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1. Introduction

In 2022, the construction industry accounts for 40% of the world's energy consumption
and 39% of the world's CO, emissions, reaching a record high (Gonzalez-Torres et al, 2022).
To achieve zero emissions, efficiency and resiliency in the global construction industry
(Chastas et al., 2018; Xu et al., 2023), the prefabricated concrete components (PCs) are being
promoted in infrastructure and building construction worldwide. Compared to the
conventional cast-in-place construction technique, the PC technique exhibits numerous
prospective advantages during production, construction, and installation processes, such as
improving efficiency, lowering environmental pollution, and reducing labor requirements
and so forth (Katebi ef al., 2022; Suarez et al., 2023; Yu et al., 2021)

The PC technique is a series of construction processes in which the designed PCs and
modules are manufactured in a factory, transported to the construction site, and assembled
on-site to create the final product (Liu ef al., 2023). PCs are primarily manufactured in fully
or semi-enclosed industrial factories based on the specified dimensions. Current studies
focus primarily on increasing production efficiency by optimizing the production line or
enhancing product quality. For example, Chang et al. (2021) proposed a discrete differential
equilibrium (DDE) algorithm to find optimal solutions such as process time; Qi and Costin
(2023) proposed the Designed for Manufacturing and Assembly (DfMA) framework,
reducing errors and changes that occur after the design of prefabricated components is
finalized, ultimately increasing overall productivity. Minunno et al. (2018) optimized
materials, waste, and reuse components for assembled buildings from a cost perspective.
Some scholars have also studied from an environmental energy perspective, and Hong et al.
(2016) used linear regression analysis to show that the average increment of energy use is
almost linearly related to the prefabrication rate. However, scholars have frequently
neglected the workers in PC factory. In addition to engaging in strenuous physical labor,
workers in PC factories are subjected to specific environments for extended periods of time.
During the PC production, workers are perpetually exposed to dust, noise and VOCs, which
not only negatively affect the external environment such as the soil, atmosphere, and water,
but also pose a threat to the occupational health of workers.

According to relevant literature on the hazardous substances emissions from the
construction industry, dust is the primary concern and included in the risk assessment.
Inhaling dust may cause sclerosis of the respiratory organs, excessive hemorrhage,
cardiovascular disease, cerebrovascular disease, silicosis, and even malignancy. Dust was
also chosen as a signature contaminant in the occupational health risk assessment.

Several workplace risk assessment techniques, such as the Occupational Exposure
Limit Assessment and the Supplementary Guidance for Inhalation Risk Assessment are
utilized. The aforementioned traditional deterministic risk assessment considers exposure to
dust and other hazards as a dynamic and stochastic risk, which fails to characterize the degree
of variability. Contrarily, probabilistic approaches for risk assessment provide more
information than deterministic ones in certain risk exposure situations, such as assessing the
probability and risk of occupational health resulting from environmental pollution during PC
production.

Based on the life cycle assessment, this paper combines the risk assessment process
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with the Monte-Carlo method to assess the uncertainty risk and quantitative damage to
workers caused by dust emissions during PC production. Through the sensitivity analysis,
the production areas that have a significant impact on health risks were identified. In this
way, the Damage Assessment and Cyclic Mitigation (DACM) model was constructed. In
this paper, a typical case will be used to validate the DACM model and the corresponding
decision optimization ideas are proposed to provide a basis for occupational health
management.

2. Literature review

2.1 Dust damage

Meng et al. (2016) conducted a study on dust exposure and its health effects in China,
using time-series studies or cohort studies to understand the mortality rate due to dust and to
recognize the effects of dust exposure on the human body. During the PC construction
process, various dust types are generated, primarily originating from operations and
compacting of concrete materials. The most common type is silica dust. When cutting,
grinding, or polishing concrete, silica particles are released into tiny dust, posing potential
risks to the respiratory tract and lung health (Cheriyan & Choi, 2020; Chao ef al., 2023).
Normohammadi et al. (2016) used cumulative exposure limits to quantify occupational
health risks for demolition workers exposed to silica dust and concluded that this group of
workers has a higher risk of lung cancer. Cement, used in concrete production, can generate
cement dust during grinding and mixing processes. Aggregates (such as sand, crushed stone,
etc.) can produce dust during cutting and compacting operations. Metal dust is often found
in iron filings produced during the reinforcement cutting (Zhou et al., 2023). The dust
disperses in the air, significantly impacting the respiratory health exposed to such an
environment over extended periods. Prolonged dust inhalation can lead to respiratory system
diseases including asthma, emphysema, pulmonary fibrosis, and chronic obstructive
pulmonary disease (COPD) (Dement et al., 2021; Vested et al., 2021). Inhaling dust
increases the cardiovascular diseases risk (Lelieveld et al., 2020). Inhaling metallic dust can
cause rare conditions like pulmonary alveolar proteinosis (PAP) (Trapnell ez al., 2019). Even
prolonged exposure to dust pollution can lead to reduced life expectancy and premature
death (Cheriyan & Choi, 2020).

