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Abstract: Construction work sites and the surrounding built environments are notable contributors
to atmosphere dust particulate matter (PM) emissions. PM produced in construction processes
contain a range of chemically hazardous substances, posing significant health risks (HR) to indi-
viduals. As such, the evaluation of occupational HR in construction has become a focal point of
interest internationally. Initiated in the early 2000s, there has been a growing demand within the
construction research community for the creation of a unified PM database that encapsulates a wide
array of construction activities. Previous studies have endeavored to establish a PM database for
various construction contexts, yet they have fallen short in thoroughly addressing the diversity of
construction materials and the levels of toxic substances (TS) within the PM. This research introduced
a comprehensive PM and TS dataset and conducted a case study to measure the HR associated
with diverse construction processes. This was accomplished by implementing a semi-automated
Building Information Modeling (BIM) version 2020-based plugin, which streamlines the assessment
of occupational HR in construction projects. This system provides construction supervisors with a
tool to visually assess the HR of daily operations, thereby facilitating the adoption of preemptive
measures to protect the health of construction workers.

Keywords: particulate matter; toxic substance; HR index; BIM; PM control measures

1. Introduction

The construction industry is a cornerstone of societal progress in building infrastruc-
ture. Yet, amidst its pivotal contributions, it also poses as a major environmental pollutant.
This sector is responsible for approximately 70-80% of the total particulate matter (PM)
emissions into the atmosphere [1,2]. The ramifications of this issue are concerning for the
health of construction workers who are regularly exposed to construction-related dust. This
exposure carries both short-term and long-term health risks (HRs), contributing to health is-
sues within this labor-intensive field [3]. The challenges are aggravated by the demographic
trend of an aging workforce in the construction industry. This risk is more pronounced in
construction than in other industries like automotive manufacturing, biomass combustion,
and power generation [2].

Despite considerable advancements in occupational health and safety, the construction
sector continues to grapple with significant HRs [4]. Research has identified common
construction activities such as drilling, cutting, sanding, and mixing as the primary culprits
in PM emissions [5]. These activities, integral to construction processes, inadvertently
contribute to the elevated levels of airborne particulates.

The health implications of PM exposure are extensive and varied. Diseases like asthma,
cardiovascular disorders, silicosis, lung cancer, and other pulmonary conditions have been
directly associated with PM exposure [6]. The complex chemical makeup of PM, consisting
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of elements such as aluminum (Al), chlorine (Cl), iron (Fe), magnesium (Mg), potassium
(K), sulfur (S), silicon (5i), lead (Pb), cadmium (Cd), zinc (Zn), and copper (Cu), has been
underscored in various studies [6-8] as a significant HR. For instance, overexposure to lead
can result in adverse effects on the nervous, skeletal, endocrine, and immune systems [9].
Similarly, excessive inhalation of copper is known to be linked with severe respiratory
conditions, including chronic bronchitis, asthma, and lung cancer [10,11].

While numerous studies [1,4,6,7] have endeavored to evaluate and mitigate the HRs
associated with PM and toxic substances (TSs), achieving precision in these investigations
remains a challenge. For example, traditional land-based PM HR assessments [3] concluded
the uniform PM concentration across construction sites. This assumption oversimplifies
the complexity of the environment and overlooks the necessity of activity-specific HR
evaluations. More recent research has begun to address this gap by considering different
construction activities to gather more accurate PM HR emission data. Nonetheless, these
studies frequently neglect the impact of varied construction materials and TSs on the
HR [11]. For example, Li et al.’s [6] approach, which examined dust exposure across
33 construction sites and assessed only one material type per sample, differs from the
simulation findings of Cheriyan et al. [12]. The latter study illustrated that PM emissions
could exhibit significant variation based on the specific construction materials employed.

The increasing awareness among researchers since the early 2000s underscores the
necessity of a unified PM emission dataset within the construction sector. This dataset is
crucial for a thorough analysis and effective mitigation of health impacts linked to PM
and TS exposure [11]. While previous studies [13,14] conducted simulations involving
various activities and materials, the raw data from these simulations poses challenges
in estimating the HRs. Recognizing this need and research gap, our primary objectives
include standardizing the PM and TS emission exposure dataset from previous studies,
introducing a robust Health Risk Index (HRI) based on a model recommended by the U.S.
Environmental Protection Agency (USEPA) and lastly, streamlining HRI implementation.
Additionally, we aim to introduce control measures related to HRs through a specialized
Revit plugin. Leveraging the advanced technological capabilities of Building Information
Modeling (BIM) version 2020, with its high visualization potential and widespread appli-
cation in the construction industry [15,16], this plugin is designed to enhance the health
management of workers involved in construction projects. This comprehensive initiative
empowers construction managers to accurately calculate the HRs associated with diverse
construction activities and implement effective control measures.

2. Literature Review
2.1. Occupational HR Assessment of PM and TSs in the Construction Industry

Increasing awareness of the HRs associated with exposure to PM and TSs in construc-
tion activities is evident in recent studies. A select group of researchers [3,8,17] have delved
into HR assessments specific to construction, forging a deeper understanding of the link
between HRs and pollutants produced by these activities. This section navigates through
some literature, unraveling the key findings and insights garnered by researchers who have
delved into the complex interplay between construction activities and health hazards.

