers (Table 3). To cover the complexity of the variables to be analyzed by an ABM, the model
must be composed of agents with different risk perceptions and tolerance levels.

Cognitive process Cognitive stage Source of influence
Perceive information ———— Risk perception Safety communication
Evaluate information ———— Risk tolerance Safety training
Make decision ——  Safe behavior/unsafe Safety climate
behavior
!
Near miss

Fig. 2. Framework of the cognitive process of unsafe behavior of construction workers.
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6 CONCLUSIONS

From the results obtained in the proposed literature review, it was possible to outline a current panorama
of social theories used to understand and model workers' safety behavior on construction sites. It is
essential to understand the influence of the cognitive process of construction workers on the process of
risk perception and decision-making that may or may not result in an accident. The study identified the
Risk Theory, the Organizational Support Theory, and the Social Identity Theory as adequate social
theories to model the cognitive decision-making process of the behavior of Brazilian civil construction
workers. The proposed framework aims to reproduce this behavior based on the influence of safety
management strategies (training, inspection, communication, and safety climate) on agents' safe and
unsafe behavior. This research expected that this conceptual framework could direct the development
of models based on agents that evaluate the impact of safety management strategies on construction
sites. Such models aim to support security managers in their decision-making. The results of this paper
are limited to the scope of the sample obtained by the search string and databases used. Several
organizational, individual, and social factors are related to workers' safety behavior, but this study was
limited to three management strategies. Finally, this research suggests validating the proposed
conceptual structure through field data collection and developing an agent-based model for application
in the Brazilian scenario to advance the presented knowledge.
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ONTOLOGY-BASED WORKFLOW AND CONCEPT FOR SAFETY
INSPECTION OF SCAFFOLDING
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Abstract

The construction industry presents a high-risk work environment where the frequency of accidents is
about twice as high as in other workplaces. To address this issue, ontologies, specifically Digital
Construction Ontologies (DiCon) and Ontology-based Conjunctive Query Answering (OCQA), can play
a crucial role in improving occupational safety standards on construction sites. These ontologies allow
mapping of different knowledge areas, such as bills of quantities, schedules, equipment, site personnel,
and inspection planning, among others. This study aims to extend the contents of these ontologies to
include inspections in the area of occupational health and safety.

The use of ontologies can help in organizing and structuring the knowledge base and ensuring that all
relevant information is included in the process. This leads to a more comprehensive approach to
occupational safety and minimizes the likelihood of accidents on construction sites. Scaffolding
inspection is given as an example to demonstrate the importance of including health and safety
inspections in the construction process.

The extension of DiCon and OCQA ontologies to include inspections in the field of occupational health
and safety is a crucial step towards a safer and more organized construction site. The use of ontologies
allows a systematic and structured approach to occupational safety, thereby reducing the risks and
consequences of accidents. The aim of this study is to promote the importance of including health and
safety inspections in the construction process and the benefits of using ontologies to achieve that goal.

The proposed framework includes inspections in the field of scaffolding contributes to safety on
construction sites, thus minimizing the likelihood of accidents and making construction sites a safer
place for workers. This paper demonstrates and validates a technique for automating the scheduling of
quality inspections by using semantic web technologies. An evaluation is carried out on specimens of
construction sites.

Keywords: BIM, code compliance, workflow automation, ontology, linked data, scaffolding, construction
management

1 INTRODUCTION

Despite significant efforts that have been made over the past decade towards adapting and developing
modern information and communication technologies in the construction industry, its worldwide
occupational safety and health (OSH) performance remains extremely poor. Statistical data indicate that
in many countries, the construction sector has one of the highest accident rates. Falling from heights in
particular, still accounts for a large proportion of accidents on construction sites.

Through an analysis of these hazards and through their systematical assessment, the number of
accidents can be reduced further. To act preventively, an attempt will be made to integrate safety
regulations and scheduling rules into an object-oriented building model. Earlier, many approaches
showed that the overall framework of planning could be checked for compliance with safety standards,
and could be changed and adjusted accordingly in the first phase of the project and, at the same time,
it would be possible to plan an effective workflow [1, 2]. In recent years, a significant amount of research
has been dedicated to the analysis of job hazards (JHA) based on Building Information Modelling (BIM).
This approach involves scrutinizing 3D models by using rule interrogation techniques to pinpoint
potential hazard locations [3]. An overview of the approaches can be found in [4].

The use of ontologies for knowledge representation in occupational safety is not new. For example,
Wang and Boukamp have developed a concept with the help of an ontology-based approach to allocate
the knowledge available in the company about hazards to construction methods, processes and sub-
processes [5, 6].
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All of this research relates to the identification and assessment of hazard sites. Our approach focuses
on creating a safe working environment for the scaffolding trade by automatically generating quality-
relevant checks through a knowledge base.

In the planning phase, the order of priority of the protective measures in accordance with the German
Occupational Health and Safety Act (§ 4 ArbSchG) must be considered for the use of the scaffold (see
Figurel).

not
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not
possible

not
possible

safety catch personal

Fall protection

device protection

is present

e.g.
Side protection,
Assembly guardrail
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- further risk assessment
- instruction

- rescue concept

Figure 1. Priority of protective measures when using scaffolding

To ensure the effectiveness of safety equipment, it is crucial that the equipment is installed and operated
correctly. Employing ontologies can aid in organizing and structuring the knowledge base, ensuring that
all pertinent information is incorporated into the process. This results in a more comprehensive approach
to occupational safety, reducing the probability of accidents at construction sites. For instance,
scaffolding inspection is cited as an example to emphasize the significance of integrating health and
safety inspections into the construction process.

2 BACKGROUND

2.1 Quality and quality assurance

Generally, an individual subjectively evaluates quality which is difficult to measure as it is not based on
a technical evaluation or agreement and, therefore, lacks transparency. According to DIN EN ISO
9000:2005, quality is defined as “the degree to which a set of inherent characteristics meets
requirements”. Thus, it is essential to define qualities precisely before creating the product or service.
Quality requirements can be defined on a project-specific basis by project participants and across
projects by standards, norms, guidelines, and laws [7]. According to DIN ISO EN 9000 3.3.5-3.3.8,
quality assurance is understood to be “a part of quality management directed towards the creation of
trust that quality requirements will be fulfilled”.

Quality inspections serve to verify whether the construction work provided meets the required
specifications, including those agreed upon in the contract or regulated by rules. Quality inspections
refer to “determining conformity with quality requirements” [8]. The execution and results of quality
inspections must be recorded in protocols and documentation. According to DIN 55350, test planning
refers to the “planning of one or more tests”. A test plan describes the “specification of one or more
tests” [8]. Therefore, the test plan contains the overall plan for carrying out the inspections. The test plan
must be developed before the start of the inspections and in accordance with the requirements to be
tested [9].

In this paper, the quality assurance of scaffolding work is considered. In order for the scaffolding to fulfil
its intended use, it must be assembled properly in accordance with the general rules and regulations. In
this context, the requirements for proper construction are “a set of inherent characteristics” which need
to be verified.

2.2 Quality assurance for scaffolding

The use of working, protective and assembly scaffolds includes any activity with them. It includes the
erection, modification and dismantling (assembly), the inspection of the scaffold, the transport of scaffold
parts and the use (utilization) of the scaffold by users [10]. Scaffolding is divided into different types
depending on its use: facade scaffolding, room scaffolding, suspended scaffolding, mobile scaffolding,
safety as well as roof safety scaffolding, and assembly scaffolding. This article is limited to facade
scaffolding due to the frequency of its use.
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In connection with scaffolding work, there are different actors who have different tasks and
responsibilities. For example, scaffold erectors are entrepreneurs (employers) who erect and convert
or dismantle scaffolds themselves with their employees.

The competent persons of the scaffold erector are commissioned by the contractor, for example,
scaffolding foreman or scaffolding assembly foreman. The scope of duties includes, among other things,
the preparation and updating of the assembly instructions, the preparation and updating of the plan for
the use of the scaffold by the scaffold user and supervising the erection, modification and dismantling
work.

Skilled employees of the scaffold erector may erect, modify or dismantle scaffolds. They are employees
with a completed vocational training in the scaffolding or the construction trade.

A qualified person for the testing is commissioned to inspect that the condition of scaffolding complies
with the regulations before he/she approves it for use. The group of persons qualified for the examination
includes, for example, scaffolding erection supervisors, scaffolding foremen, certified scaffolding
supervisors and certified scaffolding team leaders.

A scaffold user is an entrepreneur who uses scaffolds himself and they are also used by his employees.

Qualified person is a person whom a contractor commissions to inspect the scaffold before or during
the use of it by employees.

The above actors are defined as entities in the following ontology.

Usually, inspection reports for scaffolding work are carried out manually and on paper (Fig. 2). This
method is very superficial and is not project-specific or site-specific and is very error-prone. The quality
of the test results depends heavily on the qualifications of the inspector.
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Figure 2. Manual checklist for scaffold erectors
2.3 Rule-based inspection planning by using semantic web technologies

The semantic web provides open standards that allow interoperability, flexibility, and extensibility. The
World Wide Web Consortium (W3C) has introduced standardized specification languages such as RDF,
RDFS, and OWL. RDFS and OWL are languages used for describing an ontology while RDF describes
the entities of the real world [11]. An ontology is a systematic representation of the knowledge of a
particular domain based on its concepts. Ontologies represent knowledge based on information and
their relationships and enable the inference of new knowledge by using rules [12]. This implies that an
ontology aims to capture domain-specific semantics and describe them through a concept; it also relates
the concept to other domain-related ontologies. In this context, the term ontology refers to a knowledge
base or a data model.

Rules can be understood as conditional relationships, where if condition A is true then condition B is
also true. Rules consist of a premise that defines a condition and a conclusion that represents the
inference. Established rules can either be valid or be shorn of validity because of exceptions [13]. In this
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application, rules map explicit knowledge of inspections from regulations, technical manuals, or
corporate processes in a machine-readable way.

The implementation of rule languages is

accomplished with the help of the schemas Graphicla User Interface
described by Zhang and Pauwels (see Figure 3). In

this context, the terminology box (T-box) represents Application Logic

a schema extended by the rules of the rule box (R-

box). The assertion box (A-box) represents instances
that follow the T-box and are processed by the R-  SPARQL APl calls
box. Subsequently, an inference machine accesses
the A-, T-, and R-box to draw new knowledge based
on the rules stored in the R-box. Interference Engine

| Resource Selection

The closed knowledge generated by the inference
engine is communicated to the application through |
API calls or SPARQL queries and made accessible ABox TBox RBox
to the user through a user interface [14] (Pauwels &
Zhang, 2015). The validation language SHACL,
which is used as a rule language in this paper, was
published by the W3C organization on 8 September
2015 as Recommendation. In summary, SHACL is a
language that allows RDF data to be validated or new
knowledge to be inferred [14].

Figure 3. Overview of implementation path for
any rule-checking application that relies on a
dedicated rule language. [14]

3 METHODOLOGY

In ontology research, multiple methodologies have been developed for defining ontologies, such as the
ones formulated by Griininger and Fox and by Uschold and Gruninger, besides Ontology Development
Guideline 101, and OnTo-Knowledge Methodology [16]. In this study, a hybrid model combining the
LOT methodology with Uschold and Gruninger’s methodology and Grininger and Fox’s approach is
followed to compensate for the limitations of each methodology. The LOT methodology divides the
ontology engineering process into four phases: specification, implementation, publication, and
maintenance [17]. The ontology development and engineering process is shown in Figure 4. The
specification phase is used to determine the scope, purpose, use-cases, users, and requirements of the
inspection cost ontology. It is worth noting that knowledge acquisition is an iterative process that occurs
throughout the entire ontology engineering process, starting from step 1.3 [18]. Based on the
specification, a conceptualization process that includes existing ontologies and encoding is developed.
The implementation is completed by evaluating the developed ontology using different evaluation
methods. Finally, the ontology is documented on an HTML sheet and published on GitHub to enable
access by a wide range of users and developers. GitHub facilitates proper ontology maintenance
through collaboration and version control based on the repository [19].
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Figure 4. Ontology development/engineering methodology [17]
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4 SPECIFICATION

The purpose of specification is to develop a formal document that describes the ontology of planning
inspections for scaffolding in natural language, using competency questions (CQs) as requirements [18].
These CQs are derived from previously defined use-cases that are based on the purpose and scope of
the corresponding ontology. The specification document will be provided on GitHub. In the following,
different specification steps are formalized.

Purpose: The ontology will focus on planning inspections for scaffolding in construction execution to
provide a structured representation of inspection planning information that can be utilized by
construction project management, including construction managers, inspectors, and planners. The
proposed ontology should, in detail:

1. Define the types of scaffolding systems that require inspection planning
2. Strengthen the quality awareness of employees
3. Support decision making in inspection planning for scaffolding

Scope: The proposed ontology will only cover the inspection planning process for facade scaffolding
systems and will not address other inspection-related tasks or cost-related information.

Use-cases:

1. Description of inspections for scaffolding
2. Automated planning of inspections for scaffolding

End-users: The ontology is primarily intended for use by construction project management, including
person qualified to inspect, scaffold erectors, construction managers, and planners. The ontology will
not be used by construction workers or other stakeholders who are not involved in the management of
construction sites.

Non-functional requirements (NFRs): NFRs are a type of requirement that defines how a system
should perform, behave, and operate rather than what the system should do. Various studies have
already defined NFRs for ontologies in the field of construction which can be summarized as follows: 1)
Coverage/sufficiency; 2) Consistency; 3) Usability; 4) Extendibility/reusability; 5) Clarity and
conciseness [16, 20, 21, 22]. The defined NFRs are used as evaluation criteria and covered by different
evaluation methods.

Functional requirements: The functional requirements are described as competency questions (CQs)
according to the previously defined use-cases. Fig. 5 lists the CQs to be answered by the proposed
ontology.

Description of inspections for scaffolding AIEENEe) [BLEMAIE) 6 INSpEEianes e

scaffolding
1. What are the related entities of an inspection 3. How can reasoning support inspection
for scaffolding? assignment for scaffolding?

2. What are the relationships between the
assembly process and the inspection process?

Figure 5.competency questions (CQs)

5 CONCEPTUALIZATION AND IMPLEMENTATION

The purpose of this project is to develop an ontology system consisting of two modules: (1) overall
OCQA and (2) OCQA-SCAFFOLDING
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5.1 Overall OCQA

The proposed ontology system for the project is divided into three modules in accordance with the
project aim: (1) overall OCQA, (2) OCQA-SCAFFOLDING and (3) catalogue. The OCQA-
SCAFFOLDING ontology is an extension of the OCQA ontology and is specifically designed to provide
information on quality inspections in construction and to support inspection planning. OCQA also
includes automated inspection planning rules, thus making it an ideal reference for the development of
OCQA-SCAFFOLDING. Moreover, OCQA itself is an extension of the DiCon ontology that offers
fundamental concepts for construction workflows, such as agents, processes, and equipment. Also,
DiCon itself aligns different ontologies, such as
ifcOWL, to represent a BIM. The alignment of
the different ontologies can be observed in
Figure 6. The implementation of other
ontologies is achieved as a hard reuse via
owl:imports, which reuses the imported
ontology as it is and as a whole. Only the
alignment between DiCon and ifcOWL is
realized by owl:equivalent relationships.
Trade-specific modules of the OCQA ontology
cover task-specific inspection planning. For
example, the OCQA-SCAFFOLDING extension
covers all inspections concerning trade
scaffolding [16, 17].

Figure 6. Alignment of OCQA to DiCon and extension of
OCQA by trade specific extensions.

5.2 Ontology for scaffolding inspections (OCQA-SCAFFOLDING)

Quality control in the scaffolding trade is divided into three time units. We differentiate between the work
preparation phase before the scaffolding work begins, followed secondly by the phase of erecting or
dismantling scaffolding, and thirdly by the operation of the scaffolding during use point.

In the work preparation phase, the main focus is on planning the work, which includes risk assessment,
instruction for the employees and the determination of the specifications for the scaffolding construction.
In this paper, the ontology for knowledge representation for quality assurance measures in the second
phase (erecting phase) is presented.

Once the scaffold has been assembled, the contractor who erected the scaffold must have it inspected
for proper assembly and safe functioning. The inspection may only be carried out by a person qualified
to do so. That is, he can be a competent person (see 2.2.) if he has the required knowledge and skills.

In general, the audit refers to the following three categories: Components used, stability, and
occupational and operational safety (Fig. 7).

Components used Stability Occupationaland

operational safety

¢ Condition * Load-bearing capacity of ¢ Width and load class
« Labelling the subsoil and of anchor « Side protection
* Dimensions points o Climbs
* Anchoring, testing « Corner design
* Support system « Distance between structure
* Spacing of columns, and pavement edge
suspensions, brackets, o

cantilevers

* Anchorage grids, bracing
and stiffeners

¢ Tolerances

Figure 7. Example for the inspection of scaffolds
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After completion of the scaffolding construction work and before handing it over to the user, the
contractor responsible for erecting the scaffolding must ensure that the scaffolding components are in
perfect condition and that they comply with the instructions for assembly and use. It includes checking
the scaffolding for stability as well as occupational and operational safety.

The structure of the ontology is illustrated below by using the example of stability and, in particular, when
checking the anchoring. In order to fill in the knowledge database, the W-questions have to be answered:

Table 1. W-questions to fill in the

Question Description
knowledge database
How often? Inspection frequency
How much? Scope of inspection
How is the inspection carried Type of inspection (inspection based
out? on qualitative or quantitative
characteristics)
How is the inspection to be Test method
carried out?
With what? Test equipment
When? Inspection time and classification of
the test in the production process
By whom? Inspector
Where? Test location
How? Test instruction

The load-bearing capacity of the fasteners between the scaffold bracket and the anchorage base must
be verified for the anchorage forces. The proof is to be provided by a) the design approval of the
DeutscheslnstitutfirBautechnik b) static calculation or c) test loads.

Based on the described requirements, the OCQA was extended with the OCQA Scaffolding (see Figure
). Each ocqa:inspection is modelled as the subclass of the class dice:activity of the DiCon ontology.
Therefore, the class ocqa:inspection inherits all relations of dice:activity like start- , end date and
duration. The OCQA Scaffolding is presented as a separate module which is added to the OCQA via
owl:import. The classes of the OCQA Scaffolding are modelled as subclasses of the OCQA. Thus, the
OCQA Scaffolding represents a specification of the OCQA for inspections in the field of scaffold
construction. Figure 8 exemplarily shows the extension for a scaffolding anchor inspection by the class
ocqga-scaffolding:scaffolding Anchor Inspection. The inspection procedure is modelled as the ocga-
scaffolding:Anchor Pull Procedure, which is carried out by using an ocqa-scaffolding:pull-out_device.
The inspection can only be executed by certified ocqa-scaffolding:scaffolding _erection_supervisors.
The inspection is based on DIN XY and is represented through the ocqga-scaffolding:Scaffolding
Regulation class.
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BTN KR 3 ) Y . o _-=-" dicp:hasEquipment
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Figure 8. Extension of OCQA to OCQA-Scaffolding
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5.3 OCQA Scaffolding inspection planning

The proposed ontology, OCQA-Scaffolding, has been designed to enable automated reasoning of
scaffolding inspection. To achieve it, the ontology must be able to infer new knowledge based on the
requirement proposed before. Therefore, the inference process has been divided into multiple distinct
steps. The inference process using SHACL is illustrated in Listing 1. In the first step, the rule assigns
the ifcowl:ElementProxy for the anchors and scaffolding as dice:scaffolding _anchor and
dice:scaffdoling. In the second step, the rule checks if the scaffolding has been installed via anchors. If
anchors are used in the scaffold, an inspection for the anchor pull-out test is generated. Because
information about who, when, how and why are static for this kind of inspection, all queries are inferences
based on static rules. The quantity of inspection is calculated based on the rule
ocqga_rules:CalculateNumberOfinspections. This rule involves selecting all anchors of the model and
applying a multiplication factor of 0.1 to determine the appropriate number of anchors that need to be
inspected.

ocga_rules:ClassifyScaffoldingElements
a sh:NodeShape;
sh:targetClass ifc:IfcBuildingElementProxy;
sh:order 1;
[Classify objects named anchor as dice:scaffolding_anchor and scaffolding as dice:scaffolding].
ocqga_rules:InferScaffoldingAnchorinspections
a sh:NodeShape;
sh:targetClass dice:scaffolding;
sh:order 2;
sh:condition [Check if scaffolding has anchors]
sh:rule [
a sh:TripleRule ;
sh:subject sh:this ;
sh:predicate ocqa:haslnspection;
sh:object [Generate new ocqa_scaffolding:ScaffoldingAnchorinspection];].
ocqa_rules:AssignGerneralParameters
a sh:NodeShape;
sh:targetClass ocqa_scaffolding:ScaffoldingAnchorinspection;
sh:order 3;
sh:rule [
a sh:SPARQLRule ;
sh:construct ""[Prefixes]
CONSTRUCT {
$this dica:hasAgent ?agent;
ocga:haslnspectionProcedure ocqa-scaffolding:AnchorPullingProcedure
dica:hasStart ?EndDateScaffoldingConsturction
dica:hasEnd ?StartDatelnsulationConstruction}
WHERE {[Subquery to get variables]}"].
ocqga_rules:CalculateNumberOfinspections
a sh:NodeShape;
sh:targetClass ocga_scaffolding:ScaffoldingAnchorlnspection;
sh:order 4;
sh:rule [
a sh:SPARQLRule ;
sh:construct ""[Prefixes]
CONSTRUCT {$this ocga:hasQuantity ?NumerOflnspections}
WHERE {[Subquery to get the sum over all anchors multiplied by 0.1 as ?NumerOfinspections]}

Listing 1. SHACL-rule for appraisal cost inferencing

6 CASE STUDY AND FUTURE WORK

The case study is based on a 15-floor building as shown in Figures 9 and 10. The scaffolding provides
temporary access to the upper levels of the building for workers to complete the necessary tasks like
insulation, painting or installation of windows.
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Figure 9. Overview of building Figure 10. Detailed illustration of scaffolding

The rules described in section 5.2.3 are applied to the BIM, the schedule provided, and the
organizational data of the prject. The inferred inspection, ex:Inspection_246, for the scaffolding anchors
isillustrated in Figure 11. In total, 300 anchors are found on the scaffolding and, therefore, 30 inspections
of the same in groups of 10 have to be done in this example project. The scaffolding object is
represented as ex:1Kdjj60OBjCrg9QEIl_zGO_7 and is linked to the inspection via the relation
dicp:hasObject. Furthermore, the start and end dates of the inspection are reasoned by using the end
date of the scaffolding construction and the start date of the following insulation task.

[ :AnchorPullProcedure J_ . [ :John Doe ]
:SeaffoldingInspectionProcedure | ocqa:hasTispection :Scaffolding erection supervisor
R t

Proced ~
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31.08.2022 "7 dicahasEnd L :pull-out device

Figure 11. Representation of the inferred inspection for inspection scaffold anchors based on the
model and the illustrated rule.

Owl:equivalent to

1K djj60BjCrg9QEI zGO 7
dice:scaffolding

7 CONCLUSION

The presented approach shows a concept for the ontology-based knowledge representation in the
quality assurance of scaffolding processes. This paper demonstrated and validated a technique for
automating the scheduling of quality inspections by using semantic web technologies. The
implementation uses the predefined OCQA ontology and SHACL rules containing norms and standards
for quality inspections of scaffolding works. Automating the planning of quality inspections allows quality
managers to schedule inspections more efficiently and without errors. The developed inspection plans
contain localization, responsibilities, costs, start and end dates, equipment, and inspection instructions
based on the ifc-objects in da 3D-BIM model. Also, inspection plans can be updated against changes in
the construction schedule, method or plan.

Automated planning of quality inspections is achieved through the formalization of rules in SHACL,
which are implemented by using SPARQL. SHACL, as a semantic web standard, provides high
flexibility, modularity, and extendibility, thus enabling rules implemented in SHACL to be shared, reused,
and adapted across projects and companies. The reasoning process relies on well-structured
information inputs that include data on the construction, construction process, and company-specific
information. To ensure that the ontology and rules have the necessary input information, exchange

information requirements must be defined.
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Abstract

Safety science, aimed at the best practice of health, safety, and wellbeing (HSW) promotion, is a
significant multi-inter-trans- disciplinary (MIT) research endeavour pursued by multiple scholars in social
sciences, engineering, psychology, law, business, medicine, and other disciplines. Resolving HSW
issues involves drawing insights from human life, endeavour, and industries. In past decades, scholars
have propagated two schools of thought in occupational safety research (OSR) - one was propagated
by the late Jens Rasmussen and the other by Sidney Dekker. Like Rasmussen, Dekker is a pre-eminent
scientist who has authored several books, journals, and conference publications in OSR. In this paper,
keyword analysis and bibliographic coupling were employed to measure the contributions of Dekker to
OSR and HSW efforts of construction management scholars. The paper, inter-alia, shows the
international coverage of OSR research and the topical nature of the problems its tackles. The use of
publications by Dekker in construction research is confirmed in this paper, and topical issues addressed
include safety climate, human factors, situation awareness, resilience engineering, and human reliability
organisations. The paper provides a platform for reflections on areas requiring further engagement in
the community of practice.

Keywords: Accident, Construction, Health, Safety, Wellbeing

1. INTRODUCTION

Safety science, which is aimed at the best practice of health, safety, and wellbeing (HSW) promotion, is
a significant multi-inter-trans- disciplinary (MIT) research endeavor pursued by multiple scholars in social
sciences, engineering, psychology, law, business, medicine, and other disciplines [1], [2]. Resolving
HSW issues involves drawing insights from human life endeavors and industries. Occupational health
and safety (OHS) research has decreased workplace accidents across several industries. According to
[3], work-related deaths decreased by about 90% between 1933 and 1997. Today’s workplace is much
safer, yet accidents have not been eliminated. The challenge is that gains in safety performance have
plateaued, coupled with the unexpected occurrence of significant fatal incidents, which are difficult to
predict and forecast.

In this work, co-authorship (author, organizations, and countries) and co-occurrence (all keywords,
author keywords and keywords plus) analyses were employed to study the evolution and contribution
of Dekker to OHS research. The reported research addressed Dekker's work's direction, propagation,
and evolution over the years and its relationship to the construction industry.

2. RESEARCH METHOD

There has been a considerable increase in publications and electronic compilation of published works.
A systematic literature review does not capture all the intricacies of a research area of interest. It may
introduce bias and errors due to the subjectivity of the decisions made in an SLR. For instance, Scopus
(launched in 2004) has 85.4 million records, and Web of Science(WoS), (launched in 1997) has 79
million in core collections and 171 million on its platform. The growth in knowledge hidden in large
quantities of published literature (mostly journal and conference publications) has increased interest in
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synthesising publications to discover or extend knowledge, unearth research gaps, ascertain research
trends or directions, and provide evidence-based knowledge and processes for field applications. This
is especially true in the medical professions, where such literature-based studies have become a major
source of experience and knowledge for medical practitioners. According to [4], this has resulted in
better professional judgment and knowledge in several areas of human endeavor.

