Proceedings of the Joint CIB W099 & W123 International Conference 2021:
Changes and innovations for improved wellbeing in construction

A BIM for safety Framework Involving Automated Rule Checking,
Visualization and Training

Adeeb Sidani, Jodo Pogas Martins, Alfredo Soeiro
Faculty of Engineering, University of Porto, Portugal

Correspondence: adeeb.sidani@hotmail.com

Abstract

The construction industry bears a lot of casualties and accidents more than other high-risk industries
annually. Thus, to have a practical site inspection, monitoring, and training, the AECO (Architecture,
Engineering, Construction, and operation) is gradually integrating new digital technologies such as
building information modelling (BIM), automatic rule checking, Augmented and Virtual Reality
(AR/VR).

The current research objective is to provide a general framework of a BIM-based safety system to
improve the safety status in the construction field. The system aims to offer Safety planning,
Visualization, safety management, training, automated rule checking, monitoring and inspection. A
BIM for Safety verification system is proposed, based on a fully automated approach, adopting
Automated rule checking, and a manual approach adopting Virtual and Augmented Reality (AR/VR).
These two systems will be a part of a BIM for Safety General Framework, which covers the construction
project lifecycle with all the involved stakeholders and international standards.

The BIM-based technologies can help with safety prevention, inspection, monitoring, and training
from the design stage to the operation and management. The integration of these tools in a
standardised manner could ease the adoption of the tools, following EN ISO 19650-1 and PAS 1192-
6:2018, giving the owner better awareness and control over the safety aspects of the project,
identifying specific tasks for each stakeholder, and involving health and safety measures from the
beginning of the project. Some limitations are found in implementing new tools since every tool
represents a standalone, each tool covers a specific field only, the digital tools are not involved in the
standards and regulations, workers and safety professionals lack the experience of using such tools,
low demand from the owners, incompatibility of software and data format exchange, especially
between different appointed parties, and the time spent preparing the BIM model.

Keywords. Building Information Modelling, Automated Rule Checking, Augmented Reality, Virtual
Reality, Construction, Occupational Health and Safety.

Introduction

Construction safety is an international concern, with many injuries occurring in construction sites
worldwide (Zhang, Teizer, Lee, Eastman, & Venugopal, 2013a). In line with the Occupational Safety
and Health Administration (OSHA), the construction industry was responsible for 199,200 injuries and
illnesses in 2019. According to the U.S. Bureau of Labour Statistics, construction had 9.5 fatalities per
100,000 full-time workers (U.S. Department of Labor; Bureau of Labor Statistics, 2019). According to
OSHA, as of 2020, "one in five worker deaths in 2019 in construction".

Falls, struck-by-objects, electrocution, and stuck-in are considered the fatal four construction
accidents and were responsible for more than half of the construction workers deaths at 58.6% in
2020 (U.S. Department of Labor; Bureau of Labor Statistics, 2019).

In a study conducted by Chim on the Causes and Preventive Approaches to Mitigate Accident Rate,
Chim reassured that the company and the workers' negligence is the leading cause for accidents on
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the construction site (Chim, Chun, & Wah, 2018). Chim mentioned that accidents could be avoided if
the construction company management is careful with supervision during the construction process.
According to Abdelhamid and Everett, three factors trigger accidents: not identifying a dangerous
situation related to a specific task, ignoring a hazardous condition, and proceeding with the activity,
or acting unsafe whatever the current environment was (Abdelhamid & Everett, 2000). In a book
published by the Health and Safety Executive, the authors explored several points such as the
influence of the human's behaviour on health and safety, the impact that health and safety problems
have on the worker's physical and mental health, and the book also illustrates how to identify and
solve these issues (Health and Safety Executive, 1999). This book states that a thoughtful
understanding of human actions at work can reduce the number of accidents and cases of
occupational hazards. Unsafe human on-site actions cause at least 80% of accidents since people are
involved during the whole construction lifecycle. The authors divided the human factors into violations
and errors that are further divided into skill-based errors and common mistakes (Health and Safety
Executive, 1999)

Moreover, the causes of the issues are related to the organisation's planning, management and
decision-making functions. The authors suggested having planned construction and maintenance
tasks and an organized site environment with workplace precautions, risk control systems, and
management arrangements to assist with safer construction works. In addition, the skills, capabilities
and mental health of the individuals should be assessed for each task (Health and Safety Executive,
1999).