De Moraes et al. [18] undertook an empirical study across five building sites, scruti-
nizing PM and total suspended particles (TSP) emissions emanating from concrete and
masonry work. This study sheds light on the characteristics and composition of PM at con-
struction sites, including the impact of meteorological variables and construction activities
on PM concentration, while also acknowledging the limitations inherent in the research.

In another significant study, Latif et al. [5] assessed the exposure to various TSs during
renovation tasks like demolition, drilling, sanding, cutting, and painting in a controlled
laboratory setting. Here, PMg concentrations were observed to surpass the dust limit
set by the Malaysian Department of Safety and Health (DOSH) in indoor environments
(0.150 mg/m3), ranging from 0.166 mg/m3 to 0.542 mg/m?>. Four TSs (Pb, Cd, Zn, and
Cu) were identified, with Zn being the most prevalent, followed by Cu, Pb, and Cd. These
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findings are attributed to the composition of the building materials and furnishings used
during the renovation.

Tong et al. [19] explored the impact of construction dust on worker health across
five different zones during the superstructure construction stage of residential projects in
Beijing. Utilizing the USEPA risk assessment model, the Monte Carlo method, and a prob-
abilistic risk assessment model, the study estimated the HRs attributable to construction
dust, pinpointing the most significant parameters. The results indicated varying levels of
construction dust-induced HRs across zones, in the order of template zone > steel zone
> concrete area > floor zone > office zone. The study highlighted the elevated HR in the
template zone, emphasizing the need for effective control measures to mitigate the adverse
health effects of construction dust.

In summary, recent scholarly discourse demonstrates a growing awareness of HRs
associated with exposure to PM and TSs in construction activities. The examination of HRs
linked to TSs in this context remains limited. Furthermore, to achieve a comprehensive HR
assessment, it is essential to integrate detailed information concerning the specific types of
activities and materials involved in construction processes.

2.2. PM and TSs Database from Previous Studies

In response to the escalating awareness of occupational health hazards in the construc-
tion industry, recent studies have delved into assessing the risks associated with PM and
TSs generated during construction activities. One such notable contribution is the work
conducted by Choi et al. [14], where a meticulous evaluation was performed using the
USEPA equation, incorporating real-time inhalation rate (IR) measurements. This research
aimed to address the gaps in existing studies by implementing a focused approach on PM
particles and conducting methodical experimental simulations. A series of methodical
experimental simulations were conducted to assess the HR linked to various construction
activities and materials. This research built upon the experimental framework outlined by
Cheriyan et al. [20], with a focused revision towards prioritizing PMyg particles. Monitoring
stations were strategically placed one meter from the PM source to facilitate construction
operations while ensuring accurate data collection. The experiments were executed within
a dust chamber measuring 4 x 4 x 2.35 m?, featuring walls and floors lined with adhesive
mats that were moistened to reduce particle deflection.

The partition wall and sensors were positioned one meter apart, with a 3 x 0.7 m?
observation window facilitating external monitoring of the experiments. Activities typical
of a construction setting, such as cutting, drilling, mixing, sanding, and plastering, were
simulated using materials like wood, hollow blocks, solid blocks, and M20 and M25 grade
substances. To account for PM particle settling time, each activity was spaced with a
24 h interval, and baseline levels were reassessed at similar intervals. If the PM levels
exceeded the reference threshold, the experiment was deferred to the next day. The PM
concentrations emitted during these activities were meticulously monitored, alongside
fluctuations in the IR of construction workers. Data were systematically collected and
stored using a computer, with results adapted and revised from Cheriyan et al. [20], as
delineated in Tables 1 and 2. These tables provide a comprehensive overview of the PM
concentrations during cutting, drilling, mixing, plastering, and sanding highlighting the
variations in PM sizes and concentrations across different materials.

Given the unavailability of real-time TS monitoring equipment, this study embraced
the gravimetric sampling methodology recommended by Khamraev et al. [21] for estimat-
ing real-time TS levels. PM collection was also executed using the MiniVol device [22]
to ascertain the composition of TSs in various activities. During the solid block cutting,
real-time (Alphasense OPC-N3) PM monitoring and gravimetric samplers were deployed
concurrently. The diverse TSs were identified by analyzing dust samples from this activity.
Since the material compositions in the assorted activities were consistent, the ratios derived
from the solid block cutting were extrapolated to other activities, a methodology also
derived from [23]. Table 3 presents the details of the TSs ratio obtained from cutting solid
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blocks, focusing on PM sizes PM, 5 and PMyy. The table displays the percentage (10~) of
various toxic substances (Al, Cu, Pb, Cr, Ni, Ba, As, Co, Cd, Zn) in relation to the respective
PM sizes.

Table 1. PM ratios for cutting and drilling from previous studies.

Materials (mg/m?)

Activity PM Size

M20 M25 Hollow Block Solid Block Wood

PM; 9.9 7.8 1.6 5.1 0.9

Cutting PM; 5 147.5 138.5 33.9 118.5 85.6
PM;yg 5428.95 4262.51 1134.13 3538.21 483.72

PM; 12.2 14.8 8.9 10.1 1.9

Drilling PM; 5 155.4 182.3 94.8 99.9 26.7
PM;yg 1525.61 1714.38 1064.1 1136.7 347.32

Table 2. PM ratios for mixing, sanding, and plastering from previous studies.