Of the methods employed in literature studies/research, bibliometric analysis has emerged as the
preferred methodology for analyzing scientific publications across disciplines [5]. Bibliometric analysis
is described as the application of quantitative methods to electronic publication data [5], [6], [7] and a
robust statistical approach to reach conclusions. Bibliometric analysis has recently seen considerable
growth [5]. It is apparent from its wide application in every facet of research that it has become a
mainstream research methodology for analysing published works and discovering/answering several
questions about past research in a subject area. The methodology can be used to analyze patterns of
citations, discover top research topics, portray research directions, identify research gaps, review
journals, aid research decision making and others [8]. This research aims to use bibliometric analysis
to document the nature of Dekker’s research in occupational health and safety.

Figure 1 represents the methodology employed in this research work. The methodological approach
commenced with a statement regarding the purpose of the research and the use of bibliometric methods
(in the context of VOS viewer software and processes) to study Dekker’s research publications on OHS
(Fig. 1). Dekker is one of the pre-eminent researchers in this vital area of research, and his work could
be considered a significant force in the field. A search was performed in the Web of Science electronic
database to compile Dekker’s publications. The World Wide Web houses several electronic databases
on various research topics.

Review of Safety Publications of SWA Dekker

Search string 1

Web of Science database search:
Dekker + Safety; S Dekker + Safety; SWA Dekker + Safety

|

Bibliographic data —_— Analysis in VOSviewer

el . B

Co-authorship analysis: Co-occurrence analysis:
h or & all keywords, author

countries keywords & keywords plus

Discussion on use in Construction Research

v

Conclusions

Figure 1: Research process

WoS is a mix of research areas related to technology, sciences, arts, social sciences, and humanities.
The authors used the WoS database as it is well-organized, highly regarded, and might be the most
frequently used electronic database globally [9]. The following are the results of various search strings
used in this work to extract the research publications of Dekker from about 171 million records with
about 1.9 billion cited references housed by the WoS. Dekker and safety resulted in 403 publications; S
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Dekker and safety resulted in 245 publications; SWA Dekker and safety resulted in 50 publications; and
SWA Dekker and safety or S Dekker and safety or Dekker and safety resulted in 403 publications.

The report module in WoS was used to perform a preliminary analysis of the search results and citations.
It showed that Dekker's research publications encompassed industrial engineering, ergonomics,
operations research, health care sciences, health policy sciences, environmental science, applied
psychology, social sciences, transportation, and civil engineering. Industrial engineering has enjoyed
the highest number (about 35) of publications compared to about four publications in civil engineering.
The vast research reach of Dekker’s research is indicative of his influence and knowledge in workplace
safety research.

2.1. Publications and Citations

Dekker’s publications date back to 2002, when he published about three papers. His most productive
year was 2011, where he published 12 papers, followed by 2014 (11 papers) and 2020 (10 papers). The
citation of the work of Dekker grew slowly between 2002 and 2010. However, there has been
exponential growth in the number of citations in recent years as his work has gained considerable
recognition in safety research (since 2011).

Three different productivity trends can be deduced from Dekker’s research publication history. Research
period 1 depicts the beginning of Dekker’'s work from 2002 to 2008. Research production was low over
the period. 2010 to 2013 represented his second research period when his research productivity
increased. Dekker published the most research papers in 2011 (period 2). Dekker’s third research period
he covered from 2014 to the present. His average productivity was higher than in the two previous
periods. According to Google Scholar, Dekker’'s work has attracted 16728 citations, with an h-index of
56 and an i10-index of 166.

Several bibliographic software has been invented recently, but the most outstanding one has been VOS
viewer, the brainchild of Van Eck and Waltman [10]. VOS viewer is a distance-based, bibliometric
visualization software that employs the VOS technique as an alternate multidimensional technique [11],
[12]. The software can be used for bibliographic mapping, scientometrics, and the mapping and
visualization of research results [5], [L1]. This research used VOS viewer software and methodologies
to perform keyword and bibliographic analyses.

2.1.1 Co-authorship Analysis

Co-authorship analysis encompasses authors, organizations and countries and results from two authors
documenting or acknowledging their involvement in the same publication. Co-authorship can be used
to study research collaboration across countries and institutions, author-to-author relationships,
decentralisation or centralization in research [5]. The units of analysis are authorship, organizations, and
countries. These three data points are used to quantify the research productivity and influence.

2.1.2 Authorship Analysis

In bibliometric analysis, authorship analysis is used to depict the productivity of authors on the subject
matter or research area [13]. In performing authorship analysis in VOS viewer, a threshold of 25 with
two documents and five citations was used for authorship and countries, whereas 25 with five
documents was used for institutions. Fig. 2 is the authorship overlay map. Dekker had the two highest
publications and citations under Dekker, Sidney W.A (45 publications, 797 citations and 45 total link
strength) and Dekker, Sidney (34 publications, 430 citations and 20 total link strength). The next author
on the list, Rae, Andrew, had eight publications, 38 citations,
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Figure 2: Variation of Authorship Overlay with Years.

and 18 links strengths. Dekker S., considerably lower on the list of prominent authors, had only four
publications but has attracted 205 citations and four total links strengths. Dekker S.’s citations are third
in line as it is the third name Dekker has published under. Thus, Dekker holds the top three most cited
publications under his three pen names, a unique feature of his research work and publications.

In the earlier part of his research (in the 2000s), Dekker started his publications as Dekker S and Dekker
SWA. From 2010 to 2018, when the bulk of Dekker’s research publications occurred, he used the name
Dekker, Sidney and Dekker, Sidney W.A. From about 2010 to recent times, Dekker has become
recognized in OHS research and has published several papers and books on the subject matter. A
greater proportion of his publications were with others in the same field. The top two on the list were
SWA Dekker and Sidney Dekker. SWA Dekker has 45 published documents with 797 citations.

2.1.3 Organizations

This is used to understand the contributions of organizations to an area of research. There were very
few countries involved as this was mostly limited to the work of a single author (Dekker). Dekker started
his work in Lund University in Sweden, but he later moved to Griffiths University in Brisbane, Australia.
Griffith University (the home university of Dekker) has 54 publications with 819 citations compared to
the distant second university — the University of Queensland, which has 15 publications and 276
citations. Lund University had 16 publications with 450 citations. However, the total link strength of
Griffith University, University of Queensland and Lund University are 38, 24 and 14, respectively.
Interestingly, the Linkoping Institute of Technology had six publications with 418 citations but O total link
strength. The co-authorship and organization map is shown in Fig. 3.

univ fed rio grande do sul

grimeiv
, Iur%;gniv ball state univ mit

royalchildrens hosp

Figure 3. Co-authorship and Organization Map.
2.1.4 Countries
Fig. 4 depicts countries involved in this research. The countries with the highest number of publications

were Australia (59 publications), USA (15 publications), Sweden (22 publications), Germany (2
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publications), Netherlands (9 publications), Brazil (5 publications), South Africa (2 publications), and
Canada (2 publications). It is apparent that Australia is the foremost country — the home of Dekker’s
research enterprise at Griffith’s University and is followed by Sweden. Dekker's research is
intercontinental as his work is linked with the USA, Brazil, and other countries across the globe.

It is evident that the research started in Sweden in 2000’s, but Australia is now the seat of Dekker’s
research. Dekker also has a strong link to Netherlands as he did his initial studies in University of
Nijmegen and Leiden University prior to pursuing his Ph.D. at Ohio State University.

canada

usa

swigden a\.‘lia
germany netherlands -

brazil

southwafrica

| |
2012 2013 2014 2015

Figure 4: Co-authorship and Countries.

2.1.5. Co-occurrence Analysis

Co-occurrence analysis is used to show disciplinary distribution of the research area, depict the research
frontier and detect which direction the research in the discipline is heading towards or evolving into [14],
[15]. Keywords analysis can detect past studies’ direction and research hotspots [16]. In this research,
the units of analysis employed in the software are all keywords, author keywords and keyword plus in
the context of full counting.

All Keywords

Under co-occurrence analysis and all keywords, the threshold for the minimum number of occurrences
for a keyword to make the list was 5 top five keywords, and their associated occurrences were
management (14 with a link strength of 108), safety (16 with a link strength of 107), human error (15
with a link strength of 93), organizations (11 with a link strength of 82), and accountability (10 with a link
strength of 77). Fig. 5 is a map of the keyword co-occurrence analysis results. The various clusters of
keywords (differentiated by the various types of color) cover the various areas in that Dekker conducted
research in the past.
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Figure 5: Keyword Co-occurrence Analysis.

In the area of occupational health research (green color), include keywords directly related to the
construction, such as climate, human factors, safety work, injury, construction, archaeology, situation
awareness, accident, and management, which are all directed to construction. Thus, it could be said
that part of Dekker’s work and publications was related to OHS in the construction industry.

With regards to author keywords, the main keywords and total link strength are human error (15
occurrences with a link strength of 44), safety (15 occurrences with a link strength of 44), accident
investigation (8 occurrences with a link strength of 20), criminalization (3 occurrences with a link strength
of 12), and human factors (5 occurrences with a link strength of 12). The green cluster is related to
construction and is centered around safety. The remaining keywords in the green cluster are safety
work, safety differently, and subcontractor with links to the complexity and human factors.

Author Keywords

In the author's keywords map, safety management, subcontractors, safety work, and safety could be
related to the construction industry. This conjecture is proposed because construction is the only
industry globally that heavily employs subcontractors as part of business practice.

Keyword Plus

Keyword plus consists of keywords extracted from titles of cited references from the WoS database. It
is a computer algorithm-generated set of phrases and words commonly present in the titles of a paper’s
references but may not occur in the author keyword or the title of the paper itself [17], [18]. In the context
of keyword plus the five top keywords and their associated total link strength are as follows:
management with 14 occurrences and a total link strength of 66; an organization with 11 occurrences
and a total link strength of 55; error with 12 occurrences and a total link strength of 44; culture with seven
occurrences and a total link strength of 30; and accountability with six occurrences and a total link
strength of 28.
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3. DISCUSSION

Figure 4 provides incontrovertible evidence that the safe science endeavors of Dekker are influential
with the ranks of scholars with a keen interest in health, safety, and wellbeing (i.e., CIB W099) and all
that affect people in construction (PiC) (i.e., W123). Beyond the papers of these two CIB working
commissions indexed in the ICONDA Library on [19], the influence of Dekker’'s books, book chapters
and articles is evident in papers presented in central construction management or education
conferences such as the annual Association of Researchers in Construction Management (ARCOM)
and Associated Schools of Construction (ASC) conferences in the UK and USA, respectively. From Fig.
5, topics that align with conference and article themes and focus include human error, resilience
engineering, just culture, human factors, and risk management [20].

Two examples from both ARCOM and ASC conferences support this view. For instance, the ARCOM
paper of [21] combined concepts such as high reliability organizing (HRO), human factor, and social
capital to highlight the relational aspects of managing project safety in Hong Kong with analytic potentials
for other regions. With a theoretical foundation that drew from other notable scholars in construction
safety, the authors of this work put forward a conceptual framework and methodological suggestions for
advancing knowledge. The paper shows that Dekker’s work is increasingly used to map concepts and
ideas to resolve nutty construction safety issues that lead to accidents, injuries, and fatalities. Applying
HRO and resilience engineering to construction drew ideas from Dekker's book chapters and two journal
articles [22]. The article that is already cited over 70 times used the construction industry to explore
how to apply HRO and RE in a project-based work environment with a transient workforce. The article
aimed to flesh out how to manage safety without sacrificing production performance using HRO and RE
concepts. Using principles of HRO and RE, such as management commitment, sensitivity to the
frontline, prioritisation of safety, empowerment of employees, and just culture, the authors opined that
progress could be made on-site with work-level initiatives. Aspects of mindfulness and cultivation of
resilience could help reshape safety positively.

Citing a report that was influenced by Dekker’s work is relevant here. The report is a master thesis on
Eastern European construction workers’ safety behavior, climate, and culture [23]. The quality study
among the workers shows that management commitment favours production more than safety in
Norway, with migrant workers not faring well compared to Norwegians in communication. The author
thus contends that such practices strongly relate to the national belonging of workers and inadequate
safety climate among migrants who perceived discrimination, language barrier, separation, and trust as
very low on the project work site. The migrant construction workers believed that ‘injustice is high’ on
the project work site. This result contrasts Dekker’s call for a ‘just culture’. In addition, the Norwegian
thesis says that a safety climate leads to a low level of organizational commitment and participative
behavior from workers. In effect, project sites in the study context may witness many silent deviations
in the mode of ‘drift to failure’, forming the focus of Dekker’s two books. The study concluded that the
safety culture among leased Eastern Europeans was neither informed, learning, reporting, flexible, or
just. The culture observed in the qualitative construction work study was not balancing production and
protection. Such imbalance is a problem in construction in both developing and developed countries
[24].

This concise discussion on the influence of Dekker’s publications on construction safety will be
incomplete without recognizing the impact of human error research projects in the sector. Most cited
work on human error, failure, or human factors in construction management research either directly or
indirectly refer to the books of Dekker on the topic. A well-cited article in the construction domain
attempted to predict safety behavior using an integrative model [25]. The model assessed the safety of
construction workers through safety climate and individual aspects. The article put forward notable
findings. The results shared in the article show that management safety commitment was related to
social support and production pressure. Production pressure was identified as a significant factor
affecting safety motivation, knowledge, participation, and compliance among construction workers for
the umpteen times.
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4. CONCLUSIONS

OHS is a primary societal concern, and several entities and researchers in engineering, social sciences,
psychology, law, business, medicine, and other disciplines across the globe undertake research in this
area. S.W.A. Dekker is one of the outstanding researchers in this endeavor. As shown by Figs. 3 and
4, his work is widely accepted within the safety science research community with the co-authorship of
publications spanning multiple territories and institutions. More importantly, Fig. 5 shows that the areas
of research interests in the construction site community align with the extant work of Dekker with
concepts such as human factors, human errors, HRO, and RE. Examples of how scholars in
construction management have used his publications cover safety climate, safety culture, and just
culture, apart from the behavior of construction workers. In broad terms, scholars in construction safety
research build upon the safety science concepts of Dekker to proffer solutions to problems or areas of
new safety debates.
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Abstract

The high numbers of fatal and non-fatal accidents in the architecture, engineering and construction
(AEC) industry continue to dominate the international Occupational Health and Safety (OHS) agenda.
This paper aims to critically review the cost implications of construction accidents to engender control
systems. Two illustrative case studies were reviewed and formed the basis for analysis. Case studies
research approach was deemed necessary to illustrate the correlation between accidents and their cost
implications. The study confirmed that accidents have substantial cost implications for enterprises and
society, arising through direct costs (DCs) and indirect costs (IDCs). Higher percentages of DCs incurred
by construction enterprises arise from wage and medical expenses. At the same time, IDCs actualize
through production disturbance costs (i.e., overtime costs), additional medical, consumables and funeral
costs and administrative costs (i.e., incident investigation). The study affirmed that IDCs are
substantially more than DCs, i.e., two times greater in most cases. Falling from height was the leading
cause of fatal and nonfatal injuries and, consequently, the highest contributor to both DCs and IDCs and
hence, the total cost of accidents (CoA). To obviate the irreparable consequences of CoA on contractors’
profitability and workers’ OHS, construction enterprises should address operational challenges with
modern construction methods, such as off-site construction (OSC) supportive of no harm to people.

Keywords: Accidents, construction, cost of accidents, the direct cost of accidents, indirect cost of
accidents.

1. INTRODUCTION

The high numbers of fatal and non-fatal accidents in the architecture, engineering and construction
(AEC) industry continue to dominate the international Occupational Health and Safety (OHS) agenda.
Over the past decade, the review of OHS data reveals that construction is a frontline hazardous industry.
In 2019, about 20% (1,061) of all worker fatalities (5,333) in the United States of America (USA) were
recorded in the construction industry, representing one in five deaths [1]. In Hong Kong (HK), the
construction industry recorded 3,902, 3,541 and 2,947 accidents in 2017, 2018 and 2019, respectively
[2]. In United Kingdom (UK), 6% of construction workers either sustain injuries or suffer from construction
work-related illnesses [3]. The fatality and accident rates for sub-Saharan Africa (SSA) are pegged at
21.0 and 16,012 per 100,000 workers, respectively [4]. These figures enthuse construction workers’
vulnerability to various safety hazards of construction operations.

Among the uncommon accident types causing the most severe injuries and fatalities in the construction
sector are falls, struck-by, caught-in between and electrocution [5] [6] [7] [8] [9]. According to [10], falls,
trips and slips accounted for 338 fatalities in USA construction sector, while contact with objects was
responsible for 169 of all 1,008 fatalities registered in 2018, representing 33% and 17%, respectively.
In the UK construction industry, falls from a height are a leading cause of fatalities at 47%, followed by
caught-in between objects (16%), struck by objects (12%), struck by moving vehicles (10%) and
electrocution (4%) [8]. Slips, trips and falls on the same level are front liners in causing non-fatal injuries
at 26%, followed by injured while handling, lifting or carrying objects at 19%, falls from a height at 19%
and struck by objects at 12% [8]. These accident types are attributable to various kinds of safety hazards
prevalent in the construction industry. These include working from an elevated work platform (EWP),
slippery surfaces and failure of support systems, improper use of personal protective equipment (PPES),
the collapse of scaffolds, flying or falling objects, stepping on live electric wires, mental stress,
organizational pressure, excessive workloads, misjudgment, lack of experience, poor communication
and visualization and failure to comply with standard working procedures, among others [11] [12] [13]
[14] [15] [16].
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1.1. Defining the cost of accidents

Costs of construction accidents (CoA) could impose a significant economic burden on contracting firms
and could be the difference between making a profit or incurring a loss. [17] define CoA as “the sum of
the costs of losses generated by each victim individually, plus the costs of loss and damage of work
equipment, costs of consumption of consumables, fines and penalties, if necessary, the funeral benefits
and not least cost necessary for taking work safety measures”. The preceding definition appears to
define CoA by stating the actual cost items experienced by the victims. According to [18], the parameters
that reflect possible total CoA include direct costs (DCs), indirect costs (IDC), payment costs and
immensurable costs. The seminal literature on CoA classifies CoA into DCs and IDCs [19]. Other
classifications of CoA depending on specific characteristics of the accident costs are found in the
literature. These include insured and uninsured costs; insurance-related costs, work-related costs and
perturbation-related costs based on health and safety (H&S) costs [20]; and time, material and
components, external services and other costs, reflecting classification in accounting systems [21].
Other authors have preserved the traditional classification and added one or two categories, i.e., H&S
costs and quality of life costs [22] [23]. Irrespective of the various classifications of CoA, the traditional
categorization into DCs and IDCs as proposed by [19] has remained common among researchers [24]
[25]. Pursuing the trajectory of CoA as one of the primary foci of the illustrative case studies reviewed
in this study, it is imperative to provide a description DCs and IDCs.

1.1.1. Direct cost of accidents

DCs are described as actual cash expenses a business incurs from accidents resulting in worker injuries
and fatalities. They are direct cash flows associated with treatment and compensation to accident
victims. Such cost items include insurance premiums, wages and medical bills [9] [24], indemnity
payments offered to injured workers and medical bills to accident victims [9], workers’ compensational
payments, medical expenses and legal costs [26], workers’ compensation premiums paid from workers’
compensation jurisdiction for injured or incapacitated workers [27]. All other accidents costs that are not
covered by workers’ compensation insurance are described as IDCs.

1.1.2 Indirect cost of accidents

[25] describe IDCs as uninsured, non-billable and thus, unrecoverable costs. Cost items under IDCs
among various authors demonstrate strong similarities, and based on the comprehensive literature
review, IDCs comprise inter alia production and productivity losses due interruptions in production
process [9] [24]; cost of work or process delays [9]; the cost of overtime payments and salary costs for
replacement of workers [9]; cost of continuing payments to injured workers, retraining or workers
orientation costs [24] [27]; costs of replenishing damaged buildings, equipment, tools and materials [9];
costs of repair work, administrative costs; cost of consumables, increased supervision and overtime
work to make up for the lost time [9] [24]; stand-by costs of idle plant and equipment, costs of
rescheduling of the work, fines and legal fees, funeral and compensation due to fatalities [24]; loss of
current and future earnings, cost of social welfare to the victims, reputation damage, increased
insurance premiums, decreased efficiency and loss of morale among workers, and cost of transporting
the injured [9] [27]. Since IDCs are multiple and invariably infinite, the cost components have been
aggregated into broader groups for ease of identification and measuring. Such groups include
production disturbance, administrative, damaged property, and human capital costs [28]. Production
disturbance costs are associated with reduced efficiency in the production process due to 15 cost items.
Such cost items include lost productivity due to disruption in the production process; additional medical
care; inspection; lost efficiency of the workers; discussing and watching the incident; loss of income;
cost of temporary staff; inefficiencies of the backup staff; recruiting and training new workers; overtime
costs; reduced morale; and lost time while assisting the workers [9] [25] [28] [29]. Administrative costs
may be expressed as short, medium or long-term and include 16 components some of which are
investigations, transportation, legal, funeral, insurance and supervision costs; travel concessions;
damaged corporate image; first aid and administrative costs; time lost expended with project
stakeholders, regulatory inspectors and completion of police and medical reports; as well as loss of
function and operation income due to slowness in operation [3] [9] [25] [31]. Damaged property costs
are costs associated with losses to materials and equipment (6 cost items). Such costs include cost of
standby plant and equipment; replacement of damaged equipment; repair to damaged buildings and
materials; loss in product quality; productivity loss due to damaged equipment and materials; and cost
of damage to buildings, materials, equipment and products [3] [9] [25] [31]. Human capital costs are
costs related to long-run loss of output or potential of workers after they return to work and has 4 cost
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components, including loss of expertise and experience, future earnings, government revenue and
social welfare payments for lost income and earnings capacity [3] [9] [25] [31].

1.2 Implication of costs of accidents

Accidents involve additional costs to employer, employees and the society at large. Understanding the
proportion of costs borne by each of these economic agents is an important facet in understanding the
true cost impact of accidents. Employers incur production disturbance costs, administrative costs and
costs related to insurance premiums. Productivity of workers is of special importance to business
performance. Productivity is achieved in construction if the resources are put to optimal use during the
production process, characterized by a smooth and uninterrupted flow. Sadly, the occurrence of
accidents disrupts the production process. If a worker suffers from a work-related injury or iliness, their
current work is left incomplete. If the injury is severe, the worker may not be able to attend pre-scheduled
shifts [17]. Further, if the injured person had specialised skills or many years of experience, the
production process is stopped until a new recruit is found or trained. Additionally, the company may
experience low efficiencies in the immediate aftermaths of the accidents due to reduced morale of the
workers as well as inefficiencies of the backup staff [17]. Certainly, inefficiencies in the production
process result in inter alia, productivity losses as a result of the business enterprise failing to execute its
primary value proposition. Administrative costs include costs of worker's compensation schemes, the
administrative burden for inspections, investigations and reports, costs associated with funerals, legal
fines and penalties as well as travel concessions for permanently disabled workers [30]. The
administrative costs may be unexpected, and such eat into profit margins of the enterprise. The
enterprise may be forced into a long-term financial commitment to the victim, i.e., by paying salaries to
non-productive employees thereby increasing its wage bill. The insurance costs, such as compensation
payments and insurance premiums may also increase thereby increasing the operational costs of the
enterprise. On the other hand, cost items attributable to employees include medical and rehabilitation
costs, loss of future earnings, out of pocket funeral, travel, prescription and home expenses, monetized
value of non-financial human costs, private health insurance payments and payments to carers [26] [30].
Costs items borne by the society include inter alia, tax losses, carer costs, social payments, investigation
costs, loss of human capital, medical subsidies, legal costs and compensation and welfare costs [26]
[30].

Expressed as a percentage of the completed construction work, [24] reported that CoA in South Africa
was around 5% of a completed construction project. In Australia, the construction industry is ranked
third as the highest contributor to CoA, at 11% of the total CoA [2]. COA as a percentage of completed
construction projects could be high due to the nature of the construction industry - significantly more
employees, more layers of jobsite management and stakeholders involved in the project and the OHS
risks inherent in crowded workplaces. CoA have profound consequences on financial performance and
the very existence of business enterprises, as profit margins get eaten up. With these economic
repercussions in mind, reducing CoA should be a company’s strategic objective and a motivating factor
for improving OHS management to attain and increase profitability [31]. Understanding the cost impacts
of construction accidents could be a motivating factor for engendering accident control systems to
protect people and finance. However, in order to mitigate costs of accidents, enterprises must be made
aware of the source of accidents and their impacts. Various studies report causes of accidents and their
impacts without highlighting specific accidents types and major cost items to which attention must be
paid. Consequently, the study reviews the cost implications of construction accidents through a review
of case studies in order to bring to the fore the major accidents’ types and their associated cost items to
endanger control systems.

2 RESEARCH METHOD

A qualitative case study research was adopted for this study. Case studies involve in-depth analysis of
a phenomenon in its natural context [32]. Specifically, multiple illustrative case studies approach was
deemed necessary to adequately illustrate and depict the correlation between the occurrence of
accidents and the implication on cost. lllustrative case studies are descriptive studies aimed at depicting
the circumstances of an event to explain a phenomenon. According to [33], illustrative case studies are
an example of a plausibility probe, researchers use to sharpen a hypothesis or theory. Even though
case studies yield narrow results [34], illustrative case studies are used to demonstrating in depth the
empirical relevance of a theoretical proposition [33]. Illustrative case studies are common in international
relations and social sciences [33].
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The choice to adopt case studies research approach was influenced by the need to use information
from previously documented case studies without necessarily engaging in additional studies. Given that
data on CoA is sensitive and may not be easily accessible, and that when data is available the review
may take a considerable amount of time to re-organize and analyze [9], it was necessary to use archival
case studies for the purposes of reviewing the cost implications of construction accidents to engender
control systems. The selected case studies were those that discussed the direct and indirect costs of
accidents in the construction industry. To ensure that this paper adds value to the previously
documented case studies selected for this review, the data on CoA appended in the case studies were
further analyzed to give a different perspective and understanding of the results. The focus of analysis
was on IDCs and DCs, and specific cost items contributing higher percentages of costs to the total CoA.
This approach ensured that cost impacts of accidents were clearly demonstrated in this paper. However,
due to limited case studies on CoA in the extant literature, two case studies selected on basis of their
content in depicting true CoA were reviewed, i.e., [9] and [17]. Case study one was based on [9]
comprehensive review of construction-related accidents using accident database of a large utility
company domiciled in Southern Africa to determine the true CoA. The utility company was involved on
major capital expansion project worth $15 billion over five years. The review was conducted on 100
incidents sampled from a total 872 accidents and included fatalities, first aid, medical and lost time. The
case was selected in order to comprehensively illustrate the actual amounts allocated to each cost
components of DCs and IDCs, suggestive of their contribution to total CoA and hence, their implication.
Case study two was based on initial case study conducted by [17]. It involved the collapse of the earth
of the bank that needed to be adequately supported while installing a water supply and sewerage system
for a rural community project. Since IDCs recorded a higher percentage of total CoA in case study one,
it was imperative to focus on IDCs on case study number two in order depict how such costs are realised.
As such, case study two was selected with the aim of depicting disruptions in the production process
that lead to inefficiencies and eventually loss of thousands of productive working hours. Production
disturbance costs are a cost item with highest percentage of costs within IDCs.