2.2 Occupational health risk assessment

Occupational health risk assessment is the process of identifying and analyzing
occupational hazards in the workplace in a comprehensive and systematic manner,
predicting occupational health risks, quantifying the level of occupational health risks, and
thus taking corresponding control measures (Maragkidou et al., 2017).

There are a number of traditional risk assessment methods currently used in the
workplace, and their core principles are largely similar, mostly based on hazard level,
exposure level and probability. For example, Occupational Exposure Limits Evaluation
Methodology, Supplementary Guidance on Inhalation Risk Assessment, International
Council on Mining and Metals Occupational Health Risk Assessment Guidance and so on.

Sajedian et al. (2023) used the National Institute for Occupational Safety and Health
(NIOSH 1601) to quantify the risk assessment of acrylic vapors and revealed that propylene
glycol is much more carcinogenic than the limits. Early models based on regression analysis
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are recommended by Rice et al. (2001) and Mannetje et al. (2002) for assessing the risk of
death from lung cancer and silicosis; Cao (2023) used the occupational exposure limit (OEL)
as an indicator to assess the current health damage to occupational workers from benzene
exposure; Ilbahar et al. (2018) presented the Pythagorean Fuzzy Proportional Risk
Assessment (PFPRA) and assessed the risk based on this method during excavation in
construction sites. There is uncertainty in the dust exposure due to mobile working
conditions. Using the traditional deterministic risk assessment approach, the exposure to dust
and other hazards as a dynamic and stochastic risk study target is relatively conservative,
and we cannot describe the degree of variability. These studies suggest that construction
workers as a whole have higher health risks due to dust exposure. However, these studies
fail to compare health risks between different types of activities in construction. (Wang et
al., 2022)

In contrast, probabilistic analysis methods can provide more information than
deterministic health risk assessment methods. Guo et al. (2022) proposed a dynamic health
risk assessment framework (DHRA) to comprehensively assess and reduce the harm caused
by dust generated during the renovation construction of polluted industrial buildings; Chen
et al. (2019) established a health risk assessment system based on field measurements to
reveal the dust risk characteristics of tunnel construction; Zhang et al. (2022) studied the
effects of wind speed and water content on dust inhibition rate, drift distance and inhibition
rate to provide valuable references for health risk assessment.

2.3 Dust protection measures

Research on mitigating the hazards posed by dust exposure can be categorized into four
main approaches: controlling dust emission sources, minimizing dispersion, reducing
worker exposure, and enhancing regulatory oversight and assessment. Nij et al. (2003)
indicated that a combination of LEV and water dust suppression can reduce dust emissions
by up to 80% when working on limestone sandstone. Fan et al. (2012) used the NIOSH
0600/7500 method to monitor concrete drilling activity on concrete blocks and measured
dust exposure generated and emitted with and without controls, ultimately finding that the
DustBubbles method reduced respirable dust exposure by 63%. Zhang et al. (2022) suggest
that during the engineering design phase, production processes optimization and workshop
layouts, measures like enclosed transportation, isolated operations, and centralized dust
collection can effectively reduce dust pollution. Cheriyan & Choi (2020) recommend
selecting low-dust emission production equipment, reducing dust generation at the source,
and conducting regular maintenance. Mwaiselage et al. (2004) propose the standardized
operating procedures based on job characteristics, such as packaging requirements for
cement or pouring concrete sequences, to minimize dust generation. Hong et al. (2019)
proposed a conceptual framework for real-time monitoring of emissions, including dust
emissions from construction works, which can help to reduce exposure using effective
control measures based on different dust exposure profiles from different activities. Ervik et
al. (2022) emphasize designing appropriate layouts and ventilation systems for production
areas, increasing ventilation frequency, using new fans to enhance air exchange efficiency,
and preventing dust accumulation. Li et al. (2019) generated a dataset including most of the
dust-generating construction activities (i.e., cement mixing, drilling, excavating, sanding,
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cutting, etc.) performed at construction sites for analysis. The results of the study indicated
that existing control measures are not sufficient to reduce PM exposure to healthy levels.

2.4 Summary

Based on the literature review, occupational workers exposed to dust for long periods
of time are at increased risk of asthma, pneumoconiosis, chronic obstructive pulmonary
disease, and cancer, and that the factors influencing the manifestation of disease symptoms
in workers are related to the source of dust, the intensity and duration of exposure, and the
workers own physical status, and that these influencing factors need to be prioritized for
management.