Materials (mg/m?) . Materials (mg/m?)
Activity PM Size g Activity PM Size &
M20 M25 M20 Hollow Block

PM; 239 20.3 PM; 9.3
Mixing PM, 5 508 457 Plastering PM, 5 100.0

PMyg 6908 7260.0 PMyg 778.0

PM; 2.8 2.9
Sanding PM, 5 421 50.0

PMyg 1308.5 2134.2

Table 3. Details of TSs ratios obtained for the solid block cutting from previous studies.

Solid Block
Toxic Substance/PM (%) (10—6)
Activity PM
Size Al Cu Pb Cr Ni Ba As Co cd Zn TS

PM; 5 0.0006  0.0006  0.0000 0.0000 0.0000  0.0000  0.0000 0.0000 0.0000 0.0001 0.0012

Cutting PM;g 0.0502  0.0502  0.0004 0.0001 0.0001 0.0002 0.0000 0.0001 0.0000 0.0010 0.1024

2.3. BIM Application for Health Management in Construction Project

BIM brings forth a myriad of advantages, notably in enhancing stakeholder collabora-
tion, boosting production efficiency, and elevating revenue generation [24]. An extensive
review of pertinent literature [15,24-30] underscores numerous endeavors to amalgamate
various BIM functionalities for the effective management of health and safety risks. The
salient benefits derived from integrating health and safety risk management within BIM
frameworks are concisely summarized in Table 4. Recent years have witnessed the evo-
lution of health and safety management systems grounded in BIM technology. These
systems primarily serve to streamline the identification and communication of risk factors,
significantly mitigate safety hazards for personnel, and augment overall quality, safety, and
efficiency in project time and budget management.

In a parallel vein, Riaz et al. [24] developed a prototype that marries BIM with wireless
sensor technology to prevent fatalities and serious injuries in confined spaces due to
hazardous environmental exposures. This system utilizes Revit software version 2020
for the visualization of sensor data, allowing users to pinpoint the precise locations of
sensors within a building structure. The integration of real-time sensor data with BIM
emerges as a powerful application for enhancing the health and safety management of
construction workers, demonstrating the potential of modern technology in mitigating
occupational hazards.
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Table 4. Examples of applying or developing BIM in relation to health and/or safety management.

Reference Main Outcome or Finding Functionality Construction H/S Manage
[16] Reducing personnel safety hazards Risk scenario planning Safety
[25] Synthetic Images Boost Real-world Results YOLO-v3 model Health and Safety
[26] Project challenge—3D/4D model technologies 3D visualization Safety
Facilitating early risk 1(?1ent.1flcat10n and risk 4D construction
[27] communication; . . Safety
. . - scheduling/planning
improving construction management level
Visualization of real-time air pollution BIM-based sensor network
[28] . . . . Health
concentration monitoring and prediction of it module
BIM platform for data-driven structural health o
[29] monitoring (SHM) SHM monitoring SHM
Integrating planning and design of urban space
[30] and AEC projects; facilitating land-use planning, = Urban planning and design Health and Safety

design, and management

The research by Xiong and Tang [25] addresses the pressing environmental concern of
dust emissions in construction sites. Recognizing the limitations of traditional methods,
the researchers explore the potential of machine learning, specifically leveraging synthetic
images, to improve the efficiency of monitoring processes. These images are used to train
three state-of-the-art object detection algorithms: Faster-RCNN, You Only Look Once
(YOLO), and Single Shot Detection (SSD). Notably, the models are trained exclusively
using synthetic images, showcasing the potential of virtual environments for machine
learning applications. By generating artificial data, the researchers aim to create a diverse
dataset that enables robust model training. The machine learning models are designed to
identify features associated with dust emissions. This innovative use of synthetic images
reflects an effort to enhance the models’ ability to generalize across different environmental
conditions, ultimately improving the accuracy of dust emission detection in construction
sites. However, it is important to consider potential limitations such as the realism of
synthetic data representation and the generalizability of the model to varied construction
sites scenarios.

A particularly notable contribution to HR management in the construction sector was
made by Xu et al. [26]. This study expanded the scope of air pollutant monitoring through
the integration of edge computing and a sensor network interface module with BIM. This
innovative approach significantly enhances the capability for storing and analyzing sensor
data, enabling the effective visualization of rapid changes in air pollution concentrations in
real-time, along with incorporating predictive functionalities into the system. This method-
ology represents a groundbreaking approach to air quality monitoring and emergency
management on construction sites. While Xu et al.’s research primarily emphasizes the
improvement of overall site environment emergency management, it is worth highlighting
that a more direct consideration of worker health in their study could have significantly
enhanced the well-being and safety of the workers involved.