Thus, the construction site requires regular and advanced monitoring and supervision; besides, new
workers must be trained carefully before going to the construction site to avoid unsafe actions.
Consequently, manual monitoring and supervisions are prone to error due to the complex and
dynamic environment. Subsequently, to assist the supervisors and visual inspection of the risks,
automated safety monitoring such as Building Information Modelling (BIM) is adopted by the AECO
sector (Eleftheriadis, Mumovic, & Greening, 2017). BIM integrates Building Regulations and health and
safety information within the model that are specified as BIM4REGS task group. These groups have
been developed by representatives from the AECO sectors, all with a common goal in developing and
improving awareness, skill, and the use of BIM. The health and safety group aims to incorporate health
and safety requirements into BIM so that users can immediately see whether their designs are
compliant (Mordue & Finch, 2019). Therefore, BIM implementation seems promising and can also
assist the continuous advancements in the construction processes. Furthermore, BIM can provide
essential decision-support tools for engineers throughout the design stage, improving workers' safety
and performance and enriching on-site and off-site training (Wang & Chong, 2015).

Digital Technologies for Construction Safety

BIM application in the AECO sector

BIM application in the AECO sector has several benefits, such as reducing health and safety challenges,
improving the project's quality, and enhancing collaboration (Enshassi, Ayyash, & Choudhry, 2016).
There is significant interest in improving safety through design and work method using BIM by
implementing safety planning throughout the project (Enshassi et al., 2016). BIM enables workers,
safety specialists and engineers to digitally visualise and monitor construction sites and identify
hazards (Azhar, Khalfan, & Magqgsood, 2012; Enshassi et al., 2016). Consequently, with the
advancement of BIM and the lifecycle realisation of the project in one holistic environment, most of
the Health and Safety information can be generated in this single environment (Kim, Jeong, Clayton,
Haberl, & Yan, 2015; Schwegler, 2010). Furthermore, 4D-BIM, which is 3D models plus schedule,
means improved chances to make alternative preliminary plans of different construction stages and
tasks, linking them more to safety (Ganah & John, 2015).

The AECO sector is recognised for its increasing complexity and competitiveness due to strict
schedules, complex tasks, and limited budgets, driving the search for automated and technological
solutions (Chan, Scott, & Chan, 2004; Pham, Pedro, Le, Lee, & Park, 2017). Digitalisation has offered
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this sector the means to pursue higher performance and accuracy, thus reducing costs and
modernising operations. Implementing BIM methodology has benefited the AECO sector in
collaboration, scheduling, 3D drawings, management, quantity, and material sorting. Consequently,
various countries are adopting BIM. For European countries, BIM adoption is reinforced by Directive
2014/E.U., Article 22 (European Comission, 2014), which refer to BIM application for public
procurement and by the modern international standard for BIM EN ISO 19650-1 (BS EN 1SO 19650-1,
2018). The AECO sector is currently implementing several tools and methodologies to assist BIM, such
as Automated Rule checking, Augmented Reality (AR), Virtual Reality (VR) (Sidani, Dinis, et al., 2021;
Sidani, Matoseiro Dinis, et al., 2021).

Fully Automated Verification Systems (Rule Checking)

Rule-based checking systems have been developed for BIM models as part of the new BIM technology
3D and 4D simulations, which means a mockup of the geometric model (3D) and a geometric model
with schedule details (4D), to improve the understanding of construction operation. These are some
of the features embedded in BIM, allowing effective safety planning throughout the project's lifecycle
(Eastman, Lee, Jeong, & Lee, 2009). In addition, such technologies can improve health and safety
through automated risk identification at an earlier stage and propose inexpensive and straightforward
ways to solve unsafe situations.

According to Sijie Zhang, collecting and examining construction data (work breakdown, structure,
schedules, resource allocation) can be linked to a BIM model allowing to generate a rule-based health
and safety framework that facilitates safer design, planning and execution of work tasks (Zhang,
Teizer, Lee, Eastman, & Venugopal, 2013b). In addition, joining the construction data with safety rules,
such as OSHA, and geometric project data can create information that, once the database is linked to
the BIM model, will create knowledge that can enhance safety education and training at the design
and construction stage (Zhang et al., 2013b).