In terms of exposure risk assessment methods, traditional deterministic assessment
methods are not applicable due to the unclear characteristics of dust dispersion and the wide
range of workers' activities in the PC production process. Most of the existing probabilistic
risk analyses target traditional construction sites and take different construction sites as
examples for health risk evaluation. But because traditional project construction usually lasts
two to three years. It is not complete there is dust exposure and possible to re-test the effects
of the proposed measures and subsequent mitigation. In contrast, PC production workers
work in a fixed plant since the beginning. Workers are responsible for a particular job on the
production line, there is little mobility of work types, exposure frequency and specific
contaminants are more fixed, and the project content may change but the work remains the
same always in contact with concrete dust. It is emphasized in risk management that risk
assessment and treatment should be dynamic and continuously repeated activities to deal
with changes in the project environment and the risks themselves. Therefore, it is necessary
to construct an occupational health risk model that can be adapted to phase workers in fixed
exposure environments, and that is capable of periodic phase health risk assessment and
adjustment of health risks.

3. Methods

This study refers to the risk assessment guidelines of the United States Environmental
Protection Agency (USEPA), transforming raw data into risk quantification to describe
probability, and ultimately dividing the assessment into three processes: hazard
identification, dose response assessment, and exposure risk assessment.

3.1 Hazard identification

The study links hazard identification with exposure science, limiting the scope of
identification to the continuous exposure of affected populations (occupational workers) to
hazardous substances during the production of PCs (Ervik et al., 2022). The PC production
line consists of ten major processes. Since concrete and steel bars are the raw materials of
PCs, dust matters are produced during the manufacturing process, including silicon dust,
cement dust, saw dust, and steel scrap. According to the exposure source, the aforementioned
production process is divided into seven work areas. Inhalation, ingestion and dermal contact
are three major routes of exposure to hazardous substances in the exposed environment.
Inhalation is considered to be the primary route of exposure to dust. The specifics of the
division and respiratory pathway are illustrated in Figure 1.

3.2 Dose-response assessment
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The potential exposure doses for inhalation can be quantified by multiplying the agent
concentration by the exposure duration (Anttila et al., 2022). Since PC production dust is
non-carcinogenic, the average daily dose (ADD) is used as an evaluation index (Equation 1)
(Shao et al., 2018).

ADD:CxIRxEDxEFxET 0
BW x AT
where ADD denotes the average daily exposure dose (mg/(kg-d)) for PC production

workers, C is the concentration of dust in each work area (mg/m?), IR is the inhalation rate
for adults (m?3/h), ED is the exposure duration (a), EF is the exposure frequency (d/a), ET is
the exposure time (h/d), BW is the body weight (kg), and AT is average exposure time (d).

IR parameters vary among workers with various positions and varying levels of labor
intensity. To deal with the unpredictability, Monte-Carlo simulation of risk probability is
implemented which is essentially repeated sampling from the probability distributions of
multiple input variables to generate a distribution of output variables. It has been
demonstrated that predictions can remain relatively stable after approximately 4,000
simulations, whereas more accurate after over 10,000 simulations and can be constructed
with mean standard errors and appropriate confidence intervals (Aghvami et al., 2023).
3.3 Exposure risk assessment

Typically, equation 2 is used to assess the risk to occupational health, where R
represents the health risk posed by dust, RfD denotes the reference dose of dust. Note that
the RfD of PC dust has not been determined; rather, R can be calculated indirectly by a
relevant substance of Dibutyl Phthalate, whose RfD is known (Wang et al., 2022). The RfD
for PC dust is ultimately determined to be 0.4 mg/(kg-d) (Tong et al., 2018).

_ADD
RfD
The disability-adjusted life year (DALY) is the primary instrument for quantifying the

R 2

burden of disease and injury on humans, which can be estimated according to different
perspective, including, incidence (I-DALY), pure prevalence (PP-DALY), or a hybrid
perspective (H-DALY) (Schroeder, 2012).

[-DALY begins with the incidence rate, determines the prevalence of this type of event
during the target time period, and then adds the DALY in these time periods.
Pneumoconiosis, chronic obstructive pulmonary disease (COPD), cerebrovascular disease
(CVD), vascular heart disease, acute respiratory infection, and death are currently among the
health hazards posed by construction dust (Go et al., 2020; Vested et al., 2021; Onder et al.,
2021). The aforementioned hazards can be quantified using I-DALY, as shown in Equation

3).
[-DALY =nx Y RxQxW,xL,xP (3
where Q; represents the risk factor of disease i, W; represents the effects the effect factor
of disease 1, L; denotes the damage factor of disease i, P represents the number of persons

affected by the damage, and n represents exposure days, which is equal to the construction
period.