3 FINDINGS AND DISCUSSION
3.1 Case study one

This case study narrates the true CoA reported by [9] on construction related accidents in an energy
utility company in Southern Africa. The case study analysed 100 cases sampled from 872 accidents
namely, fatalities, first aid, medical and lost time accidents. The aim of the case study is to highlight the
true costs of construction accidents, caused by injuries and fatalities.

3.1.1 Costs of accidents, including fatalities

As already highlighted, true CoA are divided into direct and indirect costs. The case study revealed that
DCs made up R10,087,350 ($511,694) while IDCs amounted to R22,893,850 ($1,160,665) of the total
costs of 100 accidents on the project. DCs represented 30.59 percent while IDCs were 69.41 percent
of the total costs of 100 accidents. Thus, IDCs were 56% higher or 2.27 times greater than DCs on this
particular project.

Within the DCs, wages for injured persons represented the highest share of DCs at 93.04 percent
followed by medical costs at 6.96 percent. Among the causes of accidents under review, accidents
caused by falls had the highest total and average wage and medical costs per accident. A combined
total amount of R4,733,550 ($239,949) was spent on wages (i.e., R4,412,800) ($223,717) and medical
bills (i.e., R320,750) ($16,261). The average wage and medical cost per accident caused by falls were
R119,265 ($6,047) and R8,669 ($439), respectively. The second highest contributor to DCs of accidents
were accidents caused by electrocution. The total DCs expended on wages (i.e., R3,587,508)
($181,902) and medical bills (i.e., R241,700) ($12,255) for accidents caused by electrocution amounted
to R3,829,208 ($194,157). Average wage and medical costs per accident were R99,306 ($5,035.51)
and R13,428 ($680), respectively. Other accident types such as burns, cuts/caught-by, struck-by and
exertion/ergonomic had relatively lower total and average DCs on both wages to injured workers and
medical bills. The analysis of the cost components shows that wages represent the highest cost of DCs
followed by medical costs. A total of R8,000,308 ($405,673) was spent on wages paid to injured workers
as a result of accidents caused by falls and electrocution. On the other hand, only R562,450 ($28,520)
was expended on medical bills for the same causes of accidents. Thus, accidents caused by falls are
almost 14 times more expensive than accidents caused by electrocution in terms of DCs.
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Cost components within IDCs included overtime costs; time lost by injured employee and co-workers;
injured employees productivity lost costs; supervision and management lost time; incident investigation
costs; training of replacement employees; damage to equipment; idle plant and equipment; and other
costs (additional medical, consumables and funeral costs). Of these cost components, the category of
‘other costs’ represented the highest share of IDCs at 77.9 percent (i.e., R17,839,200) ($904,572),
followed by incident investigation costs at 10.3 percent (i.e., R2,356,600) ($119,496), and overtime costs
at 6.4 percent (i.e., R1,476,100) ($74,848). ‘Other costs’ category represented the highest average costs
of IDCs with electrical and falling accidents contributing the highest costs at ZAR369,078 ($20,450) and
ZAR255,011 ($14,130) respectively. Similarly, incident investigation costs represented the second
largest contributor to IDCs with falling and electrical accidents accounting for the highest costs at ZAR
28,149 ($1,560) and ZAR41,294 ($2,288), respectively. Overtime costs occupied a third slot with falling
and electrical accidents contributing highest average overtime costs, i.e., R17,366 and R28,900,
respectively. Accident types accounting for higher costs in other cost components of IDCs are shown in
Fig. 1.

l Falling accidents l Electrical accidents

Training
cost

Damaged
equipment

Supervision and
management
lost time

Idle plant and
equipment

Ovetime
cost

Fig. 1: Accident types and other IDCs

It is evident from the findings that falling and electrical accidents were the most prevalent causative
agents of accidents accounting for the higher costs in various cost components of IDCs. Taken together,
falling and electrical accidents accounted for the largest IDCs emanating from other costs category at
81 percent each. Cuts and caught-by accidents represented the highest IDCs of investigations at 40
percent and overtime costs at 25 percent. The findings show that falling and electrical accidents account
for higher costs of IDCs just as was the case with DCs. Consequently, falling and electrical accidents
accounted for a higher percentage of total CoA on the project.

The case study has shown that construction enterprises would potentially incur higher costs through
accidents related to falls and electrocution. These accident types account for higher IDCs and DCs
through medical and wage expenses. IDCs and DCs eat into construction enterprises' profits and would
be the difference between making and incurring a loss on a project. One way in which falls and
electrocution could be minimized is through the adoption of modern methods of production. Since falling
accidents could be caused by slips, trips, improper use of PPE, absence of safeguards, poor judgment
and visualisation, working from elevated work platforms (EWPs), as well as other environmental
conditions and human behaviours, adoption of construction methods that evidently minimize these
safety hazards could make a big difference. Offsite construction (OSC) supports offsite manufacture of
building components. According to [35], OSC environments lend themselves to reduction of hazardous
operations such as working from EWPs which is the main causative agent of falling and fatal accidents.
Further, falling accidents could be minimized through a clean and orderly environment that provides less
risk of contamination, falls, trips and slips [38]. Electrical accidents could be minimized through the
orderliness of the workplace that could avoid improper connections of cables and stepping on live wires.
Further, the factory setting of OSC lends itself to better construction processes and safety risk
management that could minimize safety risks to a greater extent. Reduction of construction accidents,
i.e., falling and electrocution, through OSC, would minimize accidents costs, both DCs and IDCs,
resulting into costs savings and improved profitability margins.
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3.2 Case study two

Case study two is an illustration of productivity losses which contracting firms’ experience when
accidents occur. The primary case study was reported by [17] and involved collapse of the bank of the
earth that was not adequately supported at a construction site of a water supply and sewerage system.
The accident resulted into two fatalities and several injuries.

The first victim who performed digging died on the spot as a result of the crumbling bank of the earth.
Immediately, the company hired a replacement and paid overtime to complete the work within the
allotted schedule. Losses were experienced through lost working time, overtime pay, and inefficiencies
caused by the new worker in the period in which the worker was executing the new job. The second
victim, a welder, died two days after the accident. The company took seven days to replace the welder
as other welders were engaged in other activities. The productivity losses were experienced through
the loss of expertise in the welder, seven working days while waiting for the replacement and losses
due to inefficiencies caused by the new welders in the period in which the welders were executing the
new job. The third victim sustained minor injuries and was on temporary disability for five days. The
company hired a replacement, but the victim lost time was never recovered. Productivity losses included
five working days and losses due to inefficiencies of the victim returning to work. The fourth victim
suffered a leg fracture and stayed on temporary disability for 120 days. The victim’s lost working days
were not recovered by colleagues’ overtime work. Productivity losses included 120 working days. Other
costs incurred by the enterprise included costs due to damaged fixed assets, i.e., electrofusion welding
machine that required repairing, fines for breaching OHS requirements as well as costs for purchasing
work equipment and PPE, costs related to restoration of the area where the accident had occurred,
funeral expenses and hiring of third parties to complete the project within the contractual deadline to
avoid liguidated damages.

It can be deduced from the case study that the occurrence of the accident led to the company incurring
both DCs and IDCs. DCs manifested through medical costs realised through medical expenses for the
first, second, third and fourth victims. Other DCs were incurred through wages paid to the injured victims
during the period they were unproductive. IDCs were realised through disruptions in the production
process. Production inefficiencies manifested through the loss of thousands of working hours through
loss of working time of the injured workers and the time the injured workers were recuperating at home;
loss of working time of the crew of the injured workers while assisting the victim; loss of working time of
the workers in the vicinity of the accidents; loss of productivity time due to cleaning the site of the
accident and inspecting the OHS protocols around the job site; loss of time as investigations were being
undertaken to establish the cause of the incident; loss of working time as management staff focus shifted
from traditional duties to the incident; time lost during restoration work; lost time through inefficiencies
caused by the new workers; and loss of working time due to idle or damaged equipment. Further,
production inefficiencies were recorded when the injured worker’s current work was left incomplete, and
failed to attend to pre-scheduled shifts; the production process was stopped until a replacement was
found; the morale of the workers, as well as the backup staff, was reduced in the immediate aftermaths
of the accident; welding equipment and products were damaged and needed replacement or rework;
and when investigations were conducted to ascertain the cause of the accident. Apart from production
disturbance costs, other IDCs were experienced through administrative costs (i.e., costs of funeral and
fines sanctioned on the firm) and damaged property costs (i.e., damaged electrofusion welding
machine).

[37] define productivity as “the output over input that indicates the efficiency of a productive system”. In
the construction industry, productivity implies the productivity of several resources employed during
project construction. It includes workers’ productivity, equipment, technology, energy, capital, logistics
support and supply chain [37]. Thus, productivity is achieved in construction if these resources are put
to optimal use in the production process, characterized by a smooth and uninterrupted flow.

Accidents on construction sites may result in reduced productivity levels, especially with traditional
onsite construction methods that rely on the workforce to execute the work. Accidents lead to fatal and
non-fatal injuries or illnesses. Non-fatal injuries or illnesses lead to temporary or permanent impairment
with non-lasting or lasting functional limitations. If a worker suffers from work-related injury or illness,
their current work will be left incomplete, and if the injury is severe, the worker may not be able to attend
pre-scheduled shifts. Further, if the injured person had specialised skills or many years of experience,
the production process might have to stop until a recruit is found or until someone is trained. Additionally,
the company may experience reduced or low efficiencies in the immediate aftermaths of the accidents
due to reduced morale of the workers as well as inefficiencies of the backup staff. Productivity losses
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are also experienced as the work gets stopped or suspended, especially in the immediate hours of the
accident, to provide care to the victims, take stock of the OHS protocols, and investigate the accident.
Works may also experience prolonged stoppage if stop work orders (SWO) are issued. Other
administrative and clerical duties kick in, i.e., arranging transport of the victims to the medical facilities
and establishing investigations to document the incident. All these activities cause production
disturbances and production losses. Accidents also result in damaged products, materials and
equipment, which may require the company to rework or replace. The idle time of construction
equipment due to accidents also contributes to productivity losses. The case study by [17], therefore,
provides a comprehensive example of how accidents minimize productivity levels, resulting in low output
and increased operations costs, with a consequential impact on profitability margins.

However, OSC operations have been recognised as critical to construction sector productivity. Most of
the factors causing production inefficiencies when accidents occur, as highlighted above, could be
eliminated by adopting the OSC. In the main, accident prevention on construction sites would guarantee
production efficiency as the sequence of non-productive activities triggered by accidents would be non-
existent. For the accident of this nature, i.e., collapse of the bank of the earth that was adequately
supported, OSC would prevent injuries to persons through minimized operations and number of workers
onsite as well as mechanization of the most of construction operations. This would minimize exposure
of workers to hazardous environments and working conditions thereby enhancing their safety.

4 CONCLUSIONS

The two case studies have demonstrated the magnitude of CoA that could impact a construction
enterprise's profitability. DCs of accidents are mainly made up of medical expenses and wages. IDCs
consist of additional medical, consumables and funeral costs, investigation costs, and production
disturbance costs, i.e., overtime costs. Irrespective of the nature of the accidents, including causative
agents and severity, IDCs of accidents are significantly higher compared to DCs, namely at least two
times greater. To minimise CoA, construction enterprises must minimize and eradicate falling accidents
which are the primary causative agents of both fatal and non-fatal accidents, accounting for the largest
IDCs of accidents. Falling accidents also account for the largest DCs through wages paid to injured
workers. Although it is cumbersome to ascertain the actual CoA, the estimation and cost analysis of the
IDCs and DCs of accidents revealed in the case studies is an indication of their awareness and the
impact they potentially have on construction enterprises’ bottom line that would necessitate construction
enterprises to adopt specific measures to prevent accidents from occurring to protect people and
finance. Among others, constructing enterprises are transiting towards the adoption of OSC as a modern
construction method that potentially minimizes the exposure to falling and electrical accidents and
improve production efficiencies in the construction industry, through transferring of construction activities
to an offsite factory-controlled environment, where OHS management is enhanced. The study brings to
the fore the major cost items associated with DCs and IDCs. As the implication of the review study, the
paper highlights the major causative agents of accidents and associated cost items to allow enterprises
refocus their OHS management strategies. The scarcity of case studies on cost of accidents is a sign
of limited research on the subject area globally. Researchers need to conduct more research that would
attempt to determine true cost of construction accidents and establish their impact on enterprise
economic performance. The findings of this study may not be generalised as the two case studies may
not represent a wide array of accidents occurring in the global construction industry.

ACKNOWLEDGEMENT

The work described in this paper is part of a large PhD research study entitled ‘Modelling offsite
construction to control hazards and direct cost of accidents’, currently underway at Nelson Mandela
University (NMU). The authors wish to express gratitude to the anonymous reviewers and editors for
constructive comments that helped to improve the quality of the paper.

179



CIBW099W123 | Digital Transformation of Health and Safety in Construction | 21/22 June 2023 | Porto, Portugal

REFERENCES

[1] United States Department of Labour. Occupational Safety and Health
Administration (OSHA) Penalties. Retrieved 8 January, 2021, from
https://www.osha.gov/penalties

[2] Hong Kong Department of Labour. Occupational health and safety statistics bulletin.
Issue No. 20 (August 2020). Retrieved July 11, 2021, from
https://www.labour.gov.hk/eng/osh/pdf/Bulletin2019_issue20_eng.pdf

[3] Health and Safety Executive (HSE) (2015). Health and Safety in Construction
Sector in Great Britain, 2014/15. Retrieved September 11, 2021, from
http://www.hse.gov.uk/STATISTICS/industry/construction/construction.pdf

[4] Construction industry Development Board (CIDB). (2008). Construction health and
safety in South Africa- Status and recommendations. Retrived March 15, 2023
from https://goshenhub.co.za/wp-content/uploads/2019/07/Construction-
Health-and-Safety-in-South-Africa.pdf

[5] Albert, A., Pandit, B. and Patil, Y. (2020). Focus on the fatal-four: Implications for
construction hazard recognition. Safety Science, 128(2020), 1-6.

[6] Jeon, J. and Cai, H. (2021). Classification of construction hazard-related
perceptions using: Wearable electroencephalogram and virtual reality.
Automation in construction, 132(2021),1-10.

[7] Hamid, A.R.A., Azmi, M.R.A., Aminudin, E., Jaya, R.P., et al. (2019). Causes of
fatal construction accidents in Malaysia. IOP Conference Series: Earth and
Environmental Science, Volume 220, The 12th International Civil Engineering
Post Graduate Conference (SEPKA), The 3rd International Symposium on
Expertise of Engineering Design (ISEED) (pp. 1-11). Johor: IOP Publishing Ltd.

[8] Health and Safety Executive (HSE). (2020). Construction statistics in Great Britain,
2020. https://lwww.hse.gov.uk/statistics/industry/construction.pdf

[9] Haupt, T. and Pillay, K. (2016). Investigating the true costs of construction
accidents. Journal of Engineering, Design and Technology, 14(2), 373-419.

[10] United States Bureau of Labour Statistics. (2019). Graphics for economic news
releases- number and rate of fatal work injury, by industry sector. Retrieved from
United States Bureau of Labour Statistics.

[11] Akal, A.Y. and EI-Kholy, A.M. (2020). Enhancing the construction projects safety
performance level to confront the civil engineering trades-related hazards.
Journal of Advances in Management Research, 18(3), 468-501.

[12] Kalyuni, M. and Wodajo, T. (2012). Application of a design for method for
manufacture and assembly-Flexible assembly methods and their evaluation for
the construction of bridges. MSc Dissertation. Sweden: Chalmers University of
Technology. https://publications.lib.chalmers.se/records/fulltext/164233.pdf

[13] Bajjou, M.S., Chafi, F. and En-Nadi, A. (2017). The potential effectiveness of lean
construction tools in promoting safety on construction sites. International
Journal of Engineering Research in Africa, 33, 179-193.

[14] Bashir, A M., Suresh, S., Proverbs, D. and Gameson, R. (2011). A critical,
theoretical, review of the impacts of lean construction tools in reducing
accidents on construction sites. In C. Egbu, & E. Lou (Ed.), Procs 27th Annual
ARCOM Conference (pp. 249-258). Bristol: Association of Researchers in
Construction Management.

180


https://www.osha.gov/penalties
http://www.hse.gov.uk/STATISTICS/industry/construction/construction.pdf
https://www.hse.gov.uk/statistics/industry/construction.pdf

CIBW099W123 | Digital Transformation of Health and Safety in Construction | 21/22 June 2023 | Porto, Portugal

[15] Mihic, M. (2019). Classification of construction hazards for a universal hazard
identification methodology. Journal of Civil Engineering and Management,
26(2), 147-159.

[16] Sun, C., Hon, C., Way, K., Jimmieson, N. and Xia, B. (2022). The relationship
between psychosocial hazards and mental health in the construction industry:
A meta-analysis. Safety Science, 145(2022), 1-12.

[17] Buica, G., Antonov, A. E., Beiu, C., Pasculescu, D., & Remus, D. (2017).
Occupational health and safety management in construction sector-the cost of
work accidents. Calitatea, 18(S1), 35.

[18] Garvious, A., Mizrahi, S, Shani, Y. and Minchuk, Y. (2009). The costs of industrail
accidents for the organanisation: developing methods and tools for evaluation
and cost-benefit analsysis of investment in safety. Journal of Loss Prevention
in the Process Industries, 22(4), 434-438.

[19] Heinrich, H.W. (1959). Industrial Accident Prevention: A scientific Approach, 4th
ed., McGraw-Hill Books Company.

[20] Riel, P.F. and Imbeau, D. (1996). Justifying investments in industrial ergonomics.
International Journal of Industrial Ergonomics, 18, 349-361.

[21] Richardsson, P. M. and Impgaard, M. (2002). Corporate cost of occupational
accident: an activity-based analysis. Accident Analysis and Prevention,173—
182.

[22] Everett, J.G. and Frank, P.B. (1996). Costs of accidents and injuries to the
construction industry. Journal of Construction Engineering and Management,
122(2),158-164.

[23] Waehrer, G.M., Dong, X.S., Miller, T., Haile, E. and Men, Y. (2007). Costs of
Occupational Injuries in Construction.

[24] Windapo, A. (2013). Relationship between degre of risk, cost and level of
compliance of occupational health and safety regulations in construction.
Australasian Journal of Construction Economics and Building, 13(2), 67-82.

[25] Okoye, P. and Chuks, K.K. (2014). Exploratory study of the cost of health and
safety performance of building contractors in South-east Nigeria. British Journal
of Envrionment Sciences, 2(1), 21-33.

[26] Loke, Y., Jin, T., Manickam, K., Heng, P., Jong, C., Kheng, L., Lim., S., Lin, G.
and Takala, J. (2013). Economic cost of work-related injuries and ill-health in
Singapore. Finnish institute of occupational health, 19(2),38-39.

[27] Safe Work Australia. (2015) The Cost of Work-related Injury and lliness for
Australian Employers, Workers and the Community: 2012—-13. Retrieved March
20, 2013 from
https://www.safeworkaustralia.gov.au/system/files/documents/1702/cost-of-
work-related-injury-and-disease-2012-13.docx.pdf

[28] Sun, A.C.S. and Zoo, P.X.W. (2010). Understanding the true costs of construction
accidents in Australian construction industry. In Proceeding of W099- safety and
health in construction, 18" CIB world building congress, May 2010, Salford,
United Kingdom.

[29] Feng, Y. (2015). Factors influencing workplace accident costs of building projects.
Safety science,72(2015),97-104.

[30] Safe Work Australia. The Cost of Work-related Injury and lliness for Australian
Employers, Workers and the Community: 2008—-09. Retrieved March, 12, 2023
from
https://www.safeworkaustralia.gov.au/system/files/documents/1702/cost_of w
ork-related_injury_and_disease.pdf

181


https://www.safeworkaustralia.gov.au/system/files/documents/1702/cost-of-work-related-injury-and-disease-2012-13.docx.pdf
https://www.safeworkaustralia.gov.au/system/files/documents/1702/cost-of-work-related-injury-and-disease-2012-13.docx.pdf
https://www.safeworkaustralia.gov.au/system/files/documents/1702/cost_of_work-related_injury_and_disease.pdf
https://www.safeworkaustralia.gov.au/system/files/documents/1702/cost_of_work-related_injury_and_disease.pdf

CIBW099W123 | Digital Transformation of Health and Safety in Construction | 21/22 June 2023 | Porto, Portugal

[31] Jin, Z., Deng, F., Li, H. and Skitmore, M. (2013). Practical framework for measuring
performance of international construction firms. Journal of construction and
management, 139(9),1154-1167.

[32] Creswell, J. (2014). Research Design Qualitative, Quantitative and Mixed Methods
(4th ed.). United Kingdom: Sage Publications.

[33] Levy, J.S. (2008). Case studies: Types, designs and logics of inference. Conflict
management and peace science, 25(2008),1-8. 10.1080/07388940701860318

[34] Fellows, R. and Liu, A. (2015). Research methods for construction. Wiley
Blackwell.

[35] Ahn, S., Crouch, A.M., Kim, T.W. and Rameezdeen, R. (2020). Comparison and
worker safety risks between onsite and offsite construction methods: a site
management perspective. Journal of Construction, Engineering and
Management, 146(9), 0520010-1 - 0520010-11.

[36] Health and Safety Executive (HSE). (2009). Off-site production in the UK
construction industry- a brief overview. https://www.hse.gov.uk/

[37] Dixit, S., Mandal, S., Pandey, A. and Basal, S. (2017). A study of enabling factors
affecting construction productivity: Indian scenario. International journal of civil
engineering and technology, 8(6), 741-758.

182


https://www.hse.gov.uk/

CIBW099W123 | Digital Transformation of Health and Safety in Construction | 21/22 June 2023 | Porto, Portugal

DEVELOPING AN AUDIT CHECKLIST TO ASSESS CONSTRUCTION
SITE HEALTH AND SAFETY PRACTICE

Sabrina Shahid Saba?, Noel Painting?, Mahmood Alam?, Hannah Wood*
1234 University of Brighton, United Kingdom

Abstract

Bangladesh is a fast-growing nation with a 7.9% GDP growth rate, and the construction industry is one
of the main contributors to the economic growth in Bangladesh. This growth of the construction industry
has become possible because of the affordable skilled and unskilled labour availability. However, the
health and safety practice in this construction industry is still quite inadequate, resulting in many injuries
and fatalities. For this research, three case studies have been conducted in Bangladesh. As part of the
case studies, a comprehensive audit checklist has been developed. This audit checklist helped in data
collection concerning all the health and safety aspects of a construction site. However, there needs to
be more literature regarding developing an audit checklist of health and safety in the construction
industry of developing countries. Several researchers have used audit checklists to measure or assess
the health and safety of construction sites in Bangladesh. The audit checklist used in this research
consists of multiple items under the following aspects of construction site health and safety such as; site
set-up, site management, competence check, risk assessment, permit to work, first aid facilities, site
safety rules, site safety signs, provisions of PPE, provisions of working at height, plant and equipment
used on the site, maintenance of the equipment, working in confined space, working with explosive
materials, traffic management, worker’s welfare, protection of the public, emergency fire procedure,
hazard awareness, handling of hazardous substance, prevention of pollution, waste separation,
handling of asbestos containing materials, internal/external audit and so forth. This audit checklist can
assist the Construction Managers, Designers, Clients or Researchers in assessing the health and safety
of construction sites.

Keywords: Construction health and safety, Workers’ welfare, Case study, Audit checklist, Site risk,
Safety management

1 INTRODUCTION

Construction industry is one of the most hazardous industries worldwide. In the developing countries
the number of construction accidents/incidents, fatalities and injuries is much higher than developed
countries. Bangladesh is a fast-growing developing nation, with GDP growth of 7.9%. Bangladeshi
construction industry is a major contributor to the nation’s GDP in 2016 [1]. This growth of the
construction industry has become possible because of the availability of affordable skilled and unskilled
labour. The labour force survey by Bangladesh Bureau Statistics (BBS) demonstrated that
approximately 2.4 million workers are now employed in the development business [2]. However, this is
the only number of registered workers, but the actual number of workers is unknown. Whereas the
construction industry plays a vital role in the economic growth of this country, it is one of the worst
performing in the occupational health and safety of its workers. According to the statistics of
Occupational Safety, Health and Environment (OSHE), there were 147 fatalities in 2016 due to accidents
on construction sites. Another report by the Bangladesh Institute of Labour Studies (BILS) shows that
from 2005 to 2016, there was a total of 1,196 deaths in the construction industry (averaging at least 100
deaths per year). A report of BILS demonstrated that approximately 100 injuries occur in a year [2].
Compared to the total population, construction-related deaths are disproportionately low. From this
number, it is comprehensible that the statistics are not accurate because of under-reporting and under-
recording. The actual number of construction-related accidents, incidents and injuries is still unknown.
There is few research have been conducted to find out the main causes of construction site accidents
[1, 3-9]. According to these authors, the main causes of construction accidents are; lack of safety
awareness, lack of education and training, reckless action of authority and workers, poor equipment and
their maintenance, lack of emergency measures, lack of information flow, lack of technical guide, lack
of personal protective measures, type and nature of construction [1]; shortage of enforcement of safety
regulations, errors in scaffolding fixing, shortage of safety sign, errors in equipment, errors in inspection,
lack of emergency steps [4, 5]; falling during steel erection, falling from unprotected edges, lifts and
staircases, falling during slab concreting, unmindful falling, falling during plastering/ painting of exterior
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walls, all falling (sum of above), electric shock, collapse of structure/ scaffold, removing formwork, gas
exploration [6]; lack of personal protective equipment, lack of safety elimination/ avoiding designs, unfit
equipment, lack of knowledge and training on equipment [3]; fall from heights, electrocution, suffocation,
wall collapse, fall of material, formwork/shuttering failure, roof collapse, earth collapse, scaffold failure
[9]. However, the number of items covered in these checklists are insufficient and they excluded the
wide range of risks involved in the construction activities. There are few studies already which have
developed construction workplace health and safety audit tool and explored limitation of other studies
[10-12]. However, there is still gap of an audit tool which is developed based on Bangladeshi
construction industry’ requirements. Hence, the author developed a comprehensive audit checklist for
the Bangladeshi construction sites which can be implemented both in academic research and industrial
safety practice. This audit checklist has been developed to collect data for construction case studies as
part of the author’'s PhD research project.