A thorough review of literature pertaining to the application of BIM in the construction
industry underscores its increasing utilization, particularly concerning safety management
in construction projects. Notably, studies [27,28] referenced in Table 4 illustrate applications
such as health monitoring of structural integrity and noise distribution analysis through
BIM integration. Despite these advancements, a comprehensive survey of the literature,
including the seminal works listed in Table 4, indicates that the full potential of BIM in
assessing and mitigating workers’ health risks remains largely untapped. This gap in
application is attributed to the absence of a standardized database for PM and TS. The
deficiency of such a foundational dataset limits the ability to effectively leverage BIM for
evaluating occupational health risks and devising appropriate preventive strategies.
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3. Methodology

The authors meticulously orchestrated a series of systematically designed and feasible
steps to develop a predictive system for PM and TSs, and to implement corresponding
control measures through Building Information Modeling (BIM). The implemented mea-
sures, along with the information flow across each phase, are depicted in Figure 1. To
construct an HRI, we utilized previously published data on PM and TS, creating a stan-
dardized database that encapsulates the HR associated with various construction activities
and materials, in accordance with the USEPA HR model. For practical implementation, it
was imperative that this system seamlessly integrates with the BIM model of any given
construction project, highlighting HR concerns. Consequently, the authors developed a
Revit-based plugin, capable of extracting the newly formulated HRI and interfacing it with
the building plan, thereby enabling the delineation of HR values for specific construction
activities and respective control measures. The following sections provide an in-depth
description of each step in this process.

Aim ) Health risk determination system
PHASE ONE PHASE TWO PHASE THREE
Literature review HRI of PM and TS External plug-in
1 using USEPA (HRD system)
PM and TS recommended model 4
monitoring data Preparation of BIM
drawing files
CxIRXEDXEF x
4 ADDyy, = SXIRXEDX B XET 1
Health impacts of i
Steps the PM and TS HQpy = “’:‘;g“ Construction plans,
e 1L — Z N =9 | detail drawings, 3D
followed ’ drawing set.
Analyzing drawback
of the previous Activity ¢ i Material | +
exprimental data l Quantification and
1 visualization of
Standardizing the Comparing the health health risk using
PM and TS data risk of PM and TS HRD system

Outcome | ==—p Estimation of PM and TS H.R and HR F)ased control measure
suggestion in the Revit model

Figure 1. Schematic representation of the methodology used in this study.

3.1. Phase I—Standardization of PM and TS Experimental Data

This study rigorously evaluates the existing literature from reputable journals on HR
assessments related to PM and TSs, as delineated in the literature review section. This
review highlights the necessity for experimental data on PM and TSs, involving diverse
materials, to be available in a standardized format to facilitate the creation of an HRI.
Accordingly, this research develops a comprehensive database that includes variations
in both PM and TSs, referencing [14,20]. The standardized PM and TSs data were then
transformed into volumetric units (m3). Elements or activities based on volume were
adjusted to m3, while those based on area were converted to m?. For example, in drilling
activities across various materials, the dimensions of the drill hole (10 mm diameter and
25.4 mm depth) were consistent, yielding a volume of 0.00797 m? per hole. Given that
each solid block was marked for 50 holes, the standardized PM; data for drilling into
solid blocks was calculated as 0.160 mg/m?. The specific choice of drilling 50 holes in
the solid block is based on several factors, including the need for a representative sample
size, statistical significance, and practical considerations related to the construction activity
being simulated. Moreover, each drilling event contributes a specific amount of PM;, and



Buildings 2024, 14, 476

7 of 16

by aggregating data from 50 holes, we can accurately assess the average mass concentration
in the surrounding air. Using a standardized number of holes allows for a systematic
and controlled approach, ensuring that the data collected is sufficient for analysis and
generalization. This methodology was similarly employed for other activities and materials.
The results of this standardization are systematically illustrated in Tables 5-8.

Table 5. The standardized data from raw data: PM emission during cutting and drilling activities.

Materials (mg/m?)

Activity PM Size ;
M20 M25 Hollow Block Solid Block Wood
PM; 0.096 0.094 0.0147 0.027 0.015
Cutting PM; 5 1.435 1.669 0.3103 0.635 1.405
PMyj 52.90 51.46 10.41 19.43 7.930
PM; 0.161 0.186 0.163 0.160 0.134
Drilling PM; 5 2.006 2.287 1.732 1.575 1.276
PMyj 20.20 20.35 19.38 17.93 14.22
Table 6. The standardized data from raw data: PM emission during mixing, sanding, and
plastering activities.
Materials (mg/m®) ; Materials (mg/m®)
Activity PM Size g Activity PM Size g
M20 M25 M20 Hollow Block
PM; 0.950 0.856 PM; 0.114
Mixing PM; 5 20.18 19.10 Plastering PM; 5 1.121
PMyj 277.1 304.6 PMyj 11.35
PM; 0.066 0.057
Sanding PM; 5 0.998 0.987
PMyj 31.09 42.34
Table 7. The standardized data from raw data: TS ratio of PM emission during cutting and
drilling activities.
. Materials (mg/m?3)
Activity PM Size ;
M20 M25 Hollow Block Solid Block Wood
Cuttin PM; 5 4.1523 0.0028 0.0006 0.0012 0.0000
8 PMyj 0.2682 0.2789 0.0549 0.1024 0.0006
Drillin PM; 5 0.0000 0.0000 0.0000 0.0000 0.0000
J PMyj 0.0001 0.0001 0.0001 0.0001 0.0000
Table 8. The standardized data from raw data: TS ratio of PM emission during mixing, sanding, and
plastering activities.
Materials (mg/m?) ; Materials (mg/m?)
Activity PM Size g Activity PM Size g
M20 M25 M20 Hollow Block
. PM; 5 0.0000 0.0000 . PM; 5 0.0000
Mixing PM, 0.0016 0.0015 Plastering PM 0.0014
. PM; 5 0.0000 0.0000
Sanding PM;( 0.02 0.02

3.2. Phase 2—PM and TS HRI

To quantify the HR associated with the standardized PM and TSs data, the method-
ology prescribed by the USEPA was employed. The methodology followed the USEPA
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approach to transform TS concentrations and Inhalation Rates (IRs) into the Average
Daily TS Exposure Dose (ADD), as prescribed by the equation provided in the USEPA
guidelines [31].