http://mc.manuscriptcentral.com/ecaam

Page 6 of 50



Page 7 of 50

oNOYTULT D WN =

Engineering, Construction and Architectural Management

3.4 Damage Assessment and Cyclic Mitigation Model

Based on the above three risk management processes, the DACM model was developed,
as depicted in Figure 2. The DACM model is based on risk management theory and targets
occupational workers of PC factories in different areas, utilizing the cycle as a vertical
progression to determine risk. In the risk identification phase, the exposure source and the
exposure type are defined, and in this study at the PC plant the main study exposure
substance was dust. The exposure source is production equipment and materials in the work
areas, and the exposure type is primarily by the inhalation route. The exposure target group
was occupational workers and the parameters were mainly exposure parameters. After field
measurements to sample the data, the uncertain data results were subjected to Monte-Carlo
simulation, and the measured dust was converted into human inhalation concentrations using
dose-response assessment. In the exposure risk assessment stage, the results of the inhalation
concentration are used to evaluate the occupational health exposure risk, calculate the
occupational health risk, and derive a comparable risk index and the corresponding I-DALY
value. Finally, a sensitivity analysis is performed to identify key impact parameters or factors.
A loop is added at the decision optimization service to combine field research, simulation
modeling, and measure analysis. Field research (FR) is the physical entity, simulation (SL)
is the virtual entity, and measures (M) is the service. Through field research to increase the
number of cases, and simulation-derived statistics to adjust each other for the existence of
risk areas for the key impact parameters development to adjust the measures, put forward a
targeted strategy to summarize, the formation of a recyclable case base (CB). After such
dynamic measures are adjusted to enter the second cycle, the model is regularly implemented
to continue the cycle of periodic phase in-depth occupational health risks management,
which will be discussed in more depth in the discussion section.

4. Case study
4.1 Dust sampling and preparation

The case study is a PC factory in Nanjing, China, which has an excellent management
system, production compliance and is in the state of order production. The specific sampling
preparation process is described below:

Sampling preparation. The factory is semi-open, east-west ventilated, and adopts the
typical and high efficiency assembly line mode of “double-in, double-out”. From supporting
to dismantling the whole process, the PC production is always in the same construction line
in accordance with the U-shaped layout, the reason is that in the lower part of the motorized
transporter on the mold tables for the transport needs to be kept in the same transport line.
This study is based on field records and information provided by factory managers about the
work of laborers (including the number, mode of operation, work routes and duration,
frequency, etc.). The PC production process is relatively independent and is ultimately
standardized by production equipment and work patterns, which group production
equipment and workers for the same work purpose into a single work area. There is no dust
removal system in the production facility, most of the production workers are not wearing
masks, and the workers in each work area work basically the same number of hours and are
all potentially exposed to dust. The outdoor work area is divided into a separate work area
for comparison with the indoor area. The specific structure and process shown in Figure 3
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model diagram.

Sampling strategy. The measuring instrument is a portable continuous sampling
instrument, which is based on the principle of applying the filter membrane weighing method
to capture pollutant dust in the ambient atmosphere and display the measurement results
digitally. The sampling method refers to the Specification for Air Sampling for Hazardous
Substances Monitoring in the Workplaces (GBZ 159-2004) for evaluative short-time fixed-
point sampling. According to the regulations, when there are more than two different types
of production equipment in a work area, escaping the same hazardous substance, the
sampling point shall be set at the work point near the equipment with the larger concentration
of the escaped hazardous substance. There are approximately four pieces of production
equipment in each work area in the field, so three to four locations in the work area where
workers are more active are selected as sampling points. Multiple consecutive samples are
taken throughout the day based on exposure periods, with multiple samples taken within a
day, but the sum of the sampling time equals the number of hours worked by the operator in
a day.

In order to ensure that the sample results of the same work area in the same time period
can be cross-referenced, so the same work area randomly selected two sampling points at
the same time to measure, set up a tripod to ensure that the instrument air inlet and the
worker's work respiratory belt at the same height. Two work areas for a group, a single
sampling time of 15 minutes for a group of four consecutive measurements. And then replace
the other group for sampling, repeat the operation after a round, replace the sampling point
to measure again, measured until the workers leave the work area on a working day, three
consecutive days of measurement. One of the outdoor deployment of transportation work
area because it is in the outdoor and indoor comparison for all-day measurement. In this
study, Crystal-Ball software was used to fit the distributions of the parameters and the above
measurements in the Methods section. In order to validate the distribution of the observed
data, this study use the K-S (Kolmogorov-Smirnov) test, which is based on the difference
between the observed values and the cumulative distribution function to assess whether the
observed data come from the hypothesized distribution.

Parameter selection. The parameters associated with DALY related parameters can be
allocated proportionally, where L, is the standard average remaining life expectancy of
workers; since pneumoconiosis is generally difficult to be cured, its duration is Ly; the per
capita life expectancy of Chinese residents is 78.2 years (NBSPRC, 2021). The ADD and
DALY -related parameters are summarized in Table 1 and Table 2.