2 METHODOLOGY

This section describes the approach of the development of this audit checklist. This audit checklist
development followed a six stage process in Fig.1l. These stages are; reviewing the existing audit
checklist guideline in literature, reviewing the existing audit checklist studies to get idea, making the first
draft of the audit checklist, implementing this audit in the pilot study, amending the audit checklist
according to the feedback, finalising and implementing this final audit checklist for data collection,

Stage 01: Reviewing Stage 02: Reviewing Stage 03: Making the
the existing audit - the existing audit - first draft of the
checklist guideline in checklist studies to Audit checklist
literature getidea

!

Stage 06: Finalising Stage 05: Amending Stage 04:

and i.mpleme.nting the audit checklist Implementing the
the final audit _ according to the _ audit checklist in the
checklist for data feedback pilot study
collection

Figure 01: Flowchart of the stages of this audit checklist development

Stage 01: There are different categories of the audit checklists. The type of checklists should be selected
based on the objective of the case study. According to Seoane [13], the audit checklists can be divided
into six categories which are;

1) Optional: Where there are three possible choices of answer. Usually they are ‘affirmative’,
‘negative’ and ‘not applicable’.

2) Alternative: A choice of two answers that are generally opposite or complementary are
requested.

3) Graded: In this type of checklist, the response is graded and a score or scale is established.
This type of checklists can be used for quantitative research.

4) Multiple choice: Several possible answers are given in this type of checklist and also an option
called ‘other’ is included.

5) Interrogative: This kind of checklists require brief lengthier answers. This kind of checklists are
used for mostly qualitative research.

6) Branched or interlinked: In this type of checklists, based on choosing one answer the other
options are provided in the form of branches or links. This kind of checklists are sequential in
terms of the response.

There are many guidelines available for developing an audit checklist or audit tool. For example,
Stufflebeam [14] provided a checklists development checklist (CDC), Gagliardi et al. [15] developed a
guideline of implementation planning checklist for medical sector. Boritz et al. [16] mentioned that for
designing a checklist the following factors should be considered; customization, diagnosticity and the
structure of the checklists. The audit checklist in this case studies was developed based on the optional
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type of response which includes three options; affirmative (yes), negative (no) and not applicable.
Because, the audit checklists are constructed in a way to find out the current health and safety practice
on the construction sites. Hence, the audit checklists give the opportunity to choose if the listed items
are practiced on site. Also, there is a comment box added at the bottom of the audit checklist for any
further information. There is also literature available to regarding the content criteria and validity of an
audit tool related to occupational health and safety [17, 18]. The author’s audit checklist was developed
as part of her PhD thesis. The author conducted interviews and case studies to evaluate safety culture
of the Bangladeshi construction industry. Hence, this audit checklist was developed based on the legal
framework of Bangladeshi construction industry. A less binary with more flexible option (such as; Likert
scale) could be chosen for the audit checklist. However, the photographic evidence gives
comprehensive idea of the health and safety practice on the cite which was not possible from only using
questionnaire or audit checkilist.

Stage 02: There are studies been conducted on the development and use of audit checklist/checklist in
health care or medical sector [19-28]. Curl et al. [25] developed an audit checklist to assess the outdoor
falls risk for the older people. This audit checklist was also developed for qualitative purpose. As part of
the study they conducted interviews of the older people and took photographs of the items listed on the
audit checklist to understand how these items affect the fall risk of the older people. Checklist is also
used as a data collection and validation tool in other sectors such as; education [20, 21], food industry
[29] and so on.

Stage 03: The purpose of the audit checklist is to evaluate the health and safety practice on the
construction sites in Bangladesh. Because, photographs of the items listed on the audit checklists also
have been collected from the construction site in support of the response of the checklist. Hence, the
purpose of the case study is qualitative. Photographic content analysis has been used to analyse the
photos. However, the author intends to publish another consequential paper regarding the result of the
case studies. Heavy literature review has been carried out to develop the audit checklists. Hence, the
researcher created this comprehensive audit checklist based on the following resources;

Regulatory framework: The items of the audit checklist were initially identified from the basic
requirements of Bangladesh National Building Code (Volume 3; part 7 and part 10). In addition to that,
few items under risk assessments and competence check were adapted from the UK regulations (such
as; The Management of Health and Safety at Work, 1999).

Online sources: Some online construction audit checklists are available which were used as starting
point. The construction site health and safety self-audit form [30] and design & construction auditor
checklist [31] are some of the checklists which inspired the author on the development of the audit
checklists.

Professional qualification: The author has completed few professional qualifications of construction
health and safety management. These are; 1) NEBOSH Health and Safety Management for
Construction Certificate (UK), 2) Managing Safely (from I0SH-Institute of Occupational Safety and
Health), 3) Safety, Health and Environment for Construction Site Manager (from IOSH), 4) CDM-
managing health and safety (from CIOB Academy). These qualifications helped her to understand the
mandatory health and safety aspects of the construction site safety practice. The audit checklist consists
of three main broad sections which are; description of the project, health & safety practice and a
comment box at the end of it for the participants to provide information regarding the items. The middle
section consists of 24 items (health and safety).

Stage 04: This audit checklist was distributed to a medium sized residential under construction project
as pilot study in Bangladesh. As the data collection was conducted during lockdown in 2021 in
Bangladesh hence the inclusion criteria of case studies are; 1) Construction sites having Covid-19 safety
measures according to the latest Bangladeshi Covid-19 safety and health guideline, 2) Funding type:
any, 3) Occupancy type: any, 4) Construction phase: Under construction phase, 5) Procurement route:
any, 6) Contract type: any, 7) Size of the project: medium or large. The specification of the project size
is given in table 01.

Table 01: The size of the projects chosen for the case studies.

Extra small Small Medium Large

Area 0-4,999 sft 5000 -19,999 sft 20,000 sft- 79,999 sft 80,000 sft- above
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Budget | 0-14,999,999 Taka/ 15,000,000 Taka/127,500 | 40,000,000 Taka/ 340,000 GBP - 160,000,000 Taka /
GBP -39,999,999Taka/ 159,999,999 Taka/ 1,359,999.99 1,360,000 GBP
127,499.9915 GBP

GBP . Y ah
(approx.) 339,999.99 GBP (approx.) (approx.) - above
(approx.)

During the data collection process face to face data collection was prohibited according to University of
Brighton’s guideline. Hence, the inclusion criteria for participants who collected data are;

1) Site Manager/Site Supervisor/Site Engineer of that construction site
2) Willing to collect data voluntarily

Ethics approval has been sought from ethics approval committee of University of Brighton before starting
data collection. In this pilot study, at first permission was sought from the Project Manager of the project.
Then participant information sheet was sent to the Site Manager/Site Supervisor/Site Engineer of that
construction site and signed consent form was sought from them. The Site Manager/Site Supervisor/Site
Engineer filled up the audit checklist and also captured the relevant photographs. An instruction
document was also provided to the Site Manager/Site Supervisor/Site Engineer to comply with the ethics
guideline of University of Brighton.

Stage 05: After pilot study, according to the feedback some phrasing of the questions was amended.
However, there was no change of the items in the audit checklist.

Stage 06: The final version was distributed among two more large sized projects which met the
inclusion criteria. Photos were collected for the items listed in the audit checklist wherever possible to
support the response.

3 THE SITE HEALTH AND SAFETY AUDIT CHECKLIST

The audit checklist starts with the description of the construction project which include; type of the
project, procurement route, gross floor area, value of the project, project sponsor type, Type of the
organisation managing the site, Job title of the respondent, Type of the organisation of the respondent
and so on.

The second part ‘health and safety practice on site’ is developed based on; site set-up; site
management, competence, risk assessment, permit to work, first aid, safety rules, safety signs, provision
of PPE, working at height, plant and equipment used on the site, maintenance of the equipment, working
in confined space, working with explosive materials, traffic management, worker’s welfare, protection of
the public, emergency fire procedure, hazard awareness, handling of hazardous substance, prevention
of pollution, waste separation, handling of asbestos containing materials, internal/external audit.

The last part consists of a comment box for further information which can be altered as per the purpose
of the audit checkilist.

Table 02: Construction site health and safety audit checklist
. Name of the research topic
Type of this construction

project

Traditional/ Design and build/Construction management/Contractor led/
Custom led/Fast track construction

0-19 999 sft/20,000 sft- 79,999 sft/80.000 sft- above

0-39.998 000 tk/40,000,000 tk - 159,998,000 tk/16 crore- above

Project sponsor type Government/ Private/ Local Authority/International Private Funder/
International Public Funder/ Other (... )

Type of the organisation Architectural firm/ Real Estate firm/ Structu-fé-l-éﬁ-g;]-ineering company/

Site health and safety practice in Bangladesh construction industry
Commercial/ Retail/ Residential/Industrial/Infra-structure

Managing the site Project management firm
Job title of the respondent The Site Engineer/ Site Supervisor/ Site Manager

Type of the organisation of Consultant/ Contractor/ Client/ Sub-contractor/ Government/ Local
the respondent (your Government/Other (... ... .. )
employer

Date of data collection
Distributed b
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Safety and health management practice on site Yes No Not
applicable
Which of these do you have as part of your site set-up?
1. Safety officer for the site
. Safety briefing

2
3. Induction of the site
4. Fire License from Fire department
5. Lay out Plan of the project
6. Factory license from Inspector's Office. (for factories)
Which of these do you use part of your site management?
7. Method statements for construction work
8. Construction phase plan
9. H&S file or site document
10. Risk assessment for the existing site
Which of the following do you collect on site to
demonstmte competence?
. Qualification cards for the construction workers
12. Training on manual handling
13. Training on lifting operations
14. Training on safety and health (more details required)
15. Training on work equipment (more details required)
16. Training on fire emergency
17. Training on first aid
18. Drug test of the workers
Which of these activities would be included in your risk
sment?
19. For working in confined space
20. For working at height
21. For falling cbjects
22. For working with chemical substances
23. For harmful chemicals (asbestos/lead)
24. For high voltage work
25. For Coromavirus Covid-19
26. For plant operatives slip, trip and falls

27. For stability of adjeining structures/trenches/fences
25. For lone working
29. For hot work
30. For noise exposure
31. For vibration
32. For air pollution
For which of these would you require a permit to work?
33. Hot work permit
34. Confined space work permit
35. High voltage work permit
36. Work at height permit
Which of these would you have on site as part of your first
aid provision?
37. First aid box
38. Designated first aider
39. Incident & accident reporting book
How do you communicate the site safety rules to operative?
40. Site rules issued to the site workers (printed copies)
41. Toolbox talk
42. Whistle blowing
43. Designated smoking area
Which of the following safety signs do you use?
44. Red signs (prohibition sings)
45. Blue signs (mandatory signs)
46. Yellow signs (hazard signs)
47. Green signs (safe condition signs e.g. fire escape, first
aid sign)
Which of the following Personal protective equipment item
is mandatory?
48. Hard helmet
49. Facemask
50. Safety boots
51. Safety gloves
52. Safety clothing
53. Eye goggles
54. Hearing protection (ear defender)
55. High visibility clothing
Which of these provisions is provided for working at
height?
56. Safety net
57. Safety hamess
58. Caution signs for voids
59. Safety measure to use ladder
E.g. securing, step ladders, stabilizers
60. Safety certification to use fixed scaffold
61. Safety measure to use mobile tower
62. Safety licence to use Mobile Elevated Working
Platforms (MEWPs)
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Ride on plant:
63. Roller

64. Excavators
65. Road planers
66. Dumpers
Pedestrian controlled plant:
67. Vibrating plate compactors
63. Surface grinder
Lifting equipment:
69. Mobile Cranes
70. Forklift truck
71. Lorry loaders

72. Daily check

T73. Weekly check

74. Monthly check
75. Six monthly check

76. Adequate lighting

T7. Adequate ventilation

78. Special training/ instruction for the workers
79. Permit to work

80. Emergency support for the workers

&1. Respiratory protective equipment

82. Safety signs for excavations

83. Caution signs

&4. Enforcement of exclusion zone
85. Permit to work

86. Instruction to the workers

87. Separate pedestrian route

&5. Separate vehicular route

89. Banksman to guide vehicles

90. Designated area for loading/ unloading

91. Resting place for the workers
92. Drinkable water supply

93. Eating place

94. Toilet faciliies

95. Washing facilities

96. Enough lighting

97. Drying facilities

98. Personal possession storage

99. Secured perimeters of the site

100. Protected public walkways

101. Safe alternative route for the passers by
102. Tunnels (protection for the falling objects)
103. Safety signs for the passers by

104. Secured entry points of the site

105. CCTV at the entrances

106. Adequate lighting at night time

107. Fire Drill

108. Fire alarms

109. Inspection to ensure clear fire routes/exits
110. Designated fire escape route

111. Fire assembly point

112. Fire-fighting equipment

113. Reporting procedure for workers who observe
hazards

114. Incentive scheme for reporting hazards

115. Incentive schemes for near misses

Instruction to stop work procedure

s
iy
@

117. Appropriate storage
118. Appropriate handling
119. Appropriate use
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Which of the following prevention of pollution measures do
you employ?
Identification of potential sources of pollution

121. Dust suppression measure
122. Prevention of air pollution
123. Noise prevention measure
124. Prevention of ground water contamination
125. Other
Which materials do you waste separate on site?
126. Timber
127. Dry wall/ plaster board (Gypsum)
128. Concrete, ceramic, tiles bricks
129. Glass
130. Plastic
131. Bituminous mixtures
132, Metallic waste (including cable)
133. Contaminated seil and stone
134 Cement
135. Paint and varnishes
136. Adhesives and sealants
137, Packaging
138, Asbestos containing materials

Do you engage in any of the following with asbestos and
asbestos containing materials?

139. Identification

140. Removal

141. Handling

142. Storage

143. Disposal
Do you employ the following safety and health on site
audit/inspection?

144. Internal audit

145. External audit

Serial No Additional notes

Aforementioned photographs have been collected under the items where ever possible. Few examples
have been illustrated below in “Fig. 2, 3, 4 and 5”. “Fig.2” was provided in support of the provisions of
PPE and “Fig.2” was provided to show the provisions provided for working at height. From the photos it
is evident that these construction sites don’t have adequate health and safety measures.

8

Figure 02: Provisions of PPE Figure 03: Provisions provided for at working at height

The answers in the audit checklist are ambiguous quite often. Such as, “Fig.4” and “Fig.5” were provided
in support of the provisions for working at height. According to Bangladesh National Building Code,
“every open sided floor or platform 1.2m or more above adjacent floor or ground level shall be guarded
by a railing on all open sides, except where there is entrance to ramp, stairway or fixed ladder” (Vol 3,
part 7, chapter 3, section 3.6.5). However, there is lack of safety net, guard railing and toe board in all
sides of the floor. Furthermore, there is also lack of the minimum safety measures in each floor.
Therefore, only ‘yes’ and ‘no’ option isn’'t adequate and needs extension of the answer of the audit
checklist.
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Figure 04: Provisions of working at height Figure 05: Safety measures for working at height

Many discrepancies have been found from the audit checklist and the photographs. Although being
quantitative in nature, this audit checklist has been used qualitatively. This audit checklist can be altered
depending on the nature and purpose of the study.

4 CONCLUSION

There are currently few comprehensive audit checklist is present in the construction health and safety
literature. However, there is still gap of an audit tool which is developed based on Bangladeshi
construction industry’ requirements. This audit checklist can be used as a starting point and can be
altered and elaborated based on the type of research/construction project/location/legislative
requirements. This audit checklist can be used for setting up a construction project or auditing. The
health and safety compliance requirements can be very lengthy and confusing. In this case, this type of
audit checklist can give a basic guideline. However, this audit checklist does not include the
environmental aspects of a construction project. This paper only revealed the methodological
developments of this audit checklist. However, the analysis of the photos in support of this audit checklist
is complex and the intention is to publish a subsequent paper exploring the finding from the photo
analysis.

5 RECOMMENDATION

In this research the simplest category of audit checklist has been developed using only three options.
In addition to this, photos have been collected to evaluate the degrees of health and safety measures
which are absent or implemented on a construction site. However, this audit checklist can be developed
for quantitative purpose using grade type (Likert scale) or multiple choice type questions to measure the
degrees of health and safety practice.
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Abstract

Facility managers (FM) are in charge and responsible for the operations, maintenance, and repair
(OM&R) phase of a structure. During this time, FM personnel and technicians, along with
subcontractors, perform a variety of tasks related to building upkeep, maintenance, renovations, and
refreshes. FMs employed in higher educational institutions are no exception, but they have an additional
complexity of managing OM&R activities for a diverse portfolio of structures such as academic, civic,
residential, athletic, commercial, healthcare, and others. Furthermore, these types of facilities require
upgrades and additional work in order to address dynamic and evolving safety requirements.

At the moment no comprehensive investigation has been conducted in the USA regarding safety
concerns and mitigation strategies for constructed facilities, post-structure delivery. To spearhead this
trajectory of research, the researchers surveyed FM personnel employed in higher educational
institutions in the US with the aim to: 1) identify FMs’ involvement in design decisions for the facilities in
preparation, 2) identify the building systems for which FMs generally provide input during design, 3)
determine the hazards that concern FMs the most for OM&R activities, and 4) determine whether FMs
make modifications to existing structures in order to address safety concerns.

A total of 171 responses were collected, from 1,947 identified contacts belonging to public and private
U.S. institutions, with a student population greater than 2,000 students. The researchers found that the
majority of FMs are asked to provide input during the design phase, the building systems that they
mostly provide input are HVAC, Lighting, and Plumbing, electrical hazards and hazards relating to falls
are the ones that FMs are mostly concerned about during their OM&R operations.

Keywords: Safety, maintenance, repair, design for safe maintenance.

1 INTRODUCTION

A building’s lifecycle consists of two relatively brief phases for “conception/design”, and “construction”,
followed by a lengthier phase, dedicated to its function; the “occupancy” phase which accounts for 95%
of the lifecycle [1]. During occupancy, a building is exposed to daily operations which in turn leads to the
need for scheduled (or emergency) maintenance and repair activities. The combined set of activities
required from facility managers for operations, maintenance, and repair are grouped in this publication
as OM&R [2, 3].

In addition to OM&R, often facility managers are asked to make changes or improvements to their
facilities to address the installation of new equipment not planned during design [4], or to address safety
concerns related to maintenance [5]. Modifications to the structures are undertaken by facility
management technicians, or by subcontracting work to third-party entities [6]. During OM&R activities,
maintenance personnel or third-party contractors can be exposed to several hazards that vary
depending on the type of facility but they have not been extensively researched in the US, while in other
countries, the investigation was limited to characteristics that link OM&R operations to types of injuries

[71.

As suggested by Szymberski [8], early interventions have the greatest ability to influence safety
performance, and these efforts should occur during design, which is one of the principles in the
Prevention through Design (PtD) (also known as Design for Safety) concept proposed by Lorent [9]. The
authors of this manuscript aim to eventually extend the concept of PtD, which was developed for the
construction industry, to maintenance operations in the US industry, and the research described here
represents the initial investigation and efforts toward that goal.
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2 BACKGROUND

Facilities management is a term that encompasses all activities required to manage a structure after its
construction phase, and functioning as intended [10]. Activities included during this post-construction
phase include maintenance and monitoring of various building systems, the repair and renovation of
various building elements, as well as making minor or major modifications to internal walls and layouts
of the structure [1].

At the moment there is limited scholarly work performed on investigating safety concerns affecting the
work performed by facility management personnel or their subcontractors. Thus, there is a need to
investigate, and identify concerns that facility management personnel may have during OM&R activities.
There are gaps in knowledge that need to be identified in order to improve facility management safety
performance, and these include identifying the building elements/systems that pose the greatest
concerns during OM&R operations, as well as identifying, quantifying, and assessing the financial impact
of these post-construction safety-related modifications.

The researchers through a survey of facility management personnel employed in higher educational
institutions in the US with the aim to:

identify FMs involvement in design decisions for the facilities in preparation,

identify the building systems for which FMs generally provide input during design,

determine the hazards that most concern FMs during OM&R activities, and

determine whether FMs make modifications to existing structures to address safety concerns.

The researchers chose to investigate educational institutions in the US because university facilities and
campuses encompass diverse environments with a variety of structures, including academic, civic,
residential, athletic, commercial, healthcare, and others. Additionally, these types of facilities require
upgrades and additional work to address dynamic and evolving safety requirements.

3 METHODOLOGY

To gather this information, an online survey was distributed to facility management administrators
employed at universities in the US in the fall of 2021. Contact information was collected by conducting
online searches of each university's directory, and the researchers decided to limit the population to
individuals employed in 4-year institutions with a student population of at least 2,000. A university of that
size would in general have complex enough facility management operations and have the need for
frequent (every few years) capital projects.

Using the Carnegie classification for universities [11], a total of 1,947 US universities were identified.
After eliminating “For Profit” universities (n = 195), and universities with student population of less than
2,000 students (n=322), 1,430 universities remained. Several of the remaining institutions (n=538) did
not have a searchable website or directory where the researchers could identify individuals to be
targeted for the survey, and as a result, contact information for individuals was obtained for 892
institutions.

Regarding the role of the individuals contacted, the researchers aimed to identify individuals with roles
and responsibilities relating to the management of maintenance operations on their respective

campuses, such as “Director of Maintenance”, “Director of Physical Plant”, etc., and in the survey, they
were asked to respond to 4 categories of questions:

e Their departments' participation in design/constructability reviews for major (capital) projects
and minor (renovation) projects, their method of participation, and the building systems on which
they provide input.

e The hazards that concern them the most when their crews perform their typical work tasks and
any other safety concerns they have.

e Whether there have been modifications to the structures in their facilities to address safety
concerns, and the nature of these modifications.

e Demographic questions regarding the gross square footage (building area) of their campus,
their years of experience in design, construction, and facility maintenance, their level of
education, and any credentials they may have

The potential participants were emailed invitations to complete the study survey. A reminder email was
sent two weeks after the initial contact. Out of the 892 individuals that were contacted, 171 completed
the survey resulting in a response rate of 19.2%.
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4 RESULTS

4.1 Demographics

The study participants were geographically diverse, with responses from 43 of the 50 states and one
response from DC that is not shown on the map in Fig. 1. In regards to University ownership, 107 of the
responses came from public institutions, while 64 came from private ones. Further distribution of the
responses is shown in Fig. 2 according to the size of the university in terms of its student population.
The Carnegie Classification of institutions of higher education [11] categorizes tertiary institutions
according to various metrics, including student population, and they categorize small institutions as
having a population of less than 3,000 students, a medium institution between 3,000 and 9,999, and
large institution with a student population greater than 10,000 students. As observed, the majority of the
universities with a small student population were private universities, while the majority of the universities
with a large student population were public.
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Figure 1: Geographic distribution of responses
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Figure 2: Distribution of responses according to university ownership and student population

Regarding work experience in the relevant sectors of the industry, the participants appeared to have
extensive experience, with an average greater than 14 years in Design, Construction, and Facilities
Management. Their knowledge in the three related fields indicates that their input would be valuable and
beneficial for the scope of this investigation. Specifically, the range of experience is shown below:
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e Design: Average (years) = 14.5; range from 0 to 40 years
e Construction: Average (years) = 19.7; range from 0.5 to 45 years
e Facilities Operations and Management: Average (years) = 22.5; range from 3.5 to 45 years

The average gross square footage of space that the participants’ departments maintained was
4,895,270 ft2 (454,785 m?2), with a range from 200,000 — 28,000,000 ft2.This extensive area suggests
that the campuses represented by the participants have multiple buildings of various ages, each with its
own varying maintenance needs.

4.2 Participation in design reviews

A key aspect of facility management’s role in planning for safe OM&R activities, is their early involvement
during planning of new facilities. To identify the extent that this happens at the various universities we
asked the following two questions:

“Do representatives from YOUR university's Facility management participate in design or
constructability reviews input during the “Design” phase:

o For “Major” projects/renovations (Capital Projects)
e fFor “Minor” projects/renovations”

The results indicated that the plurality of the participants’ departments participate in such reviews
as shown in Table 1. These numbers are encouraging since they suggest that facility management
needs are discussed in these meetings.

Table 1: Facility Management participation during constructability reviews

Project Type Never Sometimes | About half | Most of the Always
the times times
Major Projects (n=160) 2 (1.3%) 8 (5.0%) 3 (1.9%) 40 (25.0%) | 107 (66.9%)
Minor Projects (n=156) 1 (0.6%) 12 (7.5%) 11 (6.9%) 63 (39.4%) 69 (43.1%)

Participants were also asked to identify the systems on which they provide input during the
constructability meetings. One hundred forty-nine (149) individuals provided responses to this question,
and they are summarized in Table 2. As observed, the majority of the systems are of concern to facility
managers, with a few exceptions such as parking garages, and the location and height of windows.
Universities generally employ their own personnel to manage and maintain all building systems, and as
a result, facility managers employed in university settings might feel more responsible to their own co-
workers. In a similar investigation of facility managers in the general industry [3], only “electrical systems”
was identified to be of major concern for day-to-day operations with a value of 57.1%, while concern for
all other systems ranged from 6.7% (Central Control Systems) to 31.3% (HVAC).

Table 2: Building systems discussed during constructability meetings

System % System %

Mechanical systems / HVAC 98.0% | Building vehicle access (e.g., loading 75.2%
docks)

Plumbing 89.9% | Lift and Escalators 71.1%

Building and general maintenance 87.3% | Signage / wayfinding 57.0%

(walls, doors, ceilings, finishes,

flooring, etc.)

Lighting 87.2% | Water / wastewater treatment and 55.7%
processing systems

Electrical (not lighting) 86.6% | Snow-removal and De-Icing 53.0%

Roofing 85.9% | Curtain Wall 47.0%

Fire / life-safety systems 84.6% | Location and height of windows 33.6%

Landscaping / grounds 81.9% | Parking Garage 28.2%
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4.3 Hazards

Participants were also asked to identify the hazards that concern them the most when their
maintenance/repair crews perform their typical work tasks. In this question participants were asked to
select their top five (5) hazards, and 141 individuals provided responses. The categories of the hazards
were developed from a literature search [12, 13], and were used in a similar investigation that surveyed
facility management individuals employed in other industries [3]. As observed in Table 3, the top three
hazards identified by facility managers who participated in the study are “Fall from heights and ladders”,
“MEP hazards”, and “Electrical hazards”.

Table 3: Hazards identified to have the greatest concern

Hazard % Hazard %
Falls from heights and ladders 66.9% | Exposure to high pressures 16.9%
(liguids/gases)
Mechanical-Electrical-Plumbing (MEP) | 66.9% | Ergonomics hazards when performing | 16.2%

hazards tasks

Electrical Hazards (electrical arc, 67.6% | Pinch/cuts 16.2%

electrocution, etc.)

Slips and trips 49.3% | Interactions with occupants 14.2%

Working in confined spaces 39.9% | Exposure to hazardous weather 11.5%
environment

Chemical/Biological contaminant: 35.8% | Falling objects 8.1%

exposure, handling/storage, asbestos,
spills/releases, etc.