In this equation, ‘C” denotes the concentration of pollutants, namely PM and TS
(mg/ m3), ‘IR’ represents the inhalation rate (m3/h), ‘ED’ stands for exposure duration
(years), ‘ET” refers to exposure time (hours), ‘EF’ indicates exposure frequency (days/year),
‘BW’ is body weight (kg), and “AT” signifies the average time (years). Following this, the
hazard quotient for each PM category was determined using the subsequent equation as
per guidelines in ref. [31].

Cx IR X ED x EF x ET

ADDpm = BW x AT

1)

Following the computation of ADDpyy, the hazard quotient (HQ) for each PM (HQpp1)
was established using the subsequent equation.

ADDppy

T 2)

HQpm =

The term ‘RfD’ refers to the reference dose for non-carcinogenic substances, expressed

in mg/kg x day (d~!) and represents the threshold dose at which adverse health effects

are observed, with doses below RfD typically not associated with adverse health impacts.

The RfD values employed in this study’s calculations, drawn from USEPA references, vary

for different types of construction dust: 0.4 for silica dust, 1.2 for cement dust, 1.6 for

wood dust, and 3.2 for plaster dust [32]. In a parallel methodology, a similar approach was
adopted to determine standardized TS HRI values using the aforementioned equations.

3.3. Phase 3—Health Risk Determination (HRD) BIM Plug-In System Architecture and Function

In the vanguard of innovative construction safety, this study propounds a BIM-based
system named Health Risk Determination (HRD). This system seamlessly integrates the
USEPA calculation method incorporating the authors’ suggested standardized HRI values
for PM and TSs within BIM. This heralds a transformative era in mitigating HRs for workers
involved in construction projects. This section provides a comprehensive overview of the
system architecture and functionalities of the HRD system. The process map is stated
in Figure 2.

The very essence of the HRD system lies in its meticulously designed system archi-
tecture. The choice of Visual Studio.Net as a development platform was made, which
permits programming within Revit using Revit Application Programming Interface (API).
This interface acts as the communication bridge, enabling HRD to dynamically interface
with the voluminous data and complex elements within the BIM model. HRD operates
through a self-updating graphical user interface (GUI), as a Revit plug-in. This external
application integrates into the Revit software, serving as the portal through which users
interact with the functionalities of HRD. The C# programming language was chosen as
the coding language. The coding intricacies reflect a commitment to precision, ensuring
that the HRD’s algorithms operate with a quantitative framework deeply rooted in the
methodologies advocated by the USEPA (refer to Section 3.2). HRD adeptly leverages this
framework, ensuring that calculations adhere to its standards.

Recognizing the importance of user-friendly guidance, HRD incorporates an inter-
action that ensures that stakeholders, irrespective of technical proficiency, can navigate
HRD with confidence. The plugin’s interface begins with an installation process onto
major BIM platforms (Revit) ensuring accessibility across the construction industry. Upon
launching the HRD plugin, users are guided to input relevant volume data and choose
materials of a designated element from the BIM model necessitating subsequent calculation.
Further, the system architecture plays a pivotal role in empowering the plugin to conduct
HR calculations within the model. The integration of this database allows for a detailed
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and accurate representation of HR factors associated with specific construction activity and
materials, enhancing the overall efficacy of the HRD system.

£ BIM,
E
@ .
4 Launches Revit
Self-displaying GUI will

- open, named HRD system
3 lug-in.
&J plug

o

2

©

; l
£

e}

(%]

BIM software and HRD system
i% K dth b Appli Y . HRD system demands user to Final outcome
integrated throug ication . .
= o ppv é input associated volume,
programming Interface L .
° ° activity and material.
(API).
HRD Process map {
HRD is stored with Events runs to Events runs to The HR are shown
PM and TS HRI and 3 initialization 3 coloxl' on lile in the DataGrid

I= standardized PM estimation process i view with specified =3
o Revit elements “olor

2 data colc

=

%]

[a W

o4

T HRD system will evaluate HR of

Finally, HRD system will evaluate & associated activity and material and €
control measure based on theHR display the specified color on the Revit
generated. elements.

Figure 2. Process map of the HRD system.

Following the intricate calculations within the HRD system, a series of consequential
actions are set to enhance HR management in construction projects. Within the BIM model,
HR assessments are visually conveyed through a sophisticated color-coded system. Specific
color filters and coding correspond to different risk levels, providing a visual representation
of the HR associated with each element.