Combined with dust sampling and according to China's "Occupational Exposure Limits
for Hazardous Factors in Industrial Premises" (GBZ 2-2007) dust (concentration/limit
value) are defined as follows, 0.2-0.5 mg/m? is satisfactory, 0.5-1.0 mg/m? is fair, 1.0-1.5
mg/m? is poor, mold support and mold removal area is evaluated as fair, all other parts
exceed the 1.0 mg/m? limit, and components pre-embedding and reinforcement tying,
concrete pouring and concrete vibration, reinforcement cutting and welding and concrete
production are evaluated as poor. However, the dust limits only indicate that the dust samples
measured exceeded the standard, but it is not possible to determine the occupational health
risk due to dust acting on the human body through the inhalation route, and therefore needs
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to be further explored using the DACM model.
4.2 Case results of applying the DACM model

The fitting distribution results of dust concentration and some statistical values are
shown in Table 3. Among them, the results for mold support and mold removal, components
pre-embedding and reinforcement tying, concrete pouring and concrete vibration,
reinforcement cutting and welding, as well as concrete production conform to the log-normal
distribution. The normal distribution is suitable for component maintenance and outdoor
deployment and transportation. The p-values for these fitting results have all passed the
Kolmogorov-Smirnov test.

Analyzing the overall state of the distributions, it's observed that the work areas kurtosis
involved in mold support and mold removal, components pre-embedding and reinforcement
tying, reinforcement cutting and welding, and concrete production are all greater than 3.00.
The peaks of these distributions are sharper compared to a normal distribution, indicating a
higher concentration of data points near the peaks and fewer data points in the distribution
tail. In this scenario, the distribution tails might be relatively light, implying a lower
probability far from the mean. The data skewness for concrete pouring and concrete
vibration, as well as reinforcement cutting and welding, is close to zero, indicating a
relatively symmetric distribution on both sides.

The skewness for mold support and mold removal, and components pre-embedding and
reinforcement tying are both positive and relatively small, suggesting a balanced distribution
on both sides of the mean. The tail shape of these distributions might approximate the tail of
a normal distribution without excessive extension. Despite some degree of skewness, the
overall data distribution remains relatively stable in the central region, and significant
outliers or extreme values are less likely to exist. It's worth noting that the positive and
relatively large skewness of the concrete production area indicates a slight rightward skew
of the data distribution. The tail on the right side of the mean is relatively longer, while the
left tail is shorter. This might suggest the presence of some outliers slightly above the data
average. Therefore, when calculating values for the concrete production area, special
attention will be given to outliers, and they will be assigned to the nearest interval for binning.
Nevertheless, the data is stably distributed in the central region. The small variability
indicated by the dispersion of variance suggests that the log-normal distribution data has
little variation, with most data centered around the mean.

Therefore, we believe that the average dust concentration in the PC production can be
used to calculate the risk value. This can be compared with the risk value calculated using
subsequent uncertainty parameters.

Risk thresholds were calculated for dust concentrations in this study defining a risk of
106 or less as an acceptable and negligible risk: a value of 10 or greater as a substantial
risk; and a value of 10°~10* as a potential risk (Liao and Chiang, 2006). Table 4 shows the
results of the health risk assessment and potential health harm caused by dust in each work
area during the PC manufacturing phase. From the perspective of the average value concrete
T and VII areas exceeded the risk thresholds, while II and VI areas had the possibility of
exceeding the risk thresholds in the percentile points, and other work areas did not reach the
thresholds in terms of the risk values. For better validation of the model results, certainty
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risk value was calculated based on the mean value of dust concentration and the possible
values of the parameters. The health risk assessment results are shown in Figure 4. We can
show that the boxed portions of the IIT and VII areas exceed the risk thresholds, the intervals
in the VII area span a wide range but the vast majority of the intervals exceed the risk
thresholds, and the III area of the distribution is denser but also exceeds the risk value
intervals, suggesting that there is a very high probability of risk exposure in these two areas.
While the II and VI areas with the upper whiskers have exceeded the risk thresholds,
compared to certainty risk values calculated from the average value of the dust concentration,
finding the risk values different from the average results. The risk values of the other work
areas do not reach the thresholds.

Sensitivity analysis depicted in Figure 5 shows that AT, EF, and ED have a greater
impact on dust health risks. In the VII area, AT, EF, and ED were -48%, 49%, and 47%,
respectively, and in the III area, AT, EF, and ED were -47%, 47%, and 45%, respectively.
C had the greatest impact on the dust health risk during the VI area, with a sensitivity of
57%, and AT, EF, and ED were -40%, 38%, and 37%, respectively. The AT and BW
parameters showed a negative correlation, with the sensitivity of the BW parameter much
lower than that of the AT parameter. Among the parameters that showed a positive
correlation, EF and ED consistently occupied a greater sensitivity, indicating that the time
that workers work has a strong influence on dust exposure and that measures should be taken
to reduce health risks. In the VI area, the effect of concentration is greater than the effect of
other parameters.