Interactions with moving objects and 29.7% | Noise Exposure 8.1%
equipment
Sprains and Strains 26.4%

4.4 Building modifications to address safety

Participants were also asked to identify whether any modifications have been made to their facilities,
beyond normal day-to-day maintenance, to address health / safety needs. This question aimed to
identify the types of changes, and categorize these according to the hierarchy of safety controls. One
hundred forty-three (143) individuals responded to this question, and 17 (11.9%) indicated that there
were no modifications made to their facilities, while the remaining 126 (88.1%) indicated that
modifications occurred.

The tiers for the hierarchy of controls used in this manuscript were obtained from the National Safety
Council’s hierarchy descriptions [14], and it include the following: 1) Elimination, 2) Substitution, 3)
Engineering Controls, 4) Warnings, 5) Administrative controls, and 6) Personal Protective Equipment
(PPE). For this publication, the lower levels in the hierarchy of controls—warnings, administration, and
PPE—were combined into one category, and that was referred as “administrative controls”, since
administrators need to be involved in effectively implementing warnings and ensuring the availability
and proper use of PPE. Participants provided their modifications as a narrative response, and the
authors categorized them according to the hierarchy of controls described previously.

Many of the participants (37.3%, n=47) described modifications that would be categorized as
administrative controls and resemble controls practiced in the construction industry. Examples of such
measures included the following:

o “Developed and implemented a training schedule to address the most common concerns”
o “Fire alarm upgrades, CO detector installation”
e “Modify maintenance schedules to address COVID related issues”

More than half (65.9%, n=83) of participants described modifications that fall under the category of
engineering controls. Examples of which are the following:

e “Completed and furnished equipment for tag out lockout”

e “Recent renovation to a lab building. Fall protection missed on the roof around HVAC
equipment. Added 260k for FP after the fact.”

e “Enhanced accessibility to equipment, ie., catwalk improvements, handrails”

197



CIBW099W123 | Digital Transformation of Health and Safety in Construction | 21/22 June 2023 | Porto, Portugal

e “Added catwalks in large attic spaces to allow better access to equipment. Added safety
platforms at heights to prevent falls.”

Participants provided fewer examples of substitution and elimination levels of control. Thirteen (10.32%)
of the participants described modifications that can be categorized as substitutions, such as:

e “The pandemic has informed us of choosing materials that are easily cleaned”
e ‘“Lowered equipment to allow better maintenance access”
o ‘“Exterior elevated walking surfaces were reviewed and provided with a non-slip coating”

Three (2.4%) participants provided examples that could be categorized as elimination controls, and
these were:

e “HVAC split systems do not have the condenser located on the roof of a building”
e “Change out doors with an asbestos core.”
¢ ‘Elimination of Asbestos Containing Building Materials.”

When compared to a survey of participants from the general industry [3], facility managers in universities
implement a greater number of engineering control improvements. As observed in Table 4, more of the
facility managers employed in universities described improvements that can be categorized at all of the
higher levels of control (engineering/substitution/elimination), while they described fewer controls that
can be categorized as administrative, compared to those employed in the general industry. These two
investigations were conducted in relatively close time frame to each other. The survey described in this
paper was conducted in the fall of 2021, while the survey for the general industry was conducted in the
fall of 2019.

Table 4: Comparison of the types of controls implemented between facility manager groups

Control Type University Facility General Industry
Managers Facility Managers [3]
Administrative 37.3% 52.1%
Engineering 65.9% 22.5%
Elimination 10.32% 4.6%
Substitution 2.4% 0.8%

5 CONCLUSIONS

As observed in this investigation, many facility managers (88.1%) at educational institutions modify their
facilities after occupancy to address safety concerns. This number is greater compared to a similar
investigation of general industry facility managers, where 65.8% of the participants performed such
work [3]. The three main categories of hazards that concern this group of facility managers the most
are: “Falls from heights and ladders” (66.9%), “Mechanical-Electrical-Plumbing (MEP) hazards” (66.9%),
and “Electrical Hazards (electrical arc, electrocution, etc.)” (67.6%).

5.1 Hazards

The survey results indicate that facility managers (FMs) are primarily concerned about various hazards
during OM&R activities. These hazards include "falls from heights and ladders"”, "MEP" hazards, and
"electrical" hazards. This emphasizes the importance of addressing these specific hazards through
appropriate safety measures and early intervention, preferably during the design phase, using
Prevention through Design. Furthermore, since the occupancy phase of a structure spans several
decades, it is imperative to eliminate the constant exposure of OM&R crews to such hazards. By
incorporating safety considerations into the design phase, significant safety improvements can be
achieved.

5.2 Types of controls

More participants in this investigation described improvements that can be attributed to higher levels of
controls, while they reported fewer measures categorized as administrative, compared to a similar
population of participants in the general industry. This difference can be attributed to several factors.
Firstly, this investigation was conducted during the COVID-19 pandemic, which necessitated additional
improvements to address the spread of the virus, such as the installation of barriers and enhanced
building ventilation. However, the impact of COVID-19 may explain the difference in engineering controls
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but not the difference in elimination and substitution controls, as university facility managers still reported
more controls in those categories.

The universities included in the survey were either public or not for profit universities, and they might
have a bigger budget (in comparison) that can be used for facility improvements to address safety
concerns. The majority of facility managers surveyed in the general industry worked for private entities,
where facility management departments are considered “business cost centres” since OM&R activities
do not generate income for private organizations [3, 15]. It is also possible that the general industry is
employing measures and controls that are more of the “low hanging fruit” variety (administrative), since
the lack of a significant budget for extensive renovations required for higher controls is not available.
While university facility departments seem to be more proactive since they probably have already
implemented all the administrative control measures possible and are moving higher in the hierarchy of
controls in order to improve their safety performance.

5.3 Involvement in the design phase

One method to address OM&R hazards is to tackle them early, and preferably during the design phase
[16]. Facility managers are the best qualified individuals to communicate these concerns, since they
encounter these hazards on a daily basis. As observed in this investigation, the majority of the facility
managers participating stated that they are involved during the constructability review process of their
facilities for both major “capital” projects, and for minor projects, thus allowing them to provide feedback
and suggestions for safe future OM&R activities. This finding suggests that FMs have a great capacity
to play a role in influencing design decisions, highlighting the need for greater collaboration between
design professionals and FMs to address safety concerns and optimize OM&R activities, in all industries.

5.4 Future Work

This investigation is still in its preliminary stages, but the authors established a baseline that shows that
university facility managers are involved, and included in conversations for new construction and
renovation of the facilities that they will eventually manage. Future research will investigate the
taxonomy of facilities management safety and the methodology to incorporate facility management input
during OM&R operations. This research aims to provide guidelines and/or checklists for safety
considerations during design reviews.
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Abstract

For construction managers, effective collaboration, communication and engagement during safety
planning is essential to improve efficiency and reduce risks during on-site execution. Whilst the use of
Virtual Reality (VR) has gained increased global attention in academic research, very few have
documented its practical application during active on-site construction safety processes from a site team
perspective. This study aims to bridge this gap by observing the use of VR during live safety planning
workshops, capturing practical examples where the use of VR influences the site teams engagement
and collaboration. Working with a UK based construction contractor this study adopted an exploratory
case study approach. Qualitative data was collected over a series of safety workshops during a live
project with 15 active site team members involved in activity planning, site installation and supervision.
Data collection included direct observations and focus groups, with the qualitative data analysed using
a hybrid thematic analysis method. The results provide working examples of site team collaboration
when producing safety logistics plans. Analysis of this data indicated that VR influenced the project
teams engagement, namely in the inclusion of operatives, effective information communication,
information retention and encouraged knowledge transfer which led to improved confidence when
planning.

Keywords: Virtual reality, construction, safety, engagement, collaboration, hybrid thematic analysis

1 INTRODUCTION

Planning site activities requires coordination with project stakeholders, often involving numerous
organisations with varied levels of knowledge, experience and awareness of the specific project design
and site constraints. From a construction management perspective, collaboration and engagement
within the planning process is crucial to the efficiency and safe execution of construction activities [1].
However, for many organisations on-site planning practices have relied on 2D information and siloed
processes that do not involve key members of the site team.

As an industry, construction has seen an increased uptake in digital technologies, used for a variety of
safety applications. For example the use of 3D / 4D models have been shown to have benefits in safety
planning, specifically in improving visualisation, communication and collaboration [2], [3]. Furthermore,
the use of immersive technologies (ImTs) including virtual reality (VR) is also receiving growing attention
[4]. Within academia, many have begun to explore the effects when utilising VR, for example in
engagement within safety training (Sacks et al., 2013; Vasilevski & Birt, 2020) and project collaboration
(Sacks et al., 2015). However despite this, the adoption of VR within the industry remains low [8]—[10].
Moreover, the practical industry application in this field is underdeveloped and research lacks real
project examples. This has resulted in researchers calling for further exploration to investigate the
effectiveness of VR within active, real-time site environments [11], [12], involving on-site construction
management and operatives [13]. Therefore this paper aims to provide a fresh insight documenting
practical accounts using VR within a real-life case project, assessing its influences on team collaboration
and engagement.

Working with a UK based construction contractor and their subcontractor, qualitative data was collected
through direct observations of safety planning workshops and focus group discussions. Through
applying hybrid thematic analysis, the results provide practical examples of the use of VR during safety
planning, furthering the research into how VR can influence site team collaboration and engagement.
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This research paper forms part of a wider investigation into the integration of immersive technologies
within the UK construction industry, specifically within the context of on-site safety processes.

2 VIRTUAL REALITY WITHIN CONSTRUCTION SAFETY PROCESSES

Virtual Reality has taken significant strides forward in recent decades, particularly within the gaming
industry. This development has resulted in high specification VR headsets becoming available within
the mainstream market. Typically, VR uses a head mounted display (HMD) and hand controller devices,
allowing the user to immerse and interact within a fully computer generated virtual environment. Many
researchers have concluded that VR improves engagement [14] and communication [15], providing an
effective medium to visualise and explore detailed designs or sequences in advance to the build
process. The use of VR also removes risks to personal safety [16], [17] eliminating the need to enter the
real life situation which offers a potential solution for the construction industry, particularly for high-risk
training scenarios. This said, the use of VR within the construction industry has only recently become
an option that is realistic and feasible, mainly due to advancements in technology providing affordable
and compatible applications.

Whilst the benefits of VR within academia are acknowledged, practical site based research using VR
from a safety planning context is under-represented in the UK, with limited examples within wider global
literature [12]. In Cyprus, Muhammad et al. [18] collected data through questionnaire surveys to compare
the use of VR to traditional 2D forms of planning, finding a VR approach more effective in collision
detection. Rolim et al. [19] explored the use of VR for developing risk assessments within a Brazilian
airport development by conducting an exploratory case study. Through collecting interview data with
airport staff, their results indicated improvements in the identification and evaluation of risk from an
operation teams perspective. Zaker & Coloma [20] investigated the application of VR for mechanical
and electrical design reviews and adopted a case study approach using real models on a project in
Barcelona, Spain. They identified that whilst investment and resistance are key challenges to the
adoption of VR, there were practical benefits in clash detection applications. Also using a case study
method, Afzal & Shafiq [21] investigated the use of 4D VR on a project in United Arab Emirates to
simulate construction activities. Their research assessed the impact on communication and risk
assessment where project members did not share a common language, concluding that VR simulations
increased hazard identification among operatives.

There is limited research available that involves applying VR in active construction projects that focus
specifically on safety planning from an on-site team working perspective. This paper seeks to address
this and investigates the potential influences of VR, specifically related to engagement and collaboration.

3 METHODOLOGY

Case studies are a common research approach [22] and according to Zainal [23] they allow the
researcher to examine the data within a specific context to “investigate contemporary real-life
phenomenon through detailed contextual analysis of a limited number of events or conditions”.
Exploratory case studies are suited to this research aim as they explore data in real-life and natural
settings, including the complexities of these real situations. This is also a suitable approach where there
is limited pre-existing knowledge in the specific field to develop theory [24].

3.1 The Case Study

For this study the researchers selected a single case to produce in-depth data to understand this specific
phenomenon in detail [24]. The researchers collaborated with a UK based construction contractor,
selected due to their prior experience using VR (for marketing purposes) and were looking to test its
application within a more practical on-site context. The contractors chosen project was the design and
construction of a 3 storey new build extension to an existing (live) school located in Yorkshire, England.
For this paper, only the data collected during safety planning workshops related to the steel frame and
ground floor concrete installation are included.

3.1.1 Site Team Participants

The participants for this study were chosen due to their direct involvement with the case project and site
activity selected for data collection. A total of 15 site members were involved in the planning workshops,
consisting of 1 senior director, 4 project / site managers, 1 commercial manager, 3 quantity surveyors,
1 safety manager and 5 steel erection (subcontractor) operatives. The site management and commercial
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management were familiar with the project, however the operatives had not been involved with the
project to this point. Table 1 identifies the participants, their ID, role, age range and industry experience.
Whilst the contractor had prior experience with VR, this was limited from a site perspective. From the
15 participants in this study, 2 had prior experience and the remaining 13 had no experience using VR
(including all of the project / site managers, quantity surveyors and site operatives).

Table 1 Site Safety Planning Workshop Participant Information

No Participant ID Role Age Range Years in Employment
Industry
1 CS MD1 Managing Director 31-49 21-30 Contractor A
2 CS SM1 Site Manager 31-49 21-30 Contractor A
3 CS Sm2 Site Manager 31-49 11-20 Contractor A
4 CS5 SM3 Site Manager 18-30 0-10 Contractor A
5 CS PM1 Project Manager 31-49 21-30 Contractor A
6 Cs Qs1 Quantity Surveyor 31-49 11-20 Contractor A
7 CSs Qs2 Quantity Surveyor 18-30 0-10 Contractor A
8 CS Qs3 Quantity Surveyor 18-30 0-10 Contractor A
9 CS sO1 Safety Officer 31-49 21-30 Contractor A
10 CS CM1 Commercial Manager 18-30 0-10 Contractor A
1 CSO1 Operative (steel frame) 50+ 31-40 Contractor B
12 Cs 02 Operative (steel frame) 50+ 31-40 Contractor B
13 CS 03 Operative (steel frame) 50+ 31-40 Contractor B
14 CS 04 Operative (steel frame) 31-49 11-20 Contractor B
15 CS 05 Operative (steel frame) 31-49 11-20 Contractor B

3.2 Overview of Data Collection

Fig. 1 overviews the data collection methodology. Following the recruitment of the case organisations
and collection of project information needed to create the VR environment (see 3.3.1), qualitative data
was collected during on-site workshops through observations and focus groups, analysed using hybrid
thematic analysis (see 3.5).

Case Study - Field Work

" On-site Safety Planning Workshops
Recruitment Process (VR)
(Selective Sampling)
¥ Direct Observations  Focus Groups
Obtain Project
Information
v
Collaborative Develop of
Immersive Environment Hybrid Thematic Analysis < Existing Coding book

Figure 1 Overview of Data Collection Process

3.3 Safety Planning Workshops

The safety workshops used VR headsets to explore methods of safe installation, construction plant
positioning / movement and segregation zones specifically related to the steel frame and concrete floor
installation.

3.3.1 Preparing the Environment

Prior to conducting the practical workshops, researchers consulted with the case construction contractor
to evaluate the hardware / software requirements and project information needed to construct the VR
environments. During the time of the study the Meta Quest headsets and hand controllers had been
introduced in the market, which were an affordable and easily accessible devise. It was decided these

203



CIBW099W123 | Digital Transformation of Health and Safety in Construction | 21/22 June 2023 | Porto, Portugal

were to be used as the headsets required no tripod sensor set up and so the most suitable for on-site
use. To run the VR models, laptop devices with Intel Core i7 processors were utilized with Autodesk
Revit 2022 and Enscape software installed. In order to create the VR environments, 2D and 3D project
information was shared by the case construction contractor and information integrated into central Revit
models by the researchers. Firstly, the surrounding site and existing structures were modeled from
survey data. Next the 3D steel superstructure model (received in IFC) was integrated into the Revit
model and the general on-site arrangements (such as welfare and perimeter fencing) located using the
initial 2D plans. Lastly initial phasing markups were used as reference for the proposed sequencing of
the frame. Typical plant and safety equipment were also loaded into the Revit model ready for use during
the workshops. The information collected and created is illustrated in Fig. 2.

Steelwork model (IFC)

©

ENSCAPE"

2D layout plans VR Environment

VR Software / hardware

Initial phase plans

Figure 2 Creating the VR Environment for Site Safety Planning Workshops

To conduct the workshops, the VR equipment was set up within the on-site office arrangements
(additional COVID safety precautions were also in place). VR headsets and hand controllers were
provided to the site team and used by various participants. Headset visuals were also projected onto
the wall screen and recorded (as shown in fig. 3).

Figure 3 Site Safety Planning Workshop Example

3.3.2 Non-Participation Observations

A total of 3 workshops that related to the planning of the steel frame and concrete floor installation were
observed in this study. Data collection took place from December 2021 to January 2022 and as the
project was live, timescales for these interactions were influenced by the on-site programme and
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contractor procurement. The researchers each had over 20 years’ experience within the construction
industry, with expertise in site management, health and safety and building information modelling. For
this study the researchers did not participate in the workshops however made notes during the
observations [22], [24]. The safety planning workshops were led by the project manager [CS PM1] and
site manager [CS SM1] and throughout the workshops verbal discussions were captured through
Microsoft Teams.

3.4 Focus Group Discussions

Following each workshop the researchers facilitated focus groups, a common method used for data
collection in exploratory research [25]. The purpose of the focus groups was to capture the site teams
views on the use of VR, specifically when used within safety planning. This also included questions
around how this could contribute to improvements in collaboration and engagement. Focus groups were
recorded for accurate records and transcribed prior to analysis. Due to the live environment, the
participants involvement was dependent on their availability at the time of the workshops. Table 2
identifies the participants within each focus group session.

Table 2 Focus Group Participants

Safety Total
planning ID of participant within focus group number in
workshop focus group

1 CS SM1, CS SM2, CS PM1, C5QS1, CSQS2, CSQS3, C5S01,CSCM1, CS 01, CS 02, C5 03, CS 04, CS 05, 13

2 CS SM1, CS SM2, CS SM3, CS5 PM1. 4

3 CS SM1, CS SM2, CS SM3, CS PM1, CS QS1, CS QS2, CS MD1 7

3.5 Hybrid Thematic Analysis

Hybrid thematic analysis involves both deductive (theory driven) and inductive (data driven) approaches
[26]. The analysis process began with familiarisation of the transcripts and researchers observations.
Using NVivol2 software, key text or phrases within the transcripts were allocated into pre-existing
codes, (a priori codes) which were developed by the researchers in a prior study. This existing coding
book contained a total of 142 codes, categorised into 17 themes, however this paper only includes the
results from theme 15 - engagement and collaboration. As the analysis was hybrid, the researchers also
created new codes (a posteriori codes) if they were not present in the coding book [26]. Once the coding
was complete, theme maps where created that assisted the researcher in the refinement of codes. Fig.
4 provides an example of the analysis process.

ke

data collection 2 - Focus group and case shady

Hybrid coding process in NVivol2

Category 4 - A1 Commuméation of risk
Establishing

Collaboration and Engagement
Tmpast = —

42 Engagement sad collsboration T

~ - Site team .
) ( engagement with )
. safetyplanning

Clientinvaivement |/ e .
Involving site team || EMgagementin safety

Design and contractor |/

collaboration

Project team
collaboration

workshop / inductions
L -

G T Integrating information
of logistics eam confidence 1 knowledge | retention

Pre-exasting codes (A priori codes) Theme map — collaboration and Engagement

Figure 4 Hybrid Coding Process using Pre-existing Codes and Case Study Data
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4 RESULTS

The theme collaboration and engagement was referenced on 61 occasions within the data sets. The
existing code book initially contained 6 codes, the analysis process created an additional 3 as illustrated
in table 3.

Table 3 Engagement and Collaboration — Example of Themes and Codes

Theme Code (tier 1) Code (tier 2)

A priori codes and A posteriori codes (in italics)

Engagement and Project team collaboration Involving the site operatives with
collaboration Planning

(61 instances) Client engagement with safety planning

Site team confidence in planning

Communication of hazards in VR

Site team safety engagement Safety workshop engagement

Integrating site experience

Information retention

The results are structured by first discussing the researchers observations, followed by a narrative with
example extracts from the focus groups. Finally, examples from the planning workshops are presented
that highlight team collaboration and engagement using VR.

4.1 Researchers Observations

The researchers directly observed each of the safety workshops and took notes of the site team’s
interactions using the VR headsets, and how they communicated and collaborated with others.
Researchers observed that the site operatives and site management very quickly engaged with using
the VR headsets. In particular, it was observed that whilst the operatives had no prior knowledge of the
site and the constraints, within minutes they could orientate themselves which allow them to participate
in the workshop. The site team were openly discussing their ideas and tested them within the virtual
world. In further workshops, previous plans were also discussed, the researcher noted an impressive
retention of information. Fig. 5 shows an example of an observational note made by one of the
researchers during the first workshop in relation to engagement and collaboration.

“I quickely noticed that the use of VR encournged the site team to work together and engage with
the planning process. Pavtioularly the operatives who had not had any kunowledge of the project to
this polnt. Whilst the operatives had no experience using Vi, they were guick to test it, pleking up
the equipment and controls and tnstn nily beginmning to communicate with the site management,
pobnting out potential logistical issues they could foresee. This appeared to facilitate diseussion
and allowed the team to dirveet questions to each other and test different tdeas el%rectiveucj. AlL
participmats weve gettlng bnvelved, and as a result proposed plant positioning and segregation
aveas were developed very quickly). The workshops were Lnteractive and it was clear by the verbal
discussions within the site team that theve was an buprovement b collaboration. They would often

compare this with other traditional forms of lnformation they typleally would use to plan”.
Figure 5 Example of Researchers Observational Notes

4.2 Theme - Engagement and Collaboration

During the focus group discussions, the site team were asked whether they thought using VR could
impact team collaboration and engagement within safety planning. From a site operative perspective,
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they expressed that the immersive virtual environment was significantly more engaging than the
traditional 2D plans they were familiar with. Operatives also explained that involving them during
discussions around site planning were welcomed, as one operative noted “we are used to management
telling us how it is... for us we are more or less told what’s happening, where it’s all going” [CS O1]. For
site operatives, they claimed that the VR workshops assisted in their engagement into the planning
process. Some operatives also identified the workshops impacted their awareness of project specific
hazards, for example CS O2 commented ‘“involving us [operatives] is helping us understand the
hazards... and that will have a positive impact, there is no question”. For the site managers they linked
the closer collaboration to the improved visuals and communication, allowing the team to share ideas.
For example CS SM2 commented:

“well just look at this project, when we have used this [VR] just look at what we managed to find,
how effective it was. It was so easy to discuss that amongst ourselves and to communicate with
the operatives too. That’s a huge benefit to us as a site team...bringing everyone together to
talk about safety is the point, this added to the communication and engagement”

The site team were asked to describe what features of the VR could be useful in assisting collaboration
during safety planning. Most of the responses were provided by management and linked to the clearer
project visuals and the ability to test logistical arrangements and see them in real scale. For them, being
able to quickly move the location of a crane and see the operational radius was a particular advantage
during these workshops. In many examples this allowed the team (including operatives and
management) to almost immediately provide feedback on the feasibility of the location and discuss
possible solutions. This included segregation in the form of exclusion zones and signage positions. One
site manager suggested that the VR environment provided the medium to explore these options more
effectively than their traditional planning processes, and stated “for project collaboration it’s definitely a
positive... | think for me this helped facilitate a conversation” [CS SM1]. From a safety management
perspective they focused on the importance of engagement with safety, allowing the team to explore
possible solutions with clearer visuals as highlighted in the statement below:

“it’s kept everyone engaged all the time... looking at how we are going to do that but virtually,
it’s a great planning tool to allow the team to work together and for a project manager and site
manager to get some up front ideas... For me it's my job to get these guys together... logistic
planning wise” [CS SO1].

According to the senior management, the value added during the planning process was linked to the
reduction of risk through collaboration, sharing of team knowledge and information. For instance CS
MD1 noted:

“it's had a positive impact in a preconstruction environment. From a planning point of view, it
had real potential to convey and translate the plan to the workforce who are delivering. Certainly
from a safety planning and from a logistics side this had real value...If we can access the
environment in a more accurate and visual way to interpret the various pieces of information
and bring it together — that can de-risk a project”

4.3 Practical Examples using VR for Safety Planning

During the analysis process, practical examples from the workshops which captured engagement and
collaboration where coded within the theme. Two examples are provided below.

Example 1: Arranging Crane Set Up Locations

In planning workshop 1, the site team were discussing crane locations to install the steel frame. For the
4t crane location it had been identified that the radius area would encroach on the site car park and
pedestrian entrance, initially intended as a ‘no PPE zone’ area. The extract below details interdisciplinary
collaboration between the site team during the planning workshop.

CS 01: “If it's going to move there | would say that the fencing needs to move towards the
welfare area, we need more room to operate the crane”

CS SM2: “The radius is now in our offloading area on this lift”

CS SM1: “We might have to use the overflow car park as there is not enough space here now,
we also need to maintain segregation for the main pedestrian access”
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CS SM2: “Those areas will need fencing off so we can back in the steel deliveries and secure
them whilst they are being offloaded. That whole area to the left and from the gates will now
need to be a PPE zone”

Noticeably, this exchange highlights collaboration amongst the site team when exploring logistics for the
proposed crane location, including the site operatives who were new to the project. During this
discussion the model was updated within the VR environment, allowing the teams to check the feasibility
of the proposed arrangements. In this example, the team discussed and agreed: pedestrian entrance
segregation, vehicle locations for offloading, inclusion of PPE zones and additional banks person. Fig.
6 shows the on-site workshop and use of the VR headsets, the updated VR model and also a progress
photo taken during the execution on-site which shows a match to the agreed plan.

Figure 6 VR Planning - Crane Locations & On-site Crane Arrangements

Example 2: Co-ordination of Traffic Arrangements - Concrete Pour & Steel Erection

During planning workshop 2, the site managers were exploring the traffic arrangements for activities due
to take place simultaneously. This included pouring of the ground floor concrete slab, the final phase
steel frame erection and installing the perimeter handrail to the upper floors. The below extract is taken
from the planning workshop.

CS PM1: “l think the concrete pump could go in that corner of the build, we have room to set up
there”

CS SM1: “We would come in through this entrance as the crane is still in operation using the
other, then reverse up to the pump by turning there”

CS PM1: “Yes | think that’s best, if we minimise reversing by turning there, they can reverse up
to the pump, that would be the best way. Segregation can be in place along that line and back
through the midpoint of the build, gate entrance over here with PPE point”.