The quantified HR within the BIM model is visualized using a color-coded system.
Specific color filters and coding are established to correspond with different risk levels,
allowing for the application of parameters based on the value of the risk. The color
associated with a building element reflects the calculated HR. Additionally, the HRD
system implements tailored control measures on elements, guided by the severity of the
calculated HR. Facilitating this process involves the integration of a specialized control
measure library directly into the BIM model. BIM’s inherent capability to incorporate both
the geometry and semantics of building components plays a pivotal role. Semantics in BIM
enhance the 3D building model by specifying the properties and attributes of each building
component [33]. This integration is achieved through the creation of URL-type parameters
linked with individual BIM elements, empowering the HRD system to seamlessly associate
essential HR information with each specific element.

4. HRI Analysis and Results

In quantifying the HRI for PM and TSs, the authors meticulously applied the USEPA
methodology as detailed in Section 3.2. This analytical approach allows us to discern
the HR associated with PM and TS exposure. The corresponding findings are elucidated
in Tables 9 and 10 for PM and TSs, respectively. The risk level assessment adhered to
USEPA guidelines: HR values below 107 are considered acceptable and safe, values
between 10~* and 10~ suggest a potential HR, and values above 10~* indicate a severe
HR [32]. The highest HR during drilling was recorded in PM; for the M25 cement block
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(1.4 x 107® mg/m3), followed by the M20 cement block (1.1 x 10~ mg/m?) and solid
block (1.3 x 107® mg/ m3). The lowest HR in PM;( was observed while drilling wood
(7.6 x 10712 mg/m?). However, the TS HRI exhibited a different pattern, with all ac-
tivities showing medium risk levels, ranging from 9.6 x 107> mg/m3 in M20 PMyg to
8.3 x 107° mg/m3 in hollow block PM; 5.

Table 9. Details of PM HRI. ( Low-HR, Medium-HR).

PM HRI (mg/m?)
Activity Material PM Size HR Activity Material PM Size HR
PM; PM;
Concrete block M20 PM; 5 Concrete block M20 PM, 5
PMyp PMyg
PM; PM;
Concrete block M25 PMy5 Concrete block M25 PM;5
PM;yg PMjo
. PM; . PM;
Cutting Hollow block PM, s Drilling Hollow block PMz5
PMj PMyp
PM P
Solid ! Solid M
block PM; 5 block PMz5
oc PMo oc PMio
PM; PM;
Wood PM2‘5 Wood PM2.5
PM;yg PMyo
PM; PM;
Concrete block M20 PM; 5 Concrete block M20 PM;5
Mixing PMy Sanding PMyo
PM; PM;
Concrete block M25 PMy5 Concrete block M25 PM;5
PM;yq PMjo
PM;
Plastering Hollow block PM;5
PMy
Table 10. Details of TS HRI. ( Medium-HR, High-HR).
TS HRI (mg/m?)
Activity Material PM Size HR Activity Material PM Size HR
Concrete block PM; 5 Concrete block PMy5
M20 PMy M20 PMyy
Concrete block PM; 5 Concrete block PM; 5
M25 PMyg 1.7 x 1073 M25 PMyo
Cutting Hollow PM;5 Drilling Hollow PMy 5
blOCk PM]O blOCk PM10
Solid PM; 5 Solid PMy5
block PMm block PM10
PMy5 PMy5
Wood PMy, Wood PMy,
Concrete block PMy5 Concrete block PMy5
Mixing M20 PMyp Sanding M20 PMyp
Concrete block PMy 5 N Concrete block PMy5
M25 PMyq 1.0 x 107~ M25 PMjo
. Hollow PMy5
Plastering Block PMy,

Similarly, during cutting activities, PM HR levels mirrored those in drilling, with the
highest and lowest HRs observed in PMjy at 6.7 x 107> mg/m?® and PM; at
0.9 x 1071 mg/m?3, respectively, when cutting wood and hollow block. The highest
TS HR was seen in M20 PMyg at 1.5 x 1073 mg/m3, and the lowest in wood PMyj at
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5.4 x 107 mg/m?3. Sanding M20 and M25 cement blocks in PM1q showed the highest HRs
at 1.6 x 107® mg/m3 and 2.2 x 10~° mg/m3, respectively, while the lowest in PM; was for
M20 at 3.1 x 10~ mg/m?3.

The TS HR for sanding activities indicated a medium-risk level across all activities,
ranging from 1.4 x 10~% mg/m? to 3.5 x 107® mg/m?>. Mixing activities yielded HR values
of 1.6 x 107> mg/m3 and 4.5 x 10~8 mg/m3. The highest TS HR in PM;( for M20 cement
block was 1.0 x 1072 mg/m?, and the lowest in PMy 5 for M20 was 7.1 x 107> mg/m?.
Plastering activities indicated low PM HR levels, ranging from 1.1 x 10~7 mg/m? to
1.0 x 108 mg/ m3. The overall HR for the cutting of an M25 cement block in PM;( was
the highest at 4.1 x 103 mg/ m?, whereas the lowest in PM, 5 for drilling a hollow block
was 8.3 x 107 mg/m3. Consistent results were observed for the TS HR in cutting wood
in PM,5 (4.5 x 107° mg/ m3) and PMyg (5.4 x 1076 mg/ m3), showing a minor difference
from drilling wood in PM, 5 (4.5 X 10-° mg/m3) and PM;o (5.4 x 107> mg/m3). The most
significant difference was noted in mixing M25 for PM;g and sanding M25 cement block
for PMyy. The findings indicate that TS HR is higher than PM in all activities and materials,
with PM values being 65 times lower than TS. While HR assessments have traditionally
emphasized PM, the HRI demonstrates that control measures should also consider TS.