DALY provides a quantitative indicator of dust health damage, visualizes the damage
to the human body, and can be used to increase stakeholders' focus on dust protection in
comparison to health risk values. Figure 6 reflects the DALY damage in four activity areas
with dust exposure risk, with the years of loss and disability ranging from 2x10a to
5.65%10-'a. The probability diagram of DALY damage distribution for each working area is
shown in the Figure 7. The DALY values of workers in VII and VI areas are greater than
those of workers in the other two areas. Among them, the DALY value for concrete
production ranges from 1.3x10-3a to 5.65%10'a, which indicates a relatively hazardous range.
Therefore, in addition to dust prevention measures, it is necessary to conduct routine physical
examinations to monitor the health of workers and promptly alleviate or treat discomfort
feelings.

5. Discussion
5.1 Risk assessment analysis due to dust

Risk assessment needs to consider not only the relationship between probability and
consequence, but also focus on the uncertainty effect caused by the variables involved. From
the fitted statistical results, it can be shown that the dust concentrations follow the probability
characteristics of normal distribution, and although the risk assessment can be carried out by
means value, there are still some areas with probabilistic risk. The risk value varies
depending on the working conditions in different work areas, leading to significant
differences in the outcomes. According to the risk assessment results, the occupational health
risks due to dust exposure are: concrete production, concrete pouring and vibration,
reinforcement cutting and welding, component pre-embedding and reinforcement tying.
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From the model diagram in Figure 3, it can be understood that in order to speed up the
construction efficiency, the reinforcement cutting was placed near the assembly line, the
reinforcement processing area is located in the center of the factory where ventilation is
inadequate, resulting in the accumulation of dust. Additionally, reinforcement cutting
requires driving mechanical vibration and causing the spread of deposited dust. Producing
concrete may cause the spread of dust over a large area, so separate isolation is required. The
PC transportation area is located in an open field, the dust concentration can be reduced
when the road dust reduction and spraying is conducted effectively. The component
maintenance 1s completely enclosed by curing boxes around the components, while water
vapor inhibits the diffusion of dust to the adjacent areas and lowers dust concentration. The
mold support and removal area situated at both ends of the assembly line near outdoor
ventilation experiences a low dust concentration due to limited material processing
technology. The components pre-embedding and reinforcement tying area must be
strengthened via crawler transportation and striking, resulting in a certain dust concentration;
Dust is generated in the concrete pouring and vibration area due to the periodic vibration of
the vibrating table and the rod.

5.2 Decision optimization for DACM models

The variability of the dust exposure risk environment present in PC factory confirms
that the DACM model can be well assessed from an uncertainty risk perspective. In
comparison with the uncertain dust exposure risk assessment of the construction site studied
by Tong et al. (2018), the DALY damage suffered by the workers in the PC factory was less
than that suffered by the workers in the construction site who performed ready-mixed
concrete construction. This also indicates to some extent that assembled buildings have
certain advantages in the occupational health protection for workers.

The DACM model aims to simulate the periodic control of occupational health risk due
to environmental emissions. The model combines simulation and field studies to quantify
worker health damages, assess the parameters sensitivity, and develop appropriate risk
assessment measures. In order to better protect this group, and in continuation of the USEPA
evaluation guide, this study discusses the DACM model in more depth and includes such a
conceptual framework in the decision optimization cycle. The field research (FR) shown in
the framework is the physical entity, simulation (SL) is the virtual entity, measures (M) is
the service, and case base (CB) is the database.

The FR in the physical layer serves as an entity for factor identification and data
acquisition. And accurate sampling of the FR is the basis for building the simulation model.
A single working area can be regarded as a unit-level FR, which is a basic unit including the
overlapping functions of four parts: Human-Material-Machine-Environment; a whole set of
production line can be regarded as a system-level FR, which can fulfill the component
production tasks; the whole factory consisting of the production line, the environmental
emissions and the workers can be regarded as a comprehensive systematic FR including the
material flow, emission flow and information flow. This study focused on a single PC work
area as a unit level to study, and finally the whole set of PC process of different unit level
for comparison to screen out the whole system-level risk probability of FR.

SL is formulated according to the rule construction, which is the core of the
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establishment of the virtual layer. The modeling system of this research case is a series of
mathematical concepts from fitting the data distribution, to the composition of parameters in
the risk calculation, and finally to the damages quantification, with reference to the USEPA's
assessment guideline, as well as the Monte-Carlo methodology based on the simulation of
the data for the uncertainty risk exploration. The system should also include geometric,
behavioral and rule-based models. Based on this case study, each physical entity in the PC
production process will be described and portrayed from multiple time and spatial scales in
conjunction with the sensitivity analysis. This facilitates a more detailed portrayal of the dust
exposure principle, and realizes that PC factory in different environments can be evaluated
using a universal evaluation model, but with unique evaluation results.