As with the previous example, the model was updated within the VR environment. For this example, the
team discussed and agreed: site plant / concrete vehicle movement, activity / vehicle segregation,
separate offloading areas, pedestrian entrance and PPE zone. Fig. 7 illustrates the updated VR model
and progress photo taken during the execution on-site which shows a match to the agreed plan.

Figure 7 VR Traffic Arrangements & Pedestrian Segregation
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5 CONCLUSIONS & RECOMMENDATIONS

This paper aimed to document practical accounts using VR within a real-life case project, assessing its
influence on team collaboration and engagement during safety workshops. This study used active
project information and collected qualitative data through observing interactions and conducting focus
groups with active site team members. The results provided a unique user insight from a site team
perspective and indicate that the use of VR had a positive influence on collaboration, specifically the
promotion of communication and inclusion when compared to more traditional approaches. The
researchers noted that irrespective of participants knowledge of the project, they were able to effectively
contribute with minimal time to familiarise themselves with the site and were able to effectively retain
the information. Moreover, the practical examples presented in this paper show that safety planning
using immersive environments can actively encouraged multidisciplinary collaboration and influence
team engagement, which allowed for effective knowledge transfer. In this case study the on-site team
welcomed the integration of VR as part of the planning process. They recognised it has the potential to
help reduce project risk by accurately identifying and mitigating potential hazards and allow for more
accurate communication and testing of logistics. The practical examples also show that the use of VR
can assist in the efficient creation of detailed logistics plans in real life scenarios. The on-site progress
provided confirmation that the plans created in the immersive planning workshops were accurately
implemented during the physical on-site construction stage, resulting in confidence using VR during the
planning process moving forward.

This study provides an on-site perspective into the benefits and opportunities to improve project team
engagement and collaboration. Whilst this study provides results from short term use of VR within these
site processes, the researchers acknowledge the studies limitations and recommend that longitudinal
studies be carried out to further investigate the potential influences on collaboration and engagement.
Further investigation into the practical integration of VR for project specific safety planning that includes
the wider project team is also encouraged.

REFERENCES

[1] A. Prabhakaran, A. M. Mahamadu, and L. Mahdjoubi, “Understanding the challenges of
immersive technology use in the architecture and construction industry: A systematic review,”
Autom. Constr., vol. 137, no. January, p. 104228, 2022, doi: 10.1016/j.autcon.2022.104228.

[2] M. Swallow and S. Zulu, “Benefits and Barriers to the Adoption of 4D Modeling for Site Health
and Safety Management,” Front. Built Environ., vol. 4, no. 86 January, 2019, doi:
10.3389/fbuil.2018.00086.

[3] BSI, PAS 1192-6:2018 specification for the collaborative sharing and use of structured Health
and Safety information using BIM. London: BSI, 2018.

[4] S. Alizadehsalehi, A. Hadavi, and J. C. Huang, “Assessment of AEC students’ performance using
BIM-into-VR,” Appl. Sci., vol. 11, no. 7, 2021, doi: 10.3390/app11073225.

[5] N. Vasilevski and J. Birt, “A Framework for Using Mobile Based Virtual Reality and Augmented
Reality for Experiential Construction Safety Education,” Res. Learn. Technol., vol. 28, no.
1063519, pp. 1-23, 2020, doi: 10.25304/rlt.v28.2329.

[6] R. Sacks, A. Periman, and R. Barak, “Construction safety training using immersive virtual reality,”
Constr. Manag. Econ., vol. 31, no. 9, pp. 1005-1017, 2013, [Online]. Available:
https://www.tandfonline.com/doi/full/10.1080/01446193.2013.828844?scroll=top&needAccess=
true.

[7] R. Sacks, J. Whyte, D. Swissa, G. Raviv, W. Zhou, and A. Shapira, “Safety by design : dialogues
between designers and builders using virtual reality,” Constr. Manag. Econ., vol. 33, no. 1, pp.
55-72, 2015, doi: 10.1080/01446193.2015.1029504.

[8] J. Delgado, L. Oyedele, T. Beach, and P. Demian, “Augmented and Virtual Reality in
Construction Drivers and Limitations for Industry Adoption,” J. Constr. Eng. Manag., vol. 146, no.
7, pp. 1-35, 2020.

[9] M. Ghobadi and S. Sepasgozar, “An Investigation of Virtual Reality Technology Adoption in the
Construction Industry,” in Smart Cities and Construction Technologies, S. Shirowzhan and K.

209



CIBW099W123 | Digital Transformation of Health and Safety in Construction | 21/22 June 2023 | Porto, Portugal

Zhang, Eds. London, 2020, pp. 1-35.

[10] C. Okoro, C. Nnaji, and A. Adediran, “Determinants of immersive technology acceptance in the
construction industry: management perspective,” Eng. Constr. Archit. Manag., vol. ahead-of-p,
no. ahead-of-print, 2022, [Online]. Available: https://doi.org/10.1108/ECAM-06-2021-0476.

[11] A. Babalola, P. Manu, C. Cheung, A. Yunusa-Kaltungo, and P. Bartolo, “A systematic review of
the application of immersive technologies for safety and health management in the construction
sector,” J. Safety Res., no. xxxx, 2023, doi: 10.1016/j.jsr.2023.01.007.

[12] M. Swallow and S. Zulu, “Impacting Construction Health and Safety Performance Using Virtual
Reality - A Scoping Study Review,” in Proceedings of the Joint CIB W099 & TG59 International
Web-Conference 2020: Good Health, Wellbeing & Decent Work, 2020, pp. 132-143.

[13] O.G.DelaCruz and J. S. Dajac, “Virtual Reality (VR): A Review on its Application in Construction
Safety,” Turkish J. Comput. Math. Educ., vol. 12, no. 11, pp. 3379-3393, 2021.

[14] A. M. Pefia and E. D. Ragan, “Contextualizing construction accident reports in virtual
environments for safety education,” Proc. - IEEE Virtual Real., pp. 389-390, 2017, doi:
10.1109/VR.2017.7892340.

[15] A. Khan, S. Sepasgozar, T. Liu, and R. Yu, “Integration of bim and immersive technologies for
aec: A scientometric-swot analysis and critical content review,” Buildings, vol. 11, no. 3, pp. 1-
34, 2021, doi: 10.3390/buildings11030126.

[16] M. ElGewely and W. Nadim, “Immersive Virtual Reality Environment for Construction Detailing
Education Using Building Information Modeling (BIM),” Lect. Notes Mech. Eng., no. September,
pp. 101-112, 2020, doi: 10.1007/978-981-15-1910-9 9.

[17] 1. Jeelani, K. Han, and A. Albert, “Development of Immersive Personalized Training Environment
for Construction Workers,” ASCE Int. Work. Comput. Civ. Eng., pp. 407-415, 2017, [Online].
Available: https://ascelibrary.org/doi/pdf/10.1061/9780784480830.050.

[18] A. A. Muhammad, I. Yitmen, S. Alizadehsalehi, and T. Celik, “Adoption of virtual reality (VR) for
site layout optimization of construction projects,” Tek. Dergi/Technical J. Turkish Chamb. Civ.
Eng., vol. 31, no. 2, pp. 9833-9850, 2020, doi: 10.18400/TEKDERG.423448.

[19] A. Rolim, G. Valente, and B. Keskin, “Improving Construction Risk Assessment via Integrating
Building Information Modelling (BIM) with Virtual Reality,” in Proceedings of 20th International
Conference on Construction Applications of Virtual Reality, 2020, pp. 64—72.

[20] R. Zaker and E. Coloma, “Virtual reality-integrated workflow in BIM-enabled projects
collaboration and design review: a case study,” Vis. Eng., vol. 6, no. 1, 2018, doi:
10.1186/s40327-018-0065-6.

[21] M. Afzal and M. T. Shafiq, “Evaluating 4D-BIM and VR for Effective Safety Communication and
Training: A Case Study of Multilingual Construction Job-Site Crew,” Buildings, vol. 11, no. 319,
pp. 1-24, 2021, doi: 10.3390/buildings11080319.

[22] A. Priya, “Case Study Methodology of Qualitative Research: Key Attributes and Navigating the
Conundrums in Its Application,” Sociol. Bull., vol. 70, no. 1, pp. 94-110, 2021, doi:
10.1177/0038022920970318.

[23] Z. Zainal, “Case study as a research method,” J. Kemanus., vol. 9, pp. 1-6, 2007, [Online].
Available:
https://www.indianjournals.com/ijor.aspx?target=ijor:ijidt&volume=1&issue=1&article=007.

[24] M. Hassan, “Case Study — Methods, Examples and Guide,” Reseachmethods.net, 2022.
https://researchmethod.net/case-study-research/.

[25] T. George, “Exploratory Research | Definition, Guide, & Examples,” Scribbr, 2021.
https://www.scribbr.com/methodology/exploratory-research/.

[26] J. Swain, “A Hybrid Approach to Thematic Analysis in Qualitative Research: Using a Practical
Example,” A Hybrid Approach to Themat. Anal. Qual. Res. Using a Pract. Ex., 2018, doi:
10.4135/9781526435477.

210



CIBW099W123 | Digital Transformation of Health and Safety in Construction | 21/22 June 2023 | Porto, Portugal

DIGITAL TWIN FOR CONTROL OF NOISE EMISSIONS FROM HEAVY
EQUIPMENT ON CONSTRUCTION SITES

Nasim Babazadeh?, Jochen Teizer?, Hans-Joachim Bargstadt!, Jirgen Melzner?!

'Bauhaus-Universitat Weimar (Germany)
Technical University of Denmark (Denmark)

Abstract

Noise originating from construction sites has been found to cause psychological and social distress for
the public, as well as hearing loss for construction workers. Although it is important to focus on
construction noise during the pre-construction phase of planning for proactive avoidance, noise
propagation models are rarely used to assess its impact on the health of workers and those living nearby.
The primary reason for this is that information about noise sources is difficult to obtain from conventional
construction schedules for preparing noise prediction models, so-called "noise maps". Building
Information Modeling (BIM) is already widely used to achieve project management goals such as time
and cost control. Likewise, the Internet of Things (loT) can add reliable runtime noise data capture
functionality as part of a Digital Twin (DT) and utilize remote sensing technology to record precise on-
and off-construction site noise data sets. Although noise maps are widely used for large-scale noise
forecasting, such as traffic noise in cities, their potential for supporting health and safety in the
construction industry has not yet been recognized. This research aims to define an approach for creating
stepwise noise maps using noise source data exported from a BIM model and real-time captured data
from the construction site. Construction noise maps will not only assist in the task of assigning work
packages for minimizing noise coming from construction equipment and, accordingly, a proper site
layout plan and schedule for the project, but they will also provide the project manager with precise
knowledge that gives control over the exposure of construction workers and the surrounding community
to higher sound pressure levels.

Keywords: Building Information Modeling, Construction site layout planning, Emissions monitoring,
Internet of Things, Noise map, Remote sensing, Construction task scheduling, Simulation

1. INTRODUCTION

The construction industry contributes significantly to environmental pollution with excessive noise, air
pollution, emissions of particulate matter, and energy usage. One main source of pollution is the use of
heavy machinery in the construction process. Due to the growing awareness of the environmental
impact of the construction process, designers and planners are trying to produce more environmentally
friendly designs and process plans. Moreover, researchers are seeking to take advantage of
digitalization in the construction sector, such as the application of Building Information Modeling (BIM)
and Digital Twin (DT), to define the potential methods that monitor and reduce emissions.

Noise is a type of environmental pollution that puts people's health at risk by compromising their hearing
and perception, affecting their physical and psychological well-being and work performance, and
reducing the ambiance of their surroundings in terms of comfort and calm. When compared to other
forms of pollution, noise pollution, also referred as acoustic pollution, has increased significantly in
today’s modern world [1]. The propagation of noise from construction activity is one of the most
significant environmental concerns in urban areas because of the increase in construction and
renovation projects involving heavy machinery and equipment [2]. Although construction sites are
temporary, dynamic work environments, the loud noise they emit can harm workers' hearing and cause
significant disturbances up to several hundred meters away from the site. In response to this annoyance,
residents in surrounding areas may complain and sue construction companies, which would cause
unexpected problems such as process disruption, compensation costs, or even project suspension [3].
Moreover, in certain countries, like Germany, construction noise causes tension between tenants and
landlords over rent reductions [4]. To minimize construction noise-related nuisances, city councils and
governmental organizations have stipulated restrictions on the duration of construction work and
permissible noise levels during working hours on weekdays.

Despite the importance of construction noise, as mentioned above, it is mostly overlooked during the
construction process and also during the design and planning phase. The main reason for that is that
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the construction noise prediction is not mandatory in the design and planning process. There is often a
disconnect in the information flow between the designer or planner and the acoustic consultant. Firstly,
the evaluation of the noise control measures is always requested from the project owner (as the person
responsible), usually after the time plan is fixed. Moreover, exporting the noise sources from the
conventional process plans is not an easy task. Therefore, there is mostly a need for a third person as
an interpreter , who can help the acoustic consultant understand the construction process and define
noise sources for noise prediction. Thus, rather than the pre-construction phase, which offers more
flexibility for changes in the process plan, the noise consideration is basically done in the execution
phase.

Moving toward the implementation of BIM in the project has benefits on both sides. Transparency in the
design and process plan offered by BIM helps with noise source detection for noise prediction models.
And later, within the BIM Collaboration Format (BCF), the acoustic expert can also be included in the
process of planning and design, which can omit the need for a third person as a translator. Having a
stepwise construction noise propagation model is also useful for resolving any future disputes over noise
between construction companies and residents of nearby buildings [5]. One step further, in recent years,
the implementation of DT and remote sensing technologies on construction sites has presented a new
approach for emission prediction and control. The goal of this project is to create a framework in which
sensor data is transformed into noise prediction models and noise source data is exported via BIM
models. It will also check whether the DT implementation can also concentrate on noise propagation.

2. BACKGROUND

Some researchers have been focused on minimizing the nuisance and harm caused by construction
noise within the framework of modeling it by Monte Carlo methods [2] or case-based reasoning
approaches [6]. Moreover, some survey-based research has been conducted to define the stages of
construction that generate the most annoyance [7]. Recently, the construction industry has been more
interested in the use of smart sensors. In some research, data collected by sensing devices installed at
construction sites or worn by workers was sent through the Internet of Things (IoT) to a processor to
assure resource location tracking [8-13] or to monitor ambient noise for occupational health and safety
purposes [14].

In a study by Wei et al. [15], wearable sensors were used to gather noise data and prevent Noise-
Induced Hearing Loss (NIHL) among construction workers during a school classroom renovation project.
The collected data was then imported into Vectorworks and mainly focused on indoor noise propagation.
Another study by Aguilar-Aguilera et al. [16] involved interpolating the monitored noise data using a
script in Dynamo and Python to visualize noise in the Revit model. However, the case study for this
research only involved data from a concrete plant, which did not fully capture the intricacies of the
construction process. Although previous research on BIM has concentrated on enhancing indoor
acoustics, the use of BIM models to detect and define noise sources has not yet been thoroughly
explored.

In the last decade, Digital Twin has emerged as a data-driven management and control tool for physical
systems in the manufacturing, production, and operations fields [17]. Although it has been utilized in
industries like aerospace and automotive, its implementation in the construction sector is still new and
limited [18]. For example, Teizer et al. [19] have introduced the concept of Digital Twin for Construction
Safety (DTCS) aimed at improving safety performance on construction sites. Also, Bokde et al. [20] have
developed a methodology for using Digital Twin to track the emission data from building sites to promote
green construction practices. The implementation of DT to track and monitor construction noise is still
unfocused.

The approach suggested in this study will first use the noise mapping method to develop a stepwise
noise propagation model, integrating data from the BIM model and pictures captured from the
construction site. Later, the noise data monitored by sensors will be used to validate the model, and the
resulting noise emission values will be imported into the DT model of the project for documentation,
tracking, and ongoing monitoring of noise emissions.

3. METHODOLOGY

This paper introduces a noise mapping approach supported by BIM/DT, consisting of two main parts.
The first part, explained in detail in Section 3.1, is the noise mapping process. The second part,
explained in Section 3.2, involves data extraction from the BIM model and DT preparation. To model
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construction noise propagation, this study uses data extracted from the BIM and pictures captured from
the construction site. Finally, recorded values from sensors in real time are used for validation progress.

3.1. Noise mapping process

The proper form of environmental noise prediction is through noise mapping methods, which comprise
estimations of the expected sound pressure levels at various locations, including the neighboring
building facades, which are depicted using colors [21]. There are many well-known software for mapping
noise, including Soundplan, Lima, CadnaA (Computer Aided Noise Abatement), Noise3D, and IMMI.
CadnaA software was chosen for use in the current study to put the proposed approach into practice.
The reason is that the software has the ability to import different file formats and connect the model with
an open-source database, which will later be beneficial for connecting the sensor data to the model. In
addition to producing accurate calculation results, it is also user-friendly. Three different data sets are
required in order to generate noise maps for the construction process: 1) noise sources, 2) the project's
site plan, and 3) permissible noise values in the guidelines

3.1.1. Noise sources

The quantity, duration, and allocated equipment of the noisy process are among the data associated
with noise sources. This information must be exported from the camera images captured during
construction or process plan of the project. Data such as the sound pressure level of construction
equipment or construction phases can be found by reviewing prior research and construction equipment
information catalogues [22, 23].

3.1.2. Site plan of the construction

The noise mapping software can import a geometry model of the site plan in the .dwg format or files
from web map services in the .xml, .osm, and .gml formats. For this digital ground model to be imported
into the noise mapping software, it must be at least at LOD 1 (Level of Detail), where the height and
elevation data for the area are also captured. Sensitive receptors can be identified once the site plan
has been put into the noise mapping program together with the elevation data of the nearby buildings.
Schools, hospitals, sanatoriums, rehab facilities, and residential buildings close to the construction site
are referred to as sensitive receptors that can be highly affected by the noise. These buildings' facades
have been designated as the noise receiving locations. In addition, the specific placement of sensors
and noise monitoring points can be determined as a recipient in the digital model.

3.1.3. Permissible sound pressure levels

Various organizations, such as OSHA (Occupational Safety and Health Administration) [24] and
equivalent administrations in other countries, have set rules and restrictions for construction noise in
order to protect the well-being of workers and communities near construction sites. Certain countries,
like Germany, have specific regulations for construction noise [3], while other countries include it in their
general environmental noise laws. The permissible sound pressure levels for construction noise during
working hours (usually from 07:00-20:00; this may vary by country) depend on the location of the
construction project (residential, industrial, or mixed use areas) and should not exceed the values
offered by guidelines in the neighborhood. For instance, in Germany, the Allgemeine
Verwaltungsvorschrift zum Schutz gegen Bauldrm- Gerauschimmissionen (AVV) Baularm
(engl.General Administrative Regulation for Protection against Noise Emissions from Construction
Work) sets the permissible sound pressure level for construction noise from 50 (A) dB to 55 dB (A) in
residential areas during working hours (07:00-20:00), while noisy activities are strictly prohibited on
Sundays. The noise mapping process requires the definition of the permissible sound pressure levels,
the duration of day, evening, and night based on guidelines, and the categorization of the land use of
the area for detailed calculations.

3.2. Building information modelling and digital twin

BIM is widely used in the construction industry to achieve project management objectives such as time
and cost control. A BIM model is a digital representation of a construction project that contains geometric
and semantic data. The semantic (non-physical) data can be described as timelines, zones, materials,
and component relations that are included in a BIM model. The BIM working technique can be used at
any stage of the design process, from early conceptual design to detailed design, construction, and even
the extended phase of operation. The project would greatly benefit from switching from conventional
procedures to BIM-based working methods. Since it lessens inaccuracies in the building design and
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process plan while increasing transparency in the construction process [25]. Emission sources in the
construction work, such as construction noise, can be exported from BIM models, in contrast to
conventional process plans. Moreover, in the era of construction 4.0, digitization of construction sites is
focused not only on the design and execution phases but also on operation and maintenance. As a
result, building sites now include sensors that keep track of emissions data, including noise, greenhouse
gases, and particles. The monitored real-time data must be preserved in a virtual model, or "digital twin,"
and then utilized to produce simulations for prediction, estimation, and control [20]. The monitored data
from sensors can also be used to validate the prediction models, and specifically for this research
construction noise. This research will first export the noise source data from the BIM model and captured
data from the sensors and cameras on the construction site. These data will then be processed and
used as noise sources in the noise mapping procedure to create a stepwise noise prediction model.
Later, the values derived from the prediction model will be controlled with the data being tracked in real-
time with sensors. In the end, the noise emission values will be imported into the Digital Twin Platform
(DTP) to prepare the emission model for the project [26].

4. IMPLEMENTATION IN CASE STUDY

To implement the following approach, a construction project located in the city of Aarhus (Denmark), in
Harbor, has been chosen. The project is a high-rise building with some parts remaining from the older
building. Fig. 1 shows the satellite image of the location of the project and a picture from the construction
side. As indicated in Fig. 1 (right), the design of the project consists of two parts: a new high rise building

=
&

é’l Educational vcmr

Z - S

Figure 1: Satellite image (Google Earth, January 2020) showing the neighborhood of the construction
site (left image) and during final preparation of the construction site (early October 2022) (right image).

Following the identification of sensitive receptors, the area was divided into two zones, as indicated in
Fig. 1 (left). The surrounding neighborhood consists of working offices and a film school, which are
represented by Zone 1 in Fig. 1 (left), and the factory on the other side, which is represented by Zone 2
in the same figure. Based on the nature of the area, the final focus of these noise maps would be to
track the noise-related nuisances in Zone 1, which contains educational schools and working offices.

4.1. Sensor installation

Several Airnode sensors [27] have been installed in the project to track the emissions and noise from
the construction project. Four out of eighteen sensors installed in the construction project can record
and monitor noise data, in addition to emission data and particulars. Fig. 2 (right) shows the mentioned
sensors, and Fig. 2 (left) shows the general location of sensors. Noise measurements by sensors are
done using an A-weighting one second measurement, slow measurement, method.
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Figure 2: Location of all of installed sensors at the project, incl. the noise sensors that are indicated with
green circles (left image) and close view of the Airnode sensors installed in the project to monitor noise
and emission values (right image).

The BIM model of the earthwork and secant pile wall were modeled in the BIM-based platform, Revit,
as well as the time plan of the processes have been analyzed. Two drilling rigs from the BAUER
company with the model numbers "BG55" and "BG35" and a sound power level (LWA) of 112 dB (A)
have been chosen for the following task. The movement paths of this equipment are detected, and they
will be defined as noise sources in the CadnaA software for preparing the noise prediction model. Fig.
3 shows the movement path of the equipment, detected from the pictures captured from the construction
site. It is important to note that each number in Fig. 3 represents the time at which the movement took
place. Number one is 8:39, number two is 10:09, number three is 11:54, number four is 13:54, and
number five is 14:24.

Figure 3: Movement path of the drilling rig shown in a digital construction site layout plan (isometric and
plan views, left and right image, respectively).

4.2. Noise map preparation

To prepare noise maps, firstly, the site location, including elevation data for the surrounding buildings,
is imported from the OpenStreetMap, a geographic database [28]. The duration of the working day has
been set to 08:00-17:00, based on the reports from the construction project. The Danish Environmental
Protection Agency [29] has stipulated noise regulations for environmental noise. Despite other countries
like Germany, the rules are generally for environmental and industrial noise, and construction noise is
not specified in the guidelines. Although the area consists of industrial buildings like factories, there are
some working offices and educational centers in the surrounding area; therefore, the area has been
categorized as a "business and industry area with restrictions". According to the environmental noise
regulation in Denmark [29], the permissible noise values are set at 60 dB (A). The following calculations
and set-ups will also follow these values. According to the suggestions of the ISO 1996 [30] and Gilchrist
et al. [2], air attenuation can be neglected for distances less than 250 m. The effect of wind speed on
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sound propagation also becomes more significant over longer distances [2]. Therefore, the attenuation
effect of the wind and meteorological factors has been neglected in the calculation.

The drilling rig has been defined as a noise source that follows the paths mentioned in Fig. 3 (yellow
and green trajectories). According to Fig. 1 (left), the aim is to attempt to predict the potential noise
propagation in the area and to take into account the safety of the nearby residence, including a film
school and working offices, as well as the site workers. Lastly, the DTP has been used to create the
noise emission model using the monitored data from the sensors (shown in Fig. 2). The final results and
calculated values will be compared and thoroughly explained in the following sections.

5. PROCESSING THE MONITORED DATA FOR FURTHER VALIDATIONS

The recorded data from the sensors must be used to evaluate and verify the result of the noise simulation
model. The recorded sensor data for October 24, 2022, has been exported as the date when detailed
information about the construction process is available. To be able to use the monitored data for
validation, it is needed to filter and control the recorded noise values. Section 5.1, discusses how these
data will be processed.

5.1. Processing the monitored data

As mentioned in Section 4, the data collected from the sensors has been transferred via IOT to a
dashboard for documentation. Firstly, the monitored data needed to be analyzed for the calculation of
ambient noise. The noise levels that were recorded are a combination of different noises, such as a
passing car, background noise, or a momentary accident. It is necessary to determine whether
construction noise dominates the neighborhood and is louder than ambient noise. As a result,
background noise or ambient noise must be computed using monitored data, which will be covered in
more detail in Section 5.1.1.

5.1.1. Definition of background noise

As shown in Fig. 4, the monitored data are the sum of background (ambient) noise and construction
noise altogether. Since there is no access for the first measurements of the ambient or city noise in that
area, background noise needed to be calculated from the monitored data outside of the construction’s
working hours. According to the definition of ISO 1996-1 (the primary standard on environmental noise
measurements) [30], as illustrated in Fig. 4, the total sound is all noise, including noise from other
sources at a particular time or place. When a specific noise is removed from the overall sound spectrum,
residual noise remains as the background noise. Specific noises A, B, and C are created by various
noise sources.

Specific noise C
y p

o ., Specific noise B

Figure 4: Definition of noise in the environment based on ISO 1996-1 [30].

Total sound +—

e
Specific noise A

According to the summation and subtraction of noise values using logarithmic equations, when noise
values are added together, a maximum of 3 decibels will be added if two equal noises are mixed. If the
difference between the two values is greater than 10 decibels, the highest noise level takes precedence.
As a conclusion, after the calculation of possible background noise, if the difference between the
background noise and the recorded value is greater than 3 decibels, the dominant noise will be defined
as construction noise [1]. Equation 1 shows the details of the mentioned rule.

Ly+s — Ly = AL (AL: Dif ference) (Equation 1)
If 0 <AL < 1dB(A); L orar = Lvss + 3, If 2 <AL < 3dB(A); L sora1 = Lyss + 2

If 3< AL <7dB(A); Leptar = Lyss+ 1,1f 7 <AL < 9dB(A) = Liprar = Ly+s + 0.5;

If AL > 10 dB(A); Ly.s = Ly
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Ly.s is the overall measured noise, which consists of background noise and source noise, and Ly is
calculated background noise.