Safety standards and codes represent guidelines for construction risk identification. Therefore, it is
convenient to link BIM components or activities with relevant safety regulations and codes to carry
out automatic risk identification. According to Guo Hongling (Hongling, Yantao, Weisheng, & Yan,
2016a), a safety rule system is thus built by:

e Categorising construction safety information,

e Building a safety rule system

e Translating safety rule system to machine-readable language.
Various kinds of standards may classify unsafe design factors from distinct perceptions and describe
the same rule in a changed structure; that is, rules and standards are not organized and standardized
for automated rule checking. Therefore, reorganising the rules with a specific format and facilitating
rule checking is required (Hongling et al., 2016a). However, all these standards can be classified into
safety protection, design computation and design checking. Furthermore, as the rules are used to
prevent accidents, the design safety-related information is updated according to accident-related
data. Thus, an organised and well-structured safety rule system can be developed (Hongling et al.,
2016a).

Several studies developed automated rule checking systems targeting falling (Hongling, Yantao,
Weisheng, & Yan, 2016b; Hossain & Ahmed, 2019; Malekitabar, Hassan Ardeshir, Abdollah Sebt,
Mohammad Hassan Stouffs, 2016; Zhang, Sijie Sulankivi, Kristiina Kiviniemi, Markku Romo, Ilkka
Eastman, Charles M. Teizer, 2015; Zhang et al., 2013b) which are the most common risk to target using
automated rule checking. However, many hazards are too complex and interrelated to be automated
such as handling equipment and heavy machinery, installations, material control, among others. These
kinds of risks are becoming more common to be integrated in automated rule checking (Malekitabar,
Hassan Ardeshir, Abdollah Sebt, Mohammad Hassan Stouffs, 2016), but a fully manual approach might
be easier to implement while taking advantage of current technologies.
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Fully Manual Verification systems

Augmented Reality
“Augmented Reality (AR) is a live view of computer-generated information or image augmenting or
laying over the real-world environment" (Vincent, 2012). BIM-based AR advancements within the
AECO sector, providing an array of applications. Azuma describes AR as a variation of VR, which
provides a natural environment with the incorporation of virtual objects (Azuma, 1997).
Chi and Wang verified that AR technology evolved from marker-based applications towards
markerless systems, only uses sensors in the environment to calculate the position and orientation of
the camera and does not require prior knowledge of the environment to overlay virtual 3D content
into a scene and hold it to a fixed point in space (Chi, Kang, & Wang, 2013). However, recent advances
in context-aware tools such as Wikitude, Google's Project Tango, ARCore and ARKit, may expedite the
technology used on mobile devices, given the increasing processing capabilities of portable devices
(Sidani, Matoseiro Dinis, et al., 2021). Additionally, Data Cloud computing environments have been
recognised in server-based applications and a wide variety of applied localisation technologies,
dependent on the specifics of the system and the application or task itself. Simultaneously, the
potential of gesture-based interfaces and HMDs (Head Mounted Display) were also reported (e.g.,
applications based on Microsoft HoloLens). BIM authoring tools such as Revit and ArchiCAD and game
engines (e.g., Unity) support data transfer and the development of virtual environments (Sidani,
Matoseiro Dinis, et al., 2021).
AR is primarily implemented in construction sites due to the visualisation and information extraction
capabilities that it can provide. BIM-based AR applied to the construction site to support task
completion and reduce construction errors, lower cognitive workload, improve access to project
information, manage construction schedules and costs, improve collaboration, increase site
assistance, safety training, task orientation, and higher productivity (Bae, Golparvar-Fard, & White,
2013; lJiao, Zhang, Li, Wang, & Yang, 2013; Park, Lee, Kwon, & Wang, 2013; Pour Rahimian,
Chavdarova, Oliver, & Chamo, 2019). Specifically, for Architecture and Civil Engineering, AR may
reduce construction errors and project design review; improved communication compared to more
traditional 2D approaches, time-savings (working hours) and cost reduction, as defined by Agarwal
(Charef, Alaka, & Emmitt, 2018). Figure 1 demonstrates a step-by-step framework to develop an
effective AR system for the AECO sector. The framework proposes is based on a holistic aappraoch for
integrating AR into the construction. Besides, providing AECO actors with an improved understanding
of the technology's potential and suitability to overcome some industry barriers. The framework maps
the relationship between AR capabilities and potential benefits based on 23 use cases.Furthermore,
the relevance of conducting field tests should not be disregarded from AR implementation, as such an
approach may ascertain improved user-friendliness and may also contribute to fostering acceptance
and long-term usage (Berkemeier, Zobel, Werning, Ickerott, & Thomas, 2019). A compromise must be
attained between the development team's know-how, state-of-the-art technology to the extent that
possible difficulties in developing the solution can be minimised, and cost and economic aspects.
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Figure 1 Framework for a Guided Integration of AR in the AECO Sector based on (Berkemeier et al.,
2019; Hala, Christian, Makram, & Harald, 2020; Sidani, Matoseiro Dinis, et al., 2021; Steffen, Gaskin,
Meservy, Jenkins, & Wolman, 2019)