The service layer mainly ensures the integration of measure functions and modules. The
service layer aims to synthesize various types of data, models, algorithms and results in the
DACM model to support the operation of the model functions and to provide functional
measure services. In this case the main service is related to the management decision makers
in PC production for information acquisition on dust environmental releases and worker
health risks. It is analyzed as follows:

(1) Information from the data collected through the risk identification process indicates
that the average age of the workforce is 41 years old and the average number of years in the
workforce is 20 years. Long-term production operations accompanied by continuous dust
exposure exacerbate health risks; (2) As the sensitivity analysis, inhalation, as the only way
for dust to enter the body, was positively correlated with the inhalation rate (IR) of the
operator and increased with increasing intensity. Workers are exposed for a long time,
because of the one-shift work system, the work intensity is too high, and physical injuries
cannot be repaired immediately. The risks associated with this will be exacerbated if
ventilation is not improved in a timely manner or workers' work frequency is adjusted; (3)
The conclusions drawn from the damages quantification are that dust exposure is damaging
to workers to varying degrees in different work areas, more so in areas where the risk of dust
exposure is higher, and that the damage increases with time; (4) The relatively high
concentrations in the reinforcement cutting and welding area, as deduced from the FR, may
be due to its central location in the production hall. This arrangement facilitates interaction
with reinforcement tying and reduces transportation capacity and safety risks. However, it
leads to dust generation, which increases occupational health risks due to inadequate
ventilation; (5) The concrete production area requires machines to transport raw materials
such as sand and gravel for concrete production. Also, concrete generates a large amount of
dust during mechanical processing and mixing, which increases the dust concentration.

A number of measures are provided at this level to reduce the occupational health risks
of dust to workers. In the outdoor deployment and transportation and component
maintenance areas, there are almost no dust and the health risk is acceptable. A low potential
risk exists during component pre-embedding and reinforcement tying. Therefore, basic dust
control measures are necessary. Work in the concrete production and reinforcement cutting
and welding areas poses the most damaging health risks to workers. Vibrations from rebar
cutters and continuous spot-welding machinery result in the dispersion of rebar chips and
dust. Therefore, the implementation of dust monitoring facilities at designated locations, pre-
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wetting of floors, the use of dust collectors to separate dust from air, and investment in the
development of new dust control technologies. Develop a dust prevention plan, establish a
monitoring and surveillance system, and strengthen healthcare programs. Appropriate
subsidies are provided from the perspective of organizational management, and to mitigate
the risks posed by this parameter, it is recommended that dust removal equipment be
increased or workshop processes be upgraded. It is recommended to adopt a job rotation
system and to rationalize shifts and organize production taking into account the age of the
workers. From a personal point of view, it is important to raise the safety awareness of
occupational workers by requiring them to wear dust protection equipment.

After the establishment of the above layers, the layers are connected together through
the addition of formulas and software to ensure that the model can be summarized into the
final database (DB) through operation. This is like a screw, from a separate cycle gradually
progressive and finally form a regular whole, the establishment of the final data layer
database is the key to realize the linkage and transmission of information between the layers.
It mainly includes FR data, SL data and M data, and this kind of data allows PC factory in
different construction environments to interconnect in the data layer.

This not only enables the use of the DACM model in a single assessment, but after this
it can be used in a continuous cycle of self-improvement of the model through later software
enhancements and expansion of sample types. The lifecycle concept can be deepened
through periodic phase integration and iterative optimization of worker health data. Decision
makers can continuously upgrade monitoring programs such as monitoring points,
thresholds and work areas, according to the characteristics of environmental emissions and
occupational health risks in different PC factory environments. In this way, a time-dynamic
evaluation with strong timeliness and universality can be formed to realize a health risk
management strategy that balances economic benefits, environmental emissions and health
risks.

6. Conclusion

This study constructs a DACM model to quantify the occupational health impact of
dust on workers involved in the production of PCs. Firstly, the PC factory is divided into
seven work areas, and exposure sources and targets are determined based on the risk
identification. Then, according to the on-site sampling, the probability distribution of
exposure parameters and dust concentration was provided. Thirdly, the Monte-Carlo method
was used to calculate the health risks of workers exposed to dust in various work areas, based
on the LCA concept. The results showed that concrete production>concrete pouring and
vibration>reinforcement cutting and welding>reinforcement tying and components pre-
embedding>mold support and removal>PC maintenance>outdoor deployment and
transportation. Additionally, the sensitivity analysis revealed that AT, ED, EF and IR had a
greater impact on health risk assessment in the calculation parameters. Finally, DALY
damage to work areas with risks is quantified. Dust poses the greatest threat to the health of
workers in concrete production phase. Urgent and effective measures should be taken to
protect their health.