The highest PM HR recorded across all activities was during the cutting of the M20
cement block for PMyg, registering at 2.4 x 10-° mg/ mS. Conversely, the lowest PM
HR was observed during the cutting of hollow blocks (0.9 x 1071 mg/m?), which was
3.6 times lower than the highest PM risk level. PM risk levels for PMg, PM; 5, and PM;
during hollow block drilling were found to be 5% lower compared to those during solid
block drilling. The risk level values for PM;g, PM; 5, and PM; in the drilling of M20 and
M25 cement blocks were 9.1 x 10~ mg/m3, 1.1 x 1077 mg/m3, 1.1 x10°° mg/m3, and
1.6 x 107" mg/m?3, 1.6 x 1077 mg/m3, 1.4 x 10-® mg/m3, respectively, showing a variance
of 6.8%. Despite the relatively small 5% difference in PM concentrations between hollow
block and solid block drilling, cutting the same materials displayed significant variations
in PM concentrations.

PM HR values for cutting solid blocks were 10% higher than those for cutting hollow
blocks. A similar trend was observed in PM risk values from cutting M20 and M25 cement
blocks, mirroring the drilling activity patterns. Notably, PM risk levels during the sanding
of M25 cement blocks were 9% higher than those for M20 cement blocks. These findings
underscore that the HR associated with PM and TSs varies depending on the materials
used in construction activities. The results indicate that higher-density materials, such as
the M25 cement block, exhibit a higher HR, whereas lower-density materials like wood
present a lower HR.

5. Illustrative Case Example
5.1. Project Information

This illustrative case study is designed to validate the applicability of the HRD system.
The study integrates the HRI determination process into the realm of BIM. This integration
is expertly facilitated by the advanced functionalities encapsulated within the HRD plugin.
The library building renovation project was chosen for this case study, due to the intrinsic
challenges associated with renovation works that involve diverse materials and activities.
Moreover, renovation projects inherently introduce a multitude of indoor air pollutants into
the environment, including PM, heavy metals, fibrous materials, various gaseous emissions,
and a spectrum of organic compounds [3].

This case study focuses on the renovation of a 300,000-square-foot library spanning
five floors. The project, unfolding over one week, includes diverse tasks such as selective
demolition, plumbing, masonry work, and electrical installations across the second to
fourth floors. The principal activities of the renovation involve comprehensive structural
modifications and upgrades, including the dismantling and reinstallation of windows,
doors, and tiling, the revamping of bathroom fixtures like sinks and toilets, and the artistic
enhancement of the interior through painting and wall treatments. These broad renovation
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activities are further subdivided into tasks such as cutting, sanding, mixing, drilling, and
plastering. Various materials like concrete (M20 and M25 grades), building blocks, and
wood are employed. This setting provides a detailed context for evaluating the HRD
system’s application in a complex remodeling scenario.

5.2. Application of the HRD System

The HRD system’s workflow is visually outlined in Figure 3, providing a clear
overview of the system. To initiate the process, the construction supervisor relies on
a combination of resources, including the detailed remodeling work schedule and 2D or
3D BIM drawings. In the practical application of the HRD system, the site supervisor also
begins the process by depending on the aforementioned resources. These resources offer
crucial insights into upcoming activities, allowing the supervisor to identify specific areas
of focus and understand the materials and volume involved (Figure 3a). Furthermore,
the supervisor utilizes a specially designed external plugin called the HRD within Revit,
developed as a part of this research endeavor. The HR assessment of each daily activity and
sub-task can be calculated with the available schedule, materials, and volume (Figure 3b).

The supervisor gains the ability to evaluate the HR values associated with the day’s
construction activities and materials (Figure 3d) by leveraging the plugin’s functionalities
(Figure 3c). Armed with this valuable information, the supervisor can make informed
decisions and implement control measures as needed to ensure the safety and well-being
of the workers (Figure 3e).

The HRD system’s implementation in construction activities is meticulously detailed
in Figure 3, showcasing its integral role in task management. To precisely calculate the HR
for specific construction activities, the process begins with a comprehensive analysis of
work orders, breaking down each activity into its tasks. For example, the door removal
activity is methodically segmented into distinct phases: firstly, drilling out the hinges,
followed by chipping out the frame, then removing the lintel, and finally, cleaning the
surface. In the task of door removal, the procedure diverges slightly, adhering closely to
the detailed drawing of the door as illustrated in Figure 3b.

The HR calculation, as delineated in the methodology section, is a critical component
of this system. Emphasizing accuracy and detail, Table 8 in the report presents the outcomes
derived from the HRD system. The system’s plugin, a pivotal element in this framework,
archives the HRI and control measures data, corresponding to varying HR levels. Conse-
quently, the BIM model highlights these elements, showcasing the estimated HR levels in a
visually intuitive manner. For example, the HR for the initial task of drilling out the hinges
is categorized as low (referenced in Table 11), prompting the HRD system to color-code
the hinges in blue and recommend the usage of personal protective equipment (PPE) as
a preventive measure. This color-coding and recommendation process is an innovative
approach to ensuring safety and efficiency in construction activities.