Virtual Reality

VR has shown encouraging developments as technology prices become accessible to the general
consumer and computational power increases (Martin-Gutiérrez, Mora, Aforbe-Diaz, & Gonzalez-
Marrero, 2017). In the last few years, VR research has focused on the AECO sectors, showing potential
benefits in a plethora of applications, especially when taking advantage of accuracy and information
comprised in BIM models (Li, Wu et al. 2017). Thus, BIM-based VR applications have shown many
advantages to enhance design review, team collaboration, decision making, among others. The core
idea behind VR application is to enable collaboration and communication, allowing people with
different expertise to access BIM information (Sidani, Dinis, et al., 2021).

Kumar and hare presented an investigation that showed that the site experience is crucial for
designers, and it is being reduced in the education curriculums (Hayne, Kumar, & Hare, 2017).
Moreover, inexperienced designers do not recognise the impact they can make on on-site safety.
Following the author's hazard perception test, an association between identifying and mitigating
hazards and possession of site experience was found. The authors recommend that future studies
should be undertaken to target educational technologies. VR could offer opportunities to develop
solutions that could utilise the parametric attributes and assist with the education and training of
designer and new workers (Hayne et al., 2017).

Most BIM-based VR tools utilise a three-layer system architecture comprising a BIM authoring tool, a
game engine, and a visual enhancement module. Moreover, some studies expand to a fourth layer,
database, to exchange non-geometric information (Sidani, Dinis, et al., 2021). It was also identified
that other middleware applications were used to provide network connectivity, creating a multiuser
immersive experience; Construction Safety — field focussed on improving the construction site safety,
mainly through increased awareness and design simulation (Sidani, Dinis, et al., 2021). Figure 2
illustrates an implementation framework of BIM-based VR.
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Figure 2 BIM-Based VR Development Framework
Proposed framework

Framework Description

The proposed BIM for Safety framework Figure 3 combines the mentioned technologies generating a
BIM for Safety Verification System. This system can be divided into Fully manual or Fully Automated
approaches Figure 4. Zhai mentioned that three aspects need to be improved to elevate the levels of
health and safety and reduce risks: detecting hazardous areas at a specific time, monitoring and
inspection, and training (Zhai, Goodrum, Haas, & Caldas, 2009). the current models are standalone
models, either targeting visualization, automated rule checking, or safety management, safety
planning but there is no framework combining these methods together and targeting most of the
project life cycle and the target group. In addition, this system will be based on European regulations
and standards which Is mostly missing with the current systems.

Afterwards, the suggested BIM for Safety general framework Figure 3 will be based on the established
construction principles, such as EN ISO 19650 1 standard, an international benchmark for operating
data over the project's life cycle using BIM. It includes principles and high-level requirements as United
Kingdom government’s BIM level 2 and is aligned with UK 1192 standards (Panteli et al., 2020).
Furthermore, integrating PAS 1192-6:2018 "Specification for collaborative sharing and use of
structured Safety information using BIM". PAS 1192-6:2018 specifies requirements for the cooperative
sharing of structured health and safety information throughout the project's life cycles. Supporting
the development of structured health and safety data for construction projects gradually from the
start. It offers guidance on how safety information is generated, flows, and can be used throughout
the project's lifecycle. While all Health and safety risk information can be incorporated within an
information model, PAS requires the contextualisation and categorising of hazards and risks to
highlight the elevated risks that are critical. It also establishes a risk information cycle framework for
the application of safety information through BIM processes and applications. The requirements of
PAS can be applied equally to non-BIM projects. PAS identifies how to use Health and safety data to:

o Offer a safer and healthier environment for end-users

. Mitigate hazards and risks across the project's lifecycle

. Improve construction Health and safety performance

. Provide relevant health and safety information to the right people at the right time
. Reduce construction and operational costs
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Finally, Directive 92/57/EEC on implementing minimum safety and health requirements at temporary
or mobile construction sites will be associated with the framework. The proposed approach for BIM
for Safety verification system aims to improve these three aspects by the following:

BIM for Safety Template, General Framework
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Contract Formulation
Identification of safety
Interests
“Target Groups”:

The client
Requirements

Client Structuring
Reguirements
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(Employer's Information Requirements)
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Service Providers Exchanges
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Figure 3 BIM for Safety Framework
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Safety Managers Site Monitoring & Rule based
& Safety Training Inspection

-

Figure 4 BIM for Safety Verification System

Detecting hazardous areas at a specific time

Since the system is made of a well-identified and structured BIM model, the model then could be
introduced to automated rule checking for fully automated risk checking. One of the main problems
of construction health and safety is that it is impossible to eliminate all risks due to the dynamic and
complex aspect of the construction site. Consequently, several risks scenarios will be identified and
analysed at an earlier stage, categorising them based on their Probability, severity, and exposure.
Moreover, the rules for each risk will be illustrated. Hence, developing the BIM model with adequate
requirements and Level of Development (LOD) facilitates automated rule checking Figure 5.
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Figure 5 Fully Automated Rule Checking Components

Automated Rule checking aims to cover most of the risks; however, a manual approach will be
taken for the risks that cannot be checked automatically. The manual approach is divided into off-
site risk checking by using VR and on-site by using AR.

Monitoring and Inspection, and Training

VR will help in identifying risks starting from the design phase up until operation and management.
VR can also assist in Health and Safety training. In comparison, AR will be mainly used for on-site
inspection, monitoring, and training. To achieve this framework, the BIM model should be
prepared with the essential requirements. The data will be transferred to an intermediate
converter (e.g., Tridify) to transfer the BIM elements to a readable game engine (e.g., Unity)
formats. Finally, the BIM data could be transferred and viewed in a Virtual Environment Figure 6.

Game Engine

BIM Model Unity, Unreal Engine
Conversion Software Virtual Environment
Tridify, VR, AR, Smartphones,

Tablets, Computers
Safe software

Figure 6 General BIM to Virtual Environment Importation process.
Limitations and Weaknesses

The framework is composed of several digital systems. Each of these systems represents some
limitation. The framework's significant limitations are the workers' lack of expertise using digital tools,
lack of collaboration between appointed parties, low demand from the owners, incompatibility of data
transfer between appointed parties.

The widespread myths about BIM usage and the stubborn mindset of professionals toward validating
the facts are delaying the AECO sector from fully integrating the emerged BIM technology. Moreover,
the AECO sector is satisfied and is not willing to change the current practices.

As for BIM-based AR, limitations were primarily found in the data transfer due to some construction
site's low connectivity levels regarding internet and GPS connections. Nonetheless, there are still
constraints regarding non-geometric information being implemented in the AR systems.

Concerning BIM-based VR, software compatibility, the need to create an algorithm to enable the scan
of all building objects and parameters, the level of realism of the models, and the implementation of
an IFC interface to build a universal data component adopt different BIM packages. The lack of
exportation features for the collaboration results. Furthermore, the time spent preparing the BIM
model is still a relevant limitation.
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Conclusions

The integration of BIM with Automated Rule checking, AR, and VR can indicate the same components
of the BIM model by specifying the Level of Information Need, referring to BS EN 19650-1 defines the
quality, quantity and granularity of information. Information can be in the form of geometric
information (or Level of graphical Detail) and alpha-numeric (or Level of Information).

The proposed framework will be able to target safety planning, Visualization, safety management,
training, automated rule checking, monitoring and inspection. The research aims to provide a general
framework of a BIM-based safety system to improve the safety status of the overall construction
lifecycle.

A Case Study will be made implementing it into an actual industrial project in Portugal. The case study
will be presented to provide evidence for the developed system’s functionality in coordinating
concurrent onsite processes and foreseeing conflicts as well validating the framework with the
assistance of safety professionals. The next step will be to elaborate on the proposed safety
monitoring and inspection implementation in real practice and presents an illustrative example to
showcase the added opportunities. This case also explains how the site planning outputs are
interpreted into actual site activities and tasks. Demonstrating how the proposed methodology can
assist in the identification of critical timeframes, dangerous onsite zones, and efficient logistics
strategies. Finally, implementing the framework’s site management component and exemplify a real
cases’ implementation process.
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