The findings may increase social attention to the occupational health of prefabricated
construction industry, and provide valuable information about the impact of worker health
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hazards and damage. The risk assessment is presented as probability distributions, making it
more scientific and comprehensive. Furthermore, the I-DALY indicator facilitates the
understanding of health damage, and the results contribute to the development of
compensation policies of workers. However, the risk assessment process contains
uncertainties. For example, the RfD provided by the USEPA is the risk of not having 1
mg/m? continuous exposure to pollutants assuming a 70 kg adult breathes 20 m3/day, while
the Chinese Population Exposure Parameters Handbook provides a long-term inhalation rate
of 15.7 m*/day. In order to develop a more accurate assessment framework, future studies
will examine more PC factory, with cyclic conditioning according to the DACM model and
the creation of a database. In this study, the risk profile and causal parameters were
investigated using the DACM model to focus on inhalation of dust concentrations during the
field measurement of the sample phase versus the worker's work throughout the day.
However, the temporal perspective did not allow a more detailed differentiation of which of
the two types of dust, the re-emergence of old dust due to the operation of the equipment
and the new dust generated by the construction of the material, is more serious in terms of
worker health risk, and this will be one of the areas where we can improve our measures. In
a follow-up study, we will use CFD fluid concepts to examine this time-span study point of
old and new dust in more detail.
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Table 1. Chinese residents (adults) partially exposed parameter features.

Parameters Unit Distribution Probablevalue Min Max Mean SD Source
ED a Triangular 34 8 45 30 -
ET h/d Triangular 7.5 5 8 6.83 - Interview
AT d Triangular 12410 2920 16425 10950 -
EF d/a Triangular 290 55 345 230 - (Chen et al.,
IR m3/h Triangular 1.9 0.93 2.96 1.93 - 2019)
BW kg Normal - 42.1 92 69.6 5.8
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Table 2. DALY related parameters and risk factors.

Disease i Risk factor Q Effect factor W Duration of risk L,
Death 0.10 1 L (48.2)
COPD 0.11 0.15 10

Pneumoconiosis 0.28 0.24 Ly (48.2)
Angiocardiopathy 0.11 0.24 Lo-5(43.2)
CVD 0.16 0.20 Lo-5(43.2)
ARTI 0.24 0.08 0.04
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Table 3. Fitting distribution of dust concentration in different work areas.

Statistics data

Parameters Unit Distribution
Mean SD Skewness Kurtosis P-value
I Lognormal 0.82 0.12 0.1002 3.02 0.147
I Lognormal 1.51 0.15 0.1354 3.03 0.379
In Lognormal 3.02 0.48 0.0027 3.00 0.158
v mg/m3 Normal 0.48 0.14 0.00 3.00 0.231
\' Normal 0.25 0.10 0.00 3.00 0.215
VI Lognormal 1.97 0.75 0.0068 3.05 0.115
VI Lognormal 4.74 0.33 0.2593 3.12 0.493
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Percentile
Indicator  Processing  Min Max Mean SD

Ps P20 P50 P75 P90 P95
I 2.71 1.77 6.03 3.78 2.30 1.51 1.00 0.80 2.71 1.77
I 5.03 3.12 11.00 699 435 2.89 1.93 149 503 312
m 10.01 6.55 2228 14.03  8.59 5.63 370 292 1001 6.55

R-Index
v 1.58 1.11 3.70 2.28 1.31 0.82 0.52 0.38 1.58  1.11

(X107)
A" 0.84 0.66 2.08 1.22 0.68 0.411 024 0.16 0.84 0.66
VI 6.42 4.89 15.58 9.35 5.23 3.11 1.82 126 642  4.89
VI 1558  9.70 33.67 2150 13.54 8.92 6.07 460 1558 9.70
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Table 5. Damage statistics for different work areas.
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Percentile
Indicator  Processing  Min Max Mean SD
Ps P20 P50 P75 P90 P95
I 0.02 13.40 1.17 0.92 2.89 1.71 0.95 054 029 0.19
DALY I 0.15 40.00 4.63 3.69 11.60 6.77 3.76 2.04 .13 0.76
(X1072a) VI 0.06  28.00 3.21 2.92 8.90 4.87 2.42 1.24 059 036
VI 0.15 57.60 6.41 497 15.60 9.53 5.24 2.95 1.60  1.06
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Figure 1. The production process of PCs and works’ aspiratory pathway during operation.
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Figure 5. Results of the Risk and sensitivity analysis of the Risk parameters caused by dust in different

work areas.
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