5.1.2. Filtering the background noise from the monitored values from sensors

Although the working hours are set to 07:00-18:00 from Monday to Friday in Denmark, the pictures
taken from the construction side on 10.24.2022, show that the work started at 8:00 and finished by
17:00. Therefore, for that specific day, the recorded data for out of construction working hours has been
used to calculate Leq (equivalent continuous sound level) as ambient noise. This is the preferable
approach to describing sound levels that change over time because it provides a single decibel value
that accounts for the overall sound energy across the time period that is of concern [1, 30]. Therefore,
as shown in Fig. 5, the values highlighted in green have been chosen for the background noise
calculation.
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Figure 5: Four noise sensor recordings on 24.10.2022; selected data for background noise calculation.

The calculation shows that the background noise is 54 dB(A). When these values are compared to the
monitored noise values via sensors, it is possible to conclude that the construction noise is greater than
the ambient noise that dominates the area. Therefore, the background noise can be neglected in future
calculations and comparisons.

6. RESULTS AND DISCUSSION

The noise maps for the explained movement path in Section 2.1 are prepared and shown in Fig. 6. In
each noise map, the exact location of sensors installed at the construction site has been defined as a
receiver point. The calculated values and real data values will be compared in Section 6.1.

¥ [wsoos |

-

Figure 6: 3D views: Sensor locations in the noise map (top left image); noise maps for the five earlier
defined drilling rig locations (corresponding timestamps shown at the right bottom of the each picture).
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6.1. Comparison of the simulation data

The receiver points inside the noise mapping model have been defined at the exact location of the
sensor in order to compare the noise map values with the actual monitored data from sensors. These
receiver points in the noise maps are labelled with the orange indicator, as shown in in Fig. 6. A noise
map has been prepared for the points 1 to 5 shown in Fig. 3. The calculated values in the receiver points
of noise maps have been exported and compared with the values recorded by sensors on 10.24.2022,
at the exact time of the movement. The results of the comparison are shown in Fig. 7.
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Figure 7: Comparison of sensor data and calculated data from the noise maps, Sensor WS001 (upper
left), Sensor WS002 (up-right), WS 003 (bottom-left), WS 004 (bottom-right).

As it is shown in Fig. 7, for the sensor WS001, the simulation result at 10:09 is exactly the same as the
monitored data, as well as at 11:45 with a very slight difference. In general, the difference between the
simulation values and the recorded ones is approximately +2 dB(A), which can show a good fit. For
sensor WS 002, the simulated data are a bit higher than the monitored data, as well as for sensor WS
003. The reason for this difference could be that there is an unforeseen noise from the environment,
such as generated noise from the harbor port, which would affect a portion of the values that the sensors
get from each noise source. As is also clear from Fig. 2, these two sensors are installed on the border
of the construction site, close to the street. Any sudden noisy activity can also affect the amount of noise
that these sensors are detecting. For the sensor WS004, the differences in the values are higher at
11:45 and 13:54. The reason again could be an unforeseen higher noise accident in the area, since the
area is harbor side and the environment is so dynamic in terms of noise pollution.

6.2. Comparison of noise values with noise limits

Based on ISO 1996 [30], to compare the recorded and calculated noise values with the permitted sound
level of 60 dB(A), as noted in Section 4.1, these values first have to be compared to the background
noise to determine whether or not there is a noise problem caused by construction noise. This indicates
that there should be a 3 to 5 decibel difference between the measured values and background noise,
proving that construction noise is the cause of the majority of the noise in the area. Afterward, these
results can be compared to the Danish standards' permissible noise values of 60 dB(A). In Section 5.1.2,
a comparison between the noise source and the background noise had already been made. Now the
recorded data can be compared to the 60 dB(A), indicating a 5 to 15-decibel overshoot. For example,
the sensor WS002 showed construction noise exceeding the limits at 13:54 by 15 dB (A), which could
have been detected beforehand within the predicted values by noise maps. To prevent such a noise
problem, the number of heavy equipment operators at the construction site could have been limited at
that time, or a mobile noise barrier could have been installed within the construction boundaries.

In the final step, the DT model for the noise emission values has been generated in the DTP using
Autodesk Platform Services [26, 31]. As shown in Fig. 8 the DT model has shown the emission values
from the heavy construction equipment. For the preparation of this model, it is assumed that there is just
one drilling rig in the construction site.

As there is a data flow between the real world and the digital model, this will help to monitor and track
the noise emissions of the construction project at various stages. Also, it could assist the user, in this
case, the project manager, in keeping track of the noise to protect the health and safety of the workers
by preventing them from being exposed to levels of noise that exceed guideline values or for extended
periods. Therefore, having access to prediction models and DT for the construction project has a great
benefit for the project as well as for controlling and tracking the noise emissions of the project.
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Figure 8: Visual in DT dashboard for end user consumption (green colors indicate low noise levels).

7. CONCLUSIONS AND LIMITATIONS

Construction project pollution, particularly acoustical pollution, can now be controlled in a new way owing
to the adoption of emerging DT in the construction industry [32]. Access to noise propagation models,
which foretell potential pollution and then integrate such results in the DT model, will aid construction
companies by protecting them from unexpected setbacks (e.g., compliance claims) and also achieving
the lowest possible risk of discomfort for nearby working or living people. Both the construction site
planning and execution phase benefit from having access to such noise propagation models that include
real data. The results of this case study show that the wise choice by the architectural engineering office,
keeping a part of the old structure to shield construction noise, had a significant positive effect on the
reduction in noise-related nuisance for the neighboring buildings. This study hints that the suggested
approach can assist practitioners in developing environmentally conscious designs or even planning the
task sequences of the demolition phase in higher level of detail. Moreover, it is expected that noise
maps will also assist the project manager in controlling the health of the workers during this noisy task.

The limits of this study and improvement suggestions are:

(1) Recent challenges for direct data export and import between DT/BIM and noise mapping
applications are that the noise mapping software does not accept IFC file formats. Therefore,
the information needed to be saved and imported into other file formats, such as Excel,.dxf, or
.dwg, with a lower Level of Detail (LOD).

(2) The exact location of the construction equipment can also be tracked using more accurate
methods, such as Real-time Kinematic-Global Navigation Satellite Systems (RTK-GNSS) data
collection, like in [33]. Alternatively, additional and live machine data recording is suggested to
compensate for any of the technology limitations.

(3) The live image feed received from the construction site is not synchronized with the recorded
noise values. Therefore, the validation is not done at the exact moment but rather with a 4-
minute delay. For a higher level of accuracy in the work, it is suggested that, at each time of
recording noise, a picture of the construction site be taken immediately.

(4) Moreover, the detailed measurement to record ambient noise is also suggested since there is
a factory located near a construction project where sometimes noisy activities take place.
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DRIVERS OF SAFETY VIOLATIONS ON SMALL CONSTRUCTION
SITES

Fidelis Emuze?
Central University of Technology, Free State (South Africa)

Abstract

The construction safety literature confirms that on-site errors and violations are detrimental to work
completion and operatives in projects. This paper aims to revisit the drivers that normalise safety
violations on sites with specific attention to small construction works. The study sought responses to
'‘what are the drivers of safety violations in construction'? On-site interviews and observations were used
to collect textual data from personnel physically present on live projects supervised by three contractors.
The observations were conducted to verify the information obtained from the interviewees. Notably, the
drivers of safety violations tend to normalise it to the extent that such deviations become accepted
practice. Although it serves only illustrative purposes, the data suggests that situational awareness
should be improved to tackle the drivers of routine safety violations among the operatives that work for
small contractors.

Keywords: construction site, safety knowledge, safety violation, South Africa

INTRODUCTION

Safety is a long-term issue in construction operations. Despite legislative efforts to eliminate or reduce
harm in the workplace, a high rate of injuries and accidents still occur on construction projects, especially
in some developing countries such as Ghana and South Africa with small contracting firms. For instance,
construction is one of the most hazardous sectors in Ghana, where the number of accidents is relatively high [1].
For example, from 2010 to 2016, 558 accidents were recorded on construction sites in Accra and Kumasi. In these
countries, operatives in construction work under different hazardous conditions, leading to injuries, accidents, and
fatalities [2]. The reality in developing countries contrasts with construction safety in developed countries that have
reported improvement [3]. Despite several causes (such as inadequate education and training) of poor
construction safety in developing countries, on-site safety violations cannot be ignored [4]. As an
illustration, in Namibia, a neighbouring country to South Africa, many construction workers are reluctant
to use personal protective equipment (PPE) while performing on-site tasks [5].

Often the outcome of safety violation is detrimental to work completion and project operatives [6]. In
South Africa, which is the study context of this paper, Emuze argued for countermeasures for
construction to safety violations [7]. His conceptual argument was premised on reported routine
violations, including deviation from safe work procedures on construction sites. The study foregrounds
the idea that there is a major case to address the violation of safety rules found on construction sites
because of they occur at both organisational and individual levels. For example, such problems render
induction and toolbox talks on-site ineffective in construction operations.

The frequency of safety violations in the 2018 study by Emuze necessitates examining if such actions
have become routines through normalisation on construction sites [7]. This is because safety violations
can increase the risk of accidents on construction sites [8]. These violations are common on construction
sites operated by small construction firms because of inadequate health and safety (H&S) awareness
and compliance [9]. So, the study sought responses to ‘what are the drivers of safety violations on small
construction sites'? In the context of this paper, the term small construction sites refer to projects
registered on the CIDB (Construction Industry Development Board) database with a value of less than
R10m ($524000.00). The next section of the paper unpacks the research method before the salient
results are presented. Thereafter the results are discussed concerning the extant safety science
literature to tie the concluding remarks to that larger safety management corpus.
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RESEARCH METHOD

The study adopted a phenomenology (qualitative) research design. Interpretivists use phenomenology
to study lived experiences from the first-person (interviewer or observer) point of view [10]. The
phenomenon of interest ranges from experiences involving perceptions, thoughts, memories, and social
interactions [10]. In this study instance, the phenomenon of interest is from experiences of safety
violations by operatives on construction sites controlled by small contractors in the central region of
South Africa. Phenomenology is utilized to directly investigate participants’ lived experiences [11]. In
line with the traditions of qualitative phenomenological studies [11], the primary data for the reported
research were collated through semi-structured interviews and observation from three construction sites
in Free State, South Africa. The scope of the study did not include design — and site constraints related
factors. The interview techniques reveal how people, in this case, construction operatives, interpret their
experiences. The investigative study was carried out to explain safety violations based on the
participants’ lived experiences in the construction site environment. In the main, the study sought
responses to “what are the drivers of safety violations in construction”?

The same instrument was employed for all the semi-structured interviews to improve confidence in the
analysed data, in line with Huberman and Miles [12]. The study adopted a purposive sampling method
to select the construction sites and engaged participants. Physical work on-site and lived work
experience in construction activities were among the criteria for selecting participants. Two students
registered for postgraduate diplomas in construction qualification collected the data from the sites. The
students were knowledgeable about the subject, taking construction management and safety courses.
They were provided training before the exercise of data collection. The training includes research
methodology classes, ethical norms to observe, and data collection procedures. Ethical norms include
informed consent, privacy, and voluntary contribution to the study. The data collection exercises were
audio-recorded, and the collected data were transcribed. After transcription, the textual data (words,
phrases, and sentences) were analysed to enrich the development of the study’s concepts in line with
the stated aim. Thus, an open coding system of coding was adopted in the transcription of interview
data. The study used narrative coding techniques in line with Corbin and Strauss [13]. The generated
codes were re-organised based on frequency, occurrence, and reference. From the re-organised codes,
the sub-themes were developed.

As previously reported, the data were collected from the interviewees on project sites in Free State,
South Africa. The 15 participants (P1 — P15) were selected from three sites within Free State, South
Africa. The study’s design was exploratory instead of descriptive or explanatory, so the fieldwork
stopped once data saturation was achieved. The participants held positions as site agents, engineers,
general workers, site managers, general foremen, artisans, safety officers, and project managers.
Notably, most interviewees had years of industry engagement and could be considered experienced in
construction operations. Table 1 shows that of the 15 participants, 33% have matric, 29% have post-
matric certificates, and 46% have degrees. This indicates that most participants were educated and
could reflect and comment on their lived experiences. Also, the table shows that 28% have 11-15 years
of work experience, 6% have 6-10 years of work experience, and 66% have 0-5 years of work experience.
The extent of site experience of the interview gives confidence to their perceptions on the subject matter.
However, in line with the norm in South African construction sites, the interviewees are mostly male at
66%.

Table 1: Background information of the interviewees

Profile Frequency Percentage

Experience (Years)

0to5 10 60
6 to 10 1 6
11to 15 4 26
Total 15 100
Gender

Male 11 66
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Female 4 34
Total 15 100
Education

Matric 5 33
Certificate/Diploma 3 29
University degree 7 46
Total 15 100

As part of the qualitative study, on-site observations were expedited to refute or reinforce the interview
data. Observation studies involve going to a workplace to collect data by looking at workers performing
their tasks [14]. Such research is usually conducted to determine how people interact and behave in the
work environment. A study can either expedite direct observation or participant observation. The former
is done when the field workers (data collectors) observe without interference in work proceedings. At
the same time, the latter is conducted when the field worker participates in an activity and then takes
notes. In a nutshell, this study's direct observation mode was expedited by completing field notes
because it is unobtrusive as much as possible [15]. The two field workers (students) visited the three
construction sites mentioned earlier to observe operations without interfering in work processes. The
observation took less than 60 minutes daily, while note-taking was done concurrently as pictures were
not allowed.

RESULTS AND INTERPRETATION

The responses to the semi-structured questions asked in the face-to-face interviews and observation
are presented in this section. The textual data suggest that the five main drivers of safety violations
predominate. One driver (work pressure) relates to the unsafe working environment, widely cited as a
cause of accidents in industrial workplaces. Another driver, demotivation, is a psychological factor, while
the third factor, fatigue, is health-related. Table 2 shows that fatigue, demotivation, and work pressure
play varying roles that lead to the manifestation of safety violations on small construction project sites.
In effect, the quotes in the table suggest that tiredness impacts the attention span of operatives while
work pressure may lead to short cut to ensure early exit from the site. "The management wants to hit
targets," participant 4 said. He further said, “management off-site often would try to push work even into
the weekend when we received materials after hours”. Another interviewee (Participant 6) comment that
if they have a project that takes nine months, the workers must push it to at least six months in the view
of site management. According to the interviews, these views attest to the nature of work on small
construction sites. Such a nature provides fertile grounds for safety violations. One can conclude from
the comments that the management on such sites prioritizes meeting production targets higher than the
safety precautions. The quote from participants 13 and 14 | Table 2 means workers may be demotivated
to work for varying reasons. If they work in such a state of mind, the likelihood of violation exists.

Table 2: Work-related drivers of safety violations

Driver Direct Interview Quotes

Fatigue Participant 2&3“When we are tired, we cannot focus well; we
just want to work and go home.”
\Work pressure

“

Participate 9 “” We work under pressure to finish in time.”

Demotivation Participant 13&14 “workers must just focus on being at work
and do the work; we cannot force them to work when it is time
to work; they should do that.”
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Table 3 shows that the interviews highlighted two additional drivers of safety violations on small
construction sites. The first driver pertains to indifference or lack of concern for H&S. According to the
interviewees, many site workers still need to follow the rules and procedures of site safety because of
gaps in management dispositions toward people and work. The interviewees contend that concerns
about personal protective equipment (PPE) and the inadequate emphasis on H&S by site operatives
and their managers fuel the normalization of safety violations on site. Indifference and negligence
related to H&S on-site are not good news for safe work operations on construction sites.

Table 3: Organisation-related drivers of safety violations

Driver Direct Interview Quotes

Indifference Participant 10 “We discuss this matter at our safety
meetings, but the discussed policy is not
maintained by management because they focus
more on completing the job.”

Negligence Participant 12 “There was this one time when one
of the workers accidentally hurt himself because
he was not wearing his safety boots when he was
compacting when he was compacting the trench
so that they could lay the sewage pipe.”

Participant 11 “PPE does run out for workers, and
it can take a while before it is delivered. Which
makes it difficult for workers to wear their full PPE
when they come to work.”

Negligence is an antithesis of awareness, which helps to maintain required levels of H&S compliance
on site. When negligence abounds, the tendency to deviate from the rules intentionally (violations) is
present. Perhaps, this is why construction operatives injure themselves at work when the correct PPE
is not used, as cited by Participant P12 in Table 3. The availability of PPEs is also a concern as it may
indirectly influence operatives to violate safety rules, as mentioned by Participant 11.” The remedies to
these two drivers should come from site management and operatives, although the former has complete
control of the work and the environment in which it is expedited.

A comprehension of the aggregated interview data further suggests that the role of H&S policy and
procedure is underestimated on the visited sites. This assumption stems from comments indicating that
policy and procedure are not followed. More than half of the interviewees say that workers on small
construction projects frequently lack knowledge about PPE and behave carelessly, which can sadly lead
to deadly incidents that cost lives. The reflective account of the interview data feeds into the
observational study’s outcome, as summarised in Table 4. Notably, the interview data collaborated with
the observations on the three construction project sites. As shown in Table 4, the two observers noted
violations related to PPE, housekeeping and communication.

Table 4: Observed safety violation issues on the construction sites

H&S practice Aspect observed Observation
Personal protective Safety goggles Not wearing safety goggles when they were cutting
equipment (PPE) manholes.
Safety boots Not wearing safety boots when working with
machines.
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Communication Information Does not properly communicate when people are
sharing operating incorrectly
Housekeeping Conditions of the work Workers often fail to remove waste before,
area on site during and after several tasks.
Discussion

The presented results in the previous section reaffirm that the decision not to abide by the rules and
procedures in the worksite was shaped by organisational (Table 2) and psychosocial factors [16]. The
five drivers unpacked in the paper appear to form part of a construction worker’s repertoire of skilled or
habitual actions. The drivers always involve cutting corners, that is, following the path of the least effort
to complete a task, as referenced in Table 2. According to Reason [16, pp.51],
“such routine violations are promoted by inelegant procedures and a relatively indifferent
environment. That is, one that rarely punishes violations or reward compliance.”

The above direct quote from Reason [16] is re-enacted in the three small construction sites visited during the
reported study. Through interviews and observations, one can conclude that the drivers highlighted in this
paper may follow the path illustrated in Figure 1. The pathway mirrors previous empirical studies, which show
that when workers assume different roles on a project site based on their H&S tendencies influenced by time
and work pressures, level of experience, risk perceptions, and safety culture [17] [18], violations may occur in
a variety of forms. The interview data from a 2018 South African paper show that toolbox talks once a week
and inductions for workers and site visitors are ways of tackling safety violations. However, these two
measures could not yield desired outcome (i.e., lowering the frequency of violations). The study, inter-alia,
concludes that the South African construction industry requires credible countermeasures to reduce workplace
safety violations. The countermeasure may begin with workplace policies and actions that motivate workers
by reducing fatigue and work pressure. Indifference and negligence should also not be tolerated on
construction sites, either from management or workers, in large or small-size projects.

A\
4

Figure 1: Potential pathway of the drivers of routine safety violations
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CONCLUDING REMARKS

This paper revisited the drivers that normalize safety violations on sites with specific attention to small
construction works. The study sought responses to ‘What are the drivers of safety violations in
construction’? To obtain the responses to the central question, a phenomenology study involving 15 on-
site interviews and observations was used to collect textual data from personnel physically present on
live projects supervised by three contractors. The observations were conducted to verify the information
obtained from the interviewees.

The results highlight five drivers of routine safety violations: demotivation, fatigue, indifference,
negligence, and work pressure. These drivers are not new as causal factors of accidents in the industrial
work environment. They represent antecedents of routine violations, as Reason [16] described. Their
emergence in this study shows their endurance and pervasiveness in the worksite — large or small.
These drivers could collectively normalize safety violations so that intentional deviations from rules
become accepted work practices. Such a turn of events or school of thought should not be allowed
unchallenged if construction operatives are to feel safe and healthy on any site. Although it serves only
illustrative purposes, the data suggests that situation awareness should be enhanced among the
operatives that work for small contractors.

In closing, it is vital to note that the results reported in this paper are products of an exploratory research
design rooted in the qualitative traditions of phenomenology. Like other phenomenological studies, the
reported data cannot be statistically generalised. But it can be transferred to similar contexts (small
construction sites or firms in a developing country). The observation data are limited to field notes. They
would be more credible if photography evidence collection were allowed on the sites. Further studies
thus have major scope for extending the results shared here by using multiple techniques for data
collection.
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ABSTRACT

This cross-sectional study examined direct relationships between coping, common mental disorders and
wellbeing. Further, the study examined if coping mediates the relationship between CMDs and wellbeing
of the construction workforce in South Africa. Data were collected from a conveniently sampled
population of general contractors in South Africa. A total of 201 participants were obtained. A quantitative
research approach was used, and data were analysed using IBM SPSS v28 for descriptive statistics
and exploratory factor analysis (EFA). The WHO-5 Wellbeing Index Measure was used to assess
subjective wellbeing. The instruments for CMDs and coping were designed by the author based on the
occupational stress theories, therefore, EFA was be conducted prior to the analysis to identify
dimensions which measure factors of concern. Reliability and validity of the constructs were measured
and met the minimum thresholds. IBM Amos V28 was further used for confirmatory factor analysis (CFA)
and structural equation modelling (SEM) to test the hypothesised relationships. The findings of the study
revealed that overall wellbeing was good indicated by 77.97, although not optimum. Contrary to
expectation there were no significant relationships for the hypothesised relationships. Therefore,
important issues emerging from the study are (1) the need to develop a multifaceted and validated
psychological wellbeing scale for the construction industry to address wellbeing and coping holistically;
and, (2) study the perception of the workers towards the use of substances as this did not seem to have
an impact on wellbeing. The study only examined the mediation relationship between common mental
disorders and subjective wellbeing on a conveniently sampled population using self-report
guestionnaire. The study may also suffer from limitations associated with self-reporting questionnaires.
This study contributes to the knowledge gap about coping and its effects on mental wellbeing of the
South African construction workforce. Further, the findings provide insight onto specific areas of focus
and how CMDs can be managed.

Keywords: Construction Industry, Construction Workforce, Mental Well-being, Coping, WHO-5.

1.0. INTRODUCTION

The relationship between work and health is an intricate one, as for many, work is a source of self-
realisation, social contacts and financial security which contribute positively to an individual’s mental
health and overall wellbeing [1],[2]. Mental health is one of the most significant spheres of public health
[3] and the socioeconomic consequences attributed to poor mental health are considerable. Poor mental
health is increasingly becoming the most challenging issue in occupational health and safety [4]. Mental
ill-health negatively impacts on productivity, job satisfaction and results in serious economic and social
burdens [4],[5],[6].[7]-

Mental ill-health among the construction workforce is a major concern and its pervasiveness is a result
of the industry’s reluctance to change its culture, structures, work processes, and practices inherent to
construction product delivery [8],[9]. In construction, poor mental health issues result in most injuries
and accidents, lost working days, absenteeism, low employee morale, high staff turnover rates,
increasing medical expenses and high suicide rate of all industries [10],[11],[12],[13]. Construction work
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is very stressful because of psychologically and physiologically demanding tasks performed in
hazardous work environments [14]. This demands subsequently lead to common mental disorders such
as depression, stress (acute, chronic, PTSD), anxiety and substance abuse disorders [15]. When
workers perceive unsafe working conditions, they worry about their wellbeing and become increasingly
anxious where they believe exposure to work hazards may result in diseases or injury.

In order to cope with the demands emanating from physically and mentally demanding tasks,
construction workers resort to either maladaptive (negative) or adaptive (positive) coping strategies.
Coping is known to be a mediating/moderating effect for stress and mental health. It is closely related
to the concept of cognitive appraisal and, to the stress relevant person-environment transactions
[16],[17]. “Coping is constantly changing cognitive and behavioural efforts to manage specific external
and/or internal demands that are appraised as taxing or exceeding the resources of the person [16:141].
Adaptive coping operates as a mental health protective factor which is effective in combating life
stressors. These protective factors such as marital status; high job control; high job support; low job
demand; low workplace discrimination; family-friendly job opportunities; workplace justice; better welfare
and positive socioeconomic measures make it easy for construction workers to positively manage stress
at work and outside work. On the contrary, increased job demand, reduced work support, and reduced
job control have been linked with maladaptive coping strategies among the construction workforce such
as alcohol, drugs, avoidance behaviour and substance abuse (ADSA) [18]. Construction workers are at
risk of resorting to maladaptive coping strategies because of their job characteristics which do not
encourage openness about mental health issues, the macho culture, physically demanding tasks
coupled with long working hours making it hard for active coping strategies and the high illiteracy rate
which is also linked to unhealthy lifestyle habits.

Mental health studies have mostly been conducted in developed countries such as the EU countries,
UK, USA, Hong Kong, Australia, and New Zealand. In developing countries, these issues are
characterized by social problems and economic hardships, such as inequality and crime [19]. In South
Africa for example, work-life balance as well as maintaining balanced mental health is increasingly
becoming difficult for employees [20]. South African companies are known to be culturally diverse and
heavily integrated into the global economy and this comes with a burden to create a sustainable,
international, and competitive advantage through human capital [20],[21],[22],[23]. Also, there is a
shortage of skilled workforce, and the remaining skilled workers carry a heavy burden of work [24].
Mental health issues in South Africa and more so in the construction industry have not been
contextualised. and the magnitude of these issues remains unclear.

There is a lack of development in the field of cross-cultural research in relation to mental health issues
in South African countries since focus has been on the western approach to addressing psychological
issues. South Africa consists of a different demographic population mainly consisting of people of similar
ethnicities with different cultures, beliefs, and values. Although mental ill-health emanating from
construction activities can be manageable and treated like any other occupational health and safety risk,
when addressed at an organisational level, the challenge lies with identifying how workers cope given
the diversity of the population. Therefore, it is imperative to address mental health and well-being issues
in relation to specific mediators to gain an in-depth understanding of how workers cope with common
mental health emanating from the workplace. It is hoped that the focus on specific cross-cultural studies
investigating the dearth of coping mechanism and their prevalence will assist in the development of
effective stress management tools and subsequently assist clinicians to improve diagnostic and psycho-
therapeutical processes. Therefore, this study investigated the adaptive coping and maladaptive coping
as mediators for the relationship between CMDs and wellbeing.
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2.0. METHODOLOGY

In this quantitative cross-sectional study, data were collected from construction companies in South
Africa. Convenience sampling was the preferred sampling technique based on proximity and familiarity
of the sample population to the researcher. This sampling technique maximised the response rate
because the study was conducted within a limited period. Some respondents were recommended by
other participants — a variant of snowballing sampling technique. After receiving the questionnaire, data
were cleaned by excluding questionnaires with missing data, disengaged responses, extreme values
and outliers. A total of 201 questionnaires were suitable for analysis and a response rate of 56% was
achieved. The questionnaire included the coping strategies, common mental disorders (CMDs), and
WHO-5 Wellbeing Index Measure. The WHO-5 measure for wellness was used because it is easy to
interpret and understand and also because it is a validated measure used across all disciplines to
measure the subjective wellbeing of the general population. CMD and coping questionnaires were
designed by the author and Exploratory Factor Analysis (EFA) was conducted to identify the number of
components necessary to explain the interrelationships among the variables and to assess whether the
questions measured what the researcher intended to measure. Own questionnaires were developed
based on existing literature and existing stress theories. The use of validated instruments may not
necessarily apply in cross-cultural studies especially for coping and common mental disorders due to
diverse cultural practices and the perceptions around mental problems. Once the underlying structure
for the constructs was established in EFA, CFA and SEM were used to test the hypothesis. IBM
Statistical Package for Social Sciences (SPSS) v28 was used for descriptive statistics and Exploratory
Factor Analysis (EFA), and IBM Amos v28 for CFA and SEM.