Table 11. Removing of door activity results estimated by the HRD system ( work progress).

Activity Activity Start Due Duration Week 1
ID Title Date Date (Days) M T w Th F
Remove windows and doors
1 (2nd, 3rd, and 4th floor) 3 October 2021 3 November 2021 2
1.1 Room1 3 October 2021 3 November 2021 2
PM; PM5 PMy TS;.5 TS1o
Task 1.1.1 Drilling out the hinges 3.1 x 10712 37 x 1071 3.7 x 10710 1.4 x 1077 5.6 x 1078
1.1.2 Chipping out the frames 46 x 1071 82 x 10710 25x10°8 40 x 1078 14 x10°°
1.1.3 Removing of lintel 3.1 x 1071 55 x 10710 1.6 x 1078 2.7 x 1078 9.7 x 1077
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TASK | TASK START | DUE | DURATION
D TITLE DATE | DATE | INDAYS M T W R F
Remove windows and doors (284,
1 SR 031021 | 0311721 2 | l I 1 2
1
11 Room! 03/1021 | 031121 2 | le —_
12 Room2 03/1021 | 03111221 2 I
13 Washroom 03/1121 | 0311221 1 I
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d. Health risk of construction
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Figure 3. Flow chart of HRD system from a user’s perspective.

5.3. Case Study Results and Discussion

The case study, set in the context of a library building earmarked for remodeling, serves
as a hypothetical yet insightful exploration into the capabilities of the HRD system. Within
this framework, the daily PM and TS HR levels, emanating from diverse construction
activities, were meticulously calculated using the HRP system. Medium HR levels warrant
the installation of dust barriers [34] whereas low HR levels are deemed safe without
additional control measures. Notably, the results from the door activity estimation indicate
the necessity for dust barriers during the door removal process.

Contrasting with the conventional HR estimation process, which requires manual input
of multiple variables (PM, IR, ED, ET, EE, BW, AT) derived from construction activities and
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workers’ data, the HRD system introduces a paradigm shift. The conventional approach,
often laborious and time-consuming, applies continuous control measures indiscriminately
across the construction site. In stark contrast, the semi-automated HRD system leverages
2D or 3D Revit construction drawings and the specialized HRD plugin to quantify HR
more efficiently. Consequently, site supervisors can rapidly implement control measures
that are finely tuned to address high-risk activities, as evidenced by the case study results.
This targeted approach not only quantifies HRs at the level of individual activities but also
empowers supervisors to promptly adopt control measures for high-risk scenarios.

This study casts a new light on the assessment of HRs at the activity and material
level in the construction industry. By visualizing the HR associated with daily construction
activities, health managers can proactively implement adequate control measures onsite.
This innovative system not only aids in current health risk management but also provides a
valuable tool for future researchers to predict and mitigate occupational health impairments
in the construction industry.

As such, the HRD system was built based on the concept that was first attempted,
but it is necessary to continue to build PM and TS data based on various types of work,
materials, and construction methods, and additional research efforts are needed to allow
the BIM-based HRD system to settle in the work process.

6. Conclusions

This study underscores the pressing issue of health impairments among construction
workers, primarily stemming from exposure to PM and TS particles. The systematic
methodology introduced a quantitative approach to assess the HR associated with activities
with high PM emissions. Drawing upon PM and TS simulation data from previously
published articles, the authors meticulously prepared a standardized HRI by transforming
them into a standardized format, thus enhancing its applicability and scalability for use in
various construction projects.

In contrast to prior investigations, notably the study conducted by Choi et al. [14],
which utilized raw data rendering it unsuitability for standardized calculations, the present
research represents a notable advancement. While the prior study offered valuable insights
using raw data, our current research takes a substantial leap forward by addressing this
limitation. We introduce a systematic methodology that standardizes raw PM and TS data
to create an HRI, thereby enhancing its applicability and scalability. Furthermore, we have
developed a specialized HRD system plugin for Revit, which allows the integration of
HRI data with BIM, facilitating the quantification of HR at the activity level within the
BIM environment.

The illustrative case study within this article clearly demonstrates the efficacy of
the BIM-integrated HRD system in estimating HR from specific construction activities.
Construction managers can now review HR metrics within Revit alongside ongoing work
processes and implement the recommended control measures. This capability not only
aids in visualizing but also in mitigating the health impacts to construction workers on
construction sites. By enabling the estimation of HR at the activity level, the system
empowers health and safety teams to preemptively prepare and implement appropriate
control measures.

The findings of this study illuminate the pathway for activity and material-level HR
assessment within the construction industry. Experts in the academia—-industry field of
construction should pay attention to the significant contributions this study has made,
which are unprecedented from the perspective of the construction industry. Firstly, the
quantification of the health risk of PM and TSs and their integration into work processes,
and secondly, the expansion of BIM's adaptability into the field of health and safety
management, demonstrating its potential applicability across various construction trades.
However, it is important to note that the current system relies on a standard database,
which, while comprehensive, is limited to certain construction materials and work practices.
Therefore, there is a crucial need to expand this database progressively, incorporating
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a wider array of activities, materials, and equipment to enhance its applicability and
effectiveness across diverse construction scenarios.
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