For the WHO-5, descriptive statistics was used to analyse and to interpret using the prescribed scoring
system. The WHO-5 comprises of five items (1) “I have felt cheerful and in good spirits.”, (2) “I have felt
calm and relaxed.”, (3) “I have felt active and vigorous.”, (4) “I woke up feeling fresh and rested.”, (5)
“My daily life has been filled with things that interest me.” The respondents were presented with a
statement “Please indicate for each of the five statements which is the closest to how you have been
feeling over the last two weeks”. Composite reliability, Average Variance Explained and Cronbach’s
Alpha were further used to determine reliability and validity of the constructs. This study receive ethical
clearance from the General Human Research Ethics Committee (GHREC) (Ethical Clearance Number:
UFS-HSD2021/2006/22) at the University of the Free State. Informed consent was granted from the
respondents before conducting the study and all research protocols were followed according to the
requirements of the GHREC.

3.0. RESULTS

This section presents the analysis of the data collected and discusses the findings. Data were analysed
using IBM Statistical Package for Social Sciences (SPSS) version 28. Tables were used to present data
and key findings.

3.1. Respondents

The respondents of the study were the construction workforce working for general contractors in South
Africa. Most of the respondents were black (88.1%) followed by white (7.0%) and coloured (5.0%). The
sample were artisans, construction project professionals (CPP) and construction labourers. Table 1
presents the profile of the respondents of the study.
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Table 1 Respondents Profile

Frequency | Percen
t
Gender
Male 164 81.6
Female 37 18.4
Total 201 100.0
Age
18to 24 16 8.0
2510 34 87 43.3
35t0 44 65 32.3
45 to 54 24 11.9
55 to 64 9 4.5
Total 201 100.0
Education Level
Primary/Elementary School 24 11.9
Secondary/High School 119 59.2
Technical/Vocational Qualification 19 9.5
University Degree 35 17.4
No formal schooling 4 2.0
Architect 4 2.0
Construction Manager 7 3.5
Health and Safety 10 5.0
Manager/Officer
Project Manager 5 2.5
Quantity Surveyor 11 55
Civil Engineer 6 3.0
Forman/Supervisor 15 7.5
Artisan 15 7.5
Construction Worker/Labourer 124 61.7
Other (site clerk and storage 4 2.0
managers)
Architect 4 2.0
Total 201 100.0

The findings in Table 1, revealed there were more male respondents (81.6%) than female respondents
(18.4%) from the sample. The results differ from those of the usual gender distribution of the construction
workforce in South Africa which usually has less than 12% female workers. Majority of the respondents
were between the ages of 25 to 34 years (43.3%). The second most prevalent age group were between
35 to 44 years (32.3%) of age followed by 45 to 54 years (11.9%), 18 to 24 years (8.0%) and lastly 55
to 64 years (4.5%). The construction workforce consists of older workers relative to other sectors as a
result of the ageing workforce and lack of interest from the youth to seek employment in the sector. The
average age of construction workers is 42.5 [25]. However, from Table 1, most respondents were
between the ages 25 and 34 years. This can be attributed to recent changes because of Covid-19 as
employment trends resulted in the youth experiencing the highest employment between February 2020
and March 2021 (32.5% to 35%), while older workers experienced a decrease from 45% to 41%.
Therefore, the findings represent the current employment-to-population ratios in the industry. The
responses were obtained from site personnel working for contractors and were representative of the
construction workforce. Construction workers (labourers) and artisans make up about 55% to 70% of its
workforce, while construction professional between 30% to 45%. When categorising the working groups
into CPPs, and artisans/labourers, the percentage distribution is 29%:71%. Therefore, the sample
represents the population of interest adequately.
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3.2. Exploratory Factor Analysis

The measuring instruments for data collection of CMDs and coping were developed by the researcher
based on literature and experience. In order to test for construct validity and to determine the number
of factors necessary to explain the interrelationships among the set of variable mearing the constructs
CMDs and coping, exploratory factor analysis (EFA) was used. Therefore, EFA assisted in the
identification deemed suitable for measuring the factors of concern.

3.3. Data inspection for CMDs and Coping

To conduct EFA, data inspection technique was conducted to determine the sample adequacy required

for EFA. The Kaiser-Meyer-Olkin test and Bartlett’'s Test for sphericity were used to test for sample
adequacy. Based on the results in Table 2 and Table 3 the sample meets the size and variance
requirements for conducting EFA based on the recommended thresholds for KMO (above 0.60) and
Bartlett’s Test for Sphericity (p<0.05) [26].

Table 2: KMO and Bartlett’t Test CMDs
Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 0,804
Bartlett's Test of Sphericity Approx. Chi-Square 421,066

df 15
Sig. 0,000

Table 3: KMO and Bartlett’s Test Coping
Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 0,767
Bartlett's Test of Sphericity Approx. Chi-Square 535,033

df 36
Sig. 0,000

3.4. Factor extraction and rotation

Principal Component Analysis (PCA) was the preferred factor extraction method because the research
instrument of this study was designed by the author. PCA is data driven and provides an empirical
summary of the data. In this study, no underlying theory about the factor structure was available
precluding factor analysis (FA). Therefore, no prior assessment of the factor structure of the primary
data existed. Only one solution was extracted for each of the constructs CMDs, maladaptive coping and
adaptive coping .There was no need for factor rotation for this construction. The solutions were
therefore, considered unidimensional and adequate evidence of convergent and discriminant validity
was provided for the constructs.

For CMDs the correlation values of 6 components (depression, anxiety, stress, post-traumatic stress
disorder and burnout) were above the recommended cut-off value of 0.30 and < 0.90. For coping, the
correlation values for the 6 components (sport/exercising, spending time with friends, talking to
someone, hobbies, sleeping and relaxing and walking in nature) measuring adaptive coping and the 3
components (alcohol consumption, cigarette smoking, cannabis smoking) for maladaptive coping were
above the recommended cut-off value of 0.30 and less than 0.90. the other components were dropped
and the retained components were deemed the most suitable for testing the hypothesised relationships.

3.5. WHO-5 Wellbeing Index

The WHO-5 was used to measure the subjective wellbeing of the individuals. It is a validated wellbeing
measure and there was no need to conduct EFA. However, CFA and validity and reliability for the
instrument were conducted along with other three constructs of the study. Table 4 presents the
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descriptive statistics for the overall score. WHO-5 measures wellbeing by calculating the raw score
which is calculated by totalling the numerical values of the five answers - in this case the five means -
where the raw scores range from 0 to 25, 0 representing the worst possible and 25 representing the
optimum quality of life. The raw score is multiplied by 4 to obtain a percentage score ranging from 0 to
100 whereby, 0 represents the worst possible, whereas a score of 100 represents the optimum quality
of life.

Table 4: WHO-5 Wellbeing Index Measure
N Mean Std. Deviation

| have felt cheerful and in good spirits 201 4,04 1,296
My daily life has been filled with things that interestme 201 3,95 1,379
| woke up feeling fresh and rested 201 3,87 1,412
| have felt calm and relaxed 201 3,85 1,244
| have felt active and vigorous 201 3,77 1,341

For the result in Table 4, the total was determined by adding 4.04 + 3.95 + 3.87 + 3.85 + 3.77 which
equated to 19.48. Furthermore, 19.48 x 4 = 77.92. Therefore, the WHO-5 score = 77.92. The score is
above the cutoff score which is determined as <50. Scores < 50 are indicative of poor wellbeing.
Therefore, it may be inferred that the workers had an overall good wellbeing but not optimum wellbeing.

3.6. Confirmatory Factor Analysis (CFA)

AMOS v28 was used to perform CFA. The model was assessed for convergent validity, and discriminant
validity. Contrary to CFA, EFA is based on reasoning which is a posteriori in that it is data driven while
CFA is based on reasoning which is a priori in that it is based on theoretical considerations. Therefore,
assessing reliability and validity is a further check on how well the measurement items fit the theory a
priori. The reliability and validity statistics are based on the factor loadings from the CFA and are shown
in Table 5.

Table 5 Reliability and Validity

Constructs ltem Factor CR AVE  Alpha
Correlation Loading
Common Mental Disorders (CMDs)
1 Depression 0,683 0,756 0,782 0,446 0,825
2 Stress 0,528 0,628
3  Anxiety 0,653 0,735
4 PTSD 0,588 0,644
5 Burnout 0,621 0,677
6 Suicidality 0,488 0,546
Maladaptive Coping
1 CopingMLC1/MLDP 0,532 0,724 0,543 0,462 0,710
2 CopingMLC2/MLDP 0,559 0,69
3 CopingMLC3/MLDP 0,525 0,622
Adaptive Coping
1 CopingACl1 0,568 0,622 0,765 0,426 0,807
2 CopingAC2 0,630 0,728
3 CopingAC3 0,611 0,728
4 CopingAC4 0,689 0,761
5 CopingAC5 0,465 0,539
6 CopingAC6 0,448 0,491
WHO Wellbeing Index
1 WHO1 0,683 0,804 0,805 0,747 0,863
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2 WHO2 0,737 0,81
3 WHO3 0,686 0,666
4 WHOA4 0,709 0,761
5 WHOS 0,597 0,813

The standardised factor loading of all items were > 0.40 which is fair. The recommended threshold
values for the parameters are AVE = 0.5. However, AVE = 0.40 can be accepted if the CR > 0.60 for
the construct (Hair et al., 2019). The recommended threshold for CR between 0.60 and 0.70 is
appropriate (ibid). Although 0.60 is sometimes used as a lower cut-off value, 0.50 is considered
acceptable (ibid). The Cronbach alpha and composite reliability for all variables are > 0.70 so it shows
that the variables had good reliability.

Figure 1 CFA Final Model

3.7. Testing the hypothesised relationships: Structural Equation Modeling
In order to test the hypothesised relationship adaptive coping (ADC) and maladaptive coping (MLDP)

mediate the relationship between CMDs and wellbeing (WB), structural equation modelling was used to
test the relationships between the constructs indicated in Figure 2.
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Figure 2 Structural Model

Table 5: Hypothesised Direct Relationships

H.No. | Comments Paths Regression P Remarks
Estimate

H1 Positive Common Mental Disorders | 0.41 ok H1 Supported
Significant | >Maladaptive Coping

H2 Negative Common Mental Disorders | 0.091 0.123 H2 Rejected
Significant | >Adaptive Coping

H3 Negative Common Mental | -0.477 *kk H3 Supported
Significant | Disorders>Wellbeing

H4 Negative Maladaptive 0.003 0.978 H4 Rejected
Significant | Coping>Wellbeing

H5 Positive Adaptive Coping>Wellbeing 0.259 0.049 H5 Supported
Significant

Model Fitness: x2/df=1.752, CFI=0.924, RMSEA=0.061, NFI=0.843, RFI=0.810,
IF1=0.926, TLI=0.908 and CN=201 (p<0.05)

The hypothesed relationships based on path analysis show a positive and significant relationship
between CMDs and maladaptive coping (=0.44, P<0.000). The was no significant relationship between
CMDs and adaptive coping ($=0.091, P<.05). CMDs were negatively and significantly associated with
wellbeing (B=-0.477, P<0.000). The hypothesized relationship between maladaptive coping and
wellbeing was not significant (=0.003, P<0.978). Adaptive coping and wellbeing were positively and
significantly associated (B=0.259, P<0.049). Based on these findings, the hypothesized relationships for
H1, H3 and H5 were supported. However, H2 and H4 were rejected since p-value is not significant
contrary to the hypothesized relationship.

3.8. Mediation Test

The mediation relationships were conducted by treating common mental disorders (CMDs) as an
independent variable and wellbeing as dependent variable. Adaptive coping and maladaptive coping
were treated as mediators. The mediation analysis is based on the analysis of indirect effects [27].
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Mediation analysis was performed by using the standardized direct and indirect effects based on
bootstrap procedures (500 samples) and bias-corrected bootstrap confidence interval (95%). The
results are provided in Table 6:

Table 6: Mediation Analysis

H. Path Total Direct Indirect Remarks
No. Effects Effects Effects
H6 CMD>MLDP>WB | -0.420** -0.429** 0.009(ns) H6 Rejected since indirect effect
is not statistically significant.

H7 CMD>ADC>WB | -0.422** -0.436** 0.014(ns) H7 Rejected since indirect effect
is not statistically significant.
ns=non-significant, *<.05, **<.01, ***<.001

Result shows that based of the hypothesized relationship; coping as a mediator between common
mental disorders and wellbeing, both maladaptive (3=0.009, P<0.716) and adaptive coping ($=0.014,
P<0.191) did not have any significant relationship between CMDs and WB.

4.0. DISCUSSION

The data in Table 5 indicated that of the 5 hypothesised direct relationships, 3 hypothesis were
supported and 2 rejected. H1 revealed that there was a positive and significant relationship between
common mental disorders and maladaptive coping. This is line with most literature findings [28],[29],[30].
The three maladaptive coping strategies for the current study were linked with the use of alcohol,
cigarette smoking and cannabis smoking. These drugs have been liked to several mental disorders such
as depression and anxiety. They are may distort perception and affect the workers performance. In the
construction industry, most workers resort to maladaptive coping as psychostimulants avert the effects
of common mental disorders resulting from work stressors [23]. This is a challenge for the industry which
relies heavily on manpower and a call for serious intervention to educate workers on how to cope with
work demands.

From the findings, it was also evident that common mental disorders negatively impacted the wellbeing
of the workers. Work stressors/demands lead to physiological, behavioural or psychological
manifestations of stress or strain, and subsequently result in poor wellbeing [16]. The Job Demand
Control Support Theory (JDC/S) assumes that strain which leads to CMDs results from an imbalance
between job demands and decision latitude (control) in the workplace, where the lack of control is
perceived as an environmental limitation on response capabilities and health outcomes [31]. It may be
inferred that the findings are in line with the JDC model. Bowen et al. [23] conducted studies in South
Africa which focused on compering the perceived relationships between job stress and job demand,
control and support (JDC/S) issues among construction project professionals (CPPs) and the findings
revealed that depression was still the most underrated mental disorder. While this study focused on
several CMDs and the general workforce, it worth noting that not only depression is underrated but
CMDs in general.

Adaptive coping had a significant and positive effect on the wellbeing of workers. Based on the
psychological theory of stress [31], the systematic theory of stress [32], both coping and an individuals’
desire to return to homeostasis after encountering a stressful situation contribute positively to an
individuals’ wellbeing. Therefore, it may be inferred that adaptive coping minimises the effects of
occupational demands on individual workers.

Contrary to expectation, there was no significant relationship between CMDs and adaptive coping. it
may be inferred that adaptive coping strategies investigated in the study were mainly attributed to social
support (talking to friends/loved ones; talking to someone), active coping (sports/exercise; hobbies),
religious coping (spending time in nature) and avoidance coping which may temporarily be adaptive in
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some instances. Further, Maladaptive coping did not have any significant effect on wellbeing. The
opposite would have been expected based on literature. However, this may be attributed to temporary
alleviation of job strain. Although it is widely accepted that maladaptive coping affects wellbeing, the
findings of the study were based on subjective wellbeing. it is therefore unclear whether workers
resorting to substances may constitute as a positive factor or whether this can be attributed to anecdotal
evidence among the workforce regarding the use of substances as a feel good habit or to gain strength.
for example, most workers who use cannabis claim it gives them strength [33] and is an natural herb.
Therefore, further studies may be necessary to investigate the perceptions of workers towards
substances and the effects of maladaptive coping using multi-faceted wellbeing measures [34] covering
eudaimonic wellness, hedonic wellness and quality of life. The current study only focused on wellness
with specific focus on subjective wellbeing which is attributed partly to hedonic wellness and wellness.

For the hypothesised relationships of the study: adaptive coping and maladaptive coping mediate the
relationship between CMDs and wellbeing, there was no significant relationship suggesting neither
adaptive coping nor maladaptive coping mediated the effects of common mental disorders and
wellbeing. While coping strategies affect mental health and indirectly affect wellbeing, it is imperative to
focus on strategies such as problem based coping and emotional based coping to buffer the effects of
mental health on workers wellbeing. Furthermore, several studies have revealed that problem- focused
coping (efforts to modify the source of the stress) is more effective than emotional focused coping
(attempts to regulate the emotional distress caused by a stressor) in stress management, depression
and anxiety among construction professionals [35],[36]. Emotion-focused coping may lead towards
avoiding dealing with the source of stress, however, the current study did not focus on these strategies.
Therefore, an important emerging issue is the need to investigate typologies of coping strategies among
the construction workforce to better understand which ones are more effective. It was also surprising to
note that maladaptive coping did not have any significant indirect relationship. this call for further
investigation.

5.0. CONCLUSION

This study investigated coping as a mediating effect between common mental disorders and wellbeing.
For adaptive coping, the study only focused on active coping, avoidance coping, social support and
religious coping. Further studies should focus on emotional-focused coping and problem-focused coping
strategies. Another limitation was the use of one scale to measure wellbeing. Future research should
be done to investigate other wellbeing areas to include multiple facets of wellbeing such as eudaimonic
wellbeing, hedonic wellbeing and quality of life. The current study only focused on wellness in relation
to subjective wellbeing due to the ease of administering the WHO-5 Wellbeing Index. Future studies
should also focus on the use of a mixed method approach and other psychological wellbeing health
scales to gainer in-depth understanding about the workers mental health. Furthermore, the sampling
method used in the study faces challenges associated with self-report questionnaires such as response
bias, social desirability, introspective ability, understanding and limitations with rating scales. This study
is important as it informs areas of concern regarding different coping strategies employed by the
construction workforce and how they affect their wellbeing. Important emerging issues from the study
are the lack of mediation between the hypothesised relationships. This may be attributed to the types of
coping strategies investigated. Another issue is the insignificant relationship between maladaptive
coping and wellbeing. Although it is widely accepted that maladaptive coping affects wellbeing, this was
not the case. Therefore, it is imperative to investigate the perceptions of the workers towards substances
since the study only focused on subjective wellbeing in relation to the WHO-5 Wellbeing index.
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Abstract

Improved mental health and wellbeing (MHW) of students has positive implications for their
engagement, performance, and satisfaction. Consequently, the MHW of higher education students has
been examined; however, the MHW of higher education apprentices, who are underrepresented
students, has received little or no attention. Using a university in the UK as a case study, the reported
study examines the MHW experiences of higher education apprentices and improvement strategies. A
questionnaire survey was adopted. Mean and standard deviation scores as well as the Mann-Whitney
U test were used to analyse the data using SPSS. The study found that stress from the academic
programme, poor quality of life, and apprentices worrying about the programme’s worthwhileness were
the top experiences. Further findings revealed that a higher demonstration of institutional commitment,
understanding of their diverse circumstances to accommodate them better, and the lecturer/tutor being
approachable are critical improvement strategies. Significant differences in the MHW experiences of the
apprentices based on their programmes of study (construction and non-construction) were found for
three indicators including stress from the academic programme, level of programme worthwhileness
(apprentices’ feeling), and previous day level of happiness. While interviews and digital stories are
recommended to gain a deeper understanding of these issues, higher education institutions (HEIs) and

scholars could conduct similar research using the current study as a framework.

Keywords: Apprentices; Underrepresented students; Student engagement and performance; Diversity,
equality, and inclusion; Male and female; Mental health and wellbeing.

1. INTRODUCTION

The historic inclusion of mental health and wellbeing (MHW) in the Sustainable Development Goals
(SDGs) by the United Nations (UN) has placed it at the forefront of global and corporate agenda [1, 2].
This stems from the poor global MHW records. According to the World Health Organisation (WHO) [3],
in 2019, 15 percent of working-age adults have a mental disorder, and annually, 12 billion working days
are lost to depression and anxiety, costing 1 trillion dollars due to lost productivity. A similar case is
reported in industries such as construction where in the United Kingdom (UK), male workers are three
times more likely to die from suicide than the national average [4]. In 2022, a survey by Mates in Mind
among 300 self-employed construction workers in the UK indicated that one-third experienced high
levels of anxiety each day [4]. A survey of higher education students and staff in ten countries including
France, Spain, Australia, Netherlands, the UK and the United States (US) in 2022 found that 73 percent
of higher education students and staff, respectively, struggled to maintain their wellbeing [5]. A Healthy
Minds Network and American College Health Association survey of colleges and universities in the US
showed that mental issues have a negative impact on academic performance [6]. Further, Lipson et al.
[7] analysed ten-year (2007 to 2017) mental health data of undergraduate and graduate students in the
US. The study surveyed the participating institutions and found that the portion of students with lifetime
diagnoses increased from 22 to 36 percent, just like depression (43.3 to 55.8 percent) and suicidal
ideation (5.8 to 10.8 percent). However, the rate of treatment increased, and stigma reduced.

However, despite the plethora of studies on the MHW of higher education students, there are still
significant gaps. For example, construction and built environment students fall into two
industries/sectors with poor MHW record as demonstrated in the preceding paragraph. However, the
MHW of apprentices has received limited attention [8]. Park et al. [9] examined the MHW lived
experiences of university students in a large Mid-West University in the USA using semi-structured
interviews. However, the students were not apprentices. Carette et al. [10] explored the factors that
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affect students’ knowledge of psychological wellbeing using semi-structured interviews but not on
construction students and apprentices. Using survey in Australia, Turner et al. [11] examined the
resilience of built environment students regarding their wellbeing. The focus of Scott-Young et al. [8]
was gender (male and female) inequality in the mental health of built environment students. Hernandez-
Torrano et al. [12] conducted a systematic review of literature on university students’ MHW (from 1975
to 2020) while Smith et al. [13] examined the role of student peers in the MHW of higher education
students with a focus on six UK universities. Mental health of international students was reported in
Frampton et al. [14] and the mental and wellbeing lived experiences of university students were covered
in Park et al. [9]. Other studies such Schettino et al. [15] and Okoro et al. [16] did not address the gaps
stated above.

Further, students’ MHW improvement strategies are still limited or non-existent in some HEls. For
example, Pollard et al. [17] reported the limitations in the MHW improvement strategies and efforts in
HEIs in England. Only 52 percent of the HEIs surveyed had specific strategies for improving student
mental health and/or wellbeing. Forty-three percent combined them while one and seven percent were
dedicated to wellbeing and mental health strategies, respectively. By implication, examining MHW as
separate concepts is challenging [17] and as high as 48 percent had no mental health and/or wellbeing
Strategy.

Therefore, the current study examines the MHW experiences of underrepresented students,
apprentices. The nature of apprenticeship delivery presents unique challenges which result in or
exacerbate MHW challenges. Unlike full-time candidates, apprentices spend longer time working (four
days); 20 percent is supposed to be for studying and lecturers [18] and some travel long distances to
the university/college. The success of their programme is dependent on their success at work and HEISs.
Hence, they must balance work, domestic responsibilities and study. While this has implications for their
MHW, the older ones among them may have a higher domestic responsibility; hence, at a higher risk of
mental health issues. It also impacts the Teaching Excellence Framework and National Student Survey
[19] and the performance and satisfaction of the apprentices. As a result, there are calls to develop
strategies tailored to them to improve their experiences [19] of which MHW is inclusive. However, the
MHW of apprentices is influenced or impacted by the delivery and model of the programme, which is
underexamined [20].

Therefore, the current study examines the MHW experiences of apprentices using a university in the
UK. The objectives were to 1) evaluate the MHW experiences of apprentices, 2) ldentify MHW
improvement strategies for apprentices and 3) Determine the differences in MHW experiences among
apprentices based on gender and programme of study.

Higher education institutions and construction workplaces will be informed about the experiences of
apprentices and develop strategies to support them and reduce the impacts on their MHW. The rest of
the paper presents an overview of literature on MHW of apprentices and improvement strategies,
followed by the methods employed to conduct the study.

2. LITERATURE REVIEW

2.2. Apprenticeship delivery model and MHW implications

In addition to the time limitations resulting from the apprenticeship programme, it operates a tripartite
agreement system, involving the employer, HEIs and apprentices (Quality Assurance Agency (QAA) for
Higher Education [21]. The role of employer representatives, professional, statutory, and regulatory
bodies are also noted by the QAA [21]. These various systems present complexities in delivering,
communicating and meeting the students’ needs; sometimes, students are not assigned tasks that align
with their learning at a given time [20]. Given that the programme is dependent on work-based learning
[23], the apprentices’ learning is impacted. This is exacerbated by the limited independent individual
study time they have [20] and when HElIls struggle to connect learning with work-based activities, the
learning stress increases [23]. Alsubaie et al. [24] found that the lack of social support impacts on the
MHW of apprentices compared to the traditional ones. Therefore, there is a need for more attention on
the MHW of apprentices in higher education.
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2.3. Mental health and wellbeing indicators in higher education students

Pollard et al. [17] and Hughes and Spanner [25] recognise the challenges in measuring the MHW of
higher education students. For example, there is a lack of data on the prevenance of MHW of students
and the effectiveness of the common strategies adopted [25]. The extant data mainly focuses on one
university, limiting generalisation (ibid.). Further, ‘many interventions ... available in universities are not
evaluated in context or, where they are, the evaluations are not shared outside of the institution to
support sector learning... All of which means that there is a lack of clarity about what constitutes good
practice' [25:73]. Furthermore, many studies and surveys of students use different methods, measures,
and samples to improve coverage and reliability, but they are flawed because of some points above and
their inability to be compared to non-student population [17]. Another challenge to measuring MHW is
the constant change in the MHW experience, especially those transitioning to adulthood (aged 10 to 29)
[9]. Consequently, what constitutes good practice is unclear due to lack of reliable and robust
data/information [17, 25]. However, Savarese et al. [26] proposed and tested indicators in three
categories including psychological manifestations, family and social relations and quality-of-life
indicators. Although not without limitation just like other above, it is incorporated in the framework for
measuring MHW in the current study, as summarised in Table 1.

Table 1: Mental health and wellbeing indicators in higher education students

Indicators Sources
Psychological manifestations

Anxiety disorders [27- 28]
Anxiety, depression

Negative thoughts, images, memories, and feelings [26, 29]
(revisiting)

Reactivation of a previous trauma (post-traumatic stres