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Abstract: Dust generated in earthwork construction activities can seriously affect the air quality at
a construction site and have adverse effects on the health of construction workers. To accurately
and quantitively analyze the distribution characteristics of construction dust and the effect of dust
prevention measures during earthwork construction under normal construction and construction
with dust control measures, multiple collection points and one meteorological parameter collection
point were placed at the construction site. From half an hour before the construction to half an hour
after the construction, the particle concentration was recorded once every minute. The monitoring
results indicated that there was a significant positive correlation between dust concentration during
earthwork construction and the number of soil shipments. The dust concentration was highest
at the earth excavation site, followed by the area of the waste truck’s transportation path. Earth
excavation primarily resulted in the generation of many coarse particles, the concentration of which
was the highest near the excavation site. The average concentration increments of PM2.5 and TSP
(total suspended particulate) caused by earthwork construction were 55.06 and 375.17 µg/m3 at the
construction site, respectively. The concentration increment of PM2.5 and TSP decreased by 72.01%
and 40.16%, respectively, when a spray system and artificial sprinkling were adopted. Through
the methodology and results of this study, construction companies can systemically plan their
construction work by considering the key equipment to be used and can effectively manage the
pollutants found within construction sites.

Keywords: earthwork; construction dust; real-time monitoring; dust sensor; concentration increment

1. Introduction

Air pollution has become a vital issue worldwide, especially in areas in which in-
frastructure construction is carried out on a large scale. The construction industry is one
of the main causes of air pollution [1]. Construction projects discharge a large amount
of particulate matter into the environment, which causes harm not only to construction
workers but also to the surrounding residents. The adverse effects of air pollution are
extensive, especially in the area of public health. Studies have shown that an increase in the
PM concentration in the air will cause harm to human bodies [2], and inhalable particulate
matter will penetrate the lungs and cause lung diseases [3]. Therefore, air pollution has
attracted increasing attention in various industrial fields.

Outside the construction industry, many scholars have conducted correlated studies,
which have primarily focused on the dispersion rules of dust during tunnel construction
and mining construction [4,5], diseases caused by dust [6,7], dust prevention measures [8,9]
and health risk assessments of involved employees [10–12]. However, dust pollution in the
construction industry should be emphasized equally. Over the years, urban construction
activities have continued, especially due to the development and construction of new real
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estate. The development of large-scale construction has led to an increasingly serious
problem of dust pollution [13–15]. As shown in the comparative estimates, for every
increment of 3× 104–4× 104m2 in the amount of construction in the urban center, the
average contribution of dust generated from construction projects to the urban TSP (total
suspended particulate) increases by 1 µg/m3 [16]. Because of the large number of employ-
ees, as well as high labor intensity, outdoor production and poor working conditions in
the construction industry, dust pollution greatly threatens the health of related employees
and nearby residents [17,18]. With the increase in construction activities, the pollution
of construction dust is predicted to become more serious in the future. Therefore, it is
necessary to study the dispersion of building dust pollution.

As shown in previous studies [10,19,20], construction dust pollution is predominantly
derived from the following four sources: (1) excavation dust; (2) field handling, stacking
and processing of building materials; (3) dust from clearing and stacking construction
waste and (4) primary dust caused by scattering during the transportation of building
materials by vehicles and the secondary dust caused when the dust on the road surface
is raised by the vehicles and then dispersed with the wind. The above four sources of
construction dust pollution mostly occur during the foundation excavation and backfilling
stages, which are primarily correlated with earthwork construction. Therefore, during the
major construction stage of a project, dust pollution from earthwork is the most significant
factor [21].

However, to date, there has been insufficient research on dust dispersion during
earthwork construction. Most studies have been implemented on the premise that the level
of dust generated at a construction site is kept consistent under a certain construction period
and a certain construction area. This assumption mainly focuses on the analysis of the
overall pollution contribution made by construction dust to the entire city, but the variations
in the construction dust at the site are omitted [10,21–24]. Moreover, project construction is
divided into several different construction stages, and the construction activities and site
conditions of each stage differ significantly. The dust emission amount and intensity during
different construction stages also vary. Some studies have emphasized the health hazards
of construction dust to related employees as well as control measures [1,10,11,13,20,25,26].
In other studies, the meteorological factors and corresponding construction conditions at
the location of the case have been ignored [27], the data collection points were limited, the
field data coverage was incomplete or the data could not be collected in real-time [11,28].

Therefore, in this study, we chose a commercial-complex residential project located
in a typical city in the Jianghan Plain of China to study the space–time distribution of
dust diffusion under two construction conditions: normal construction and dust removal
measures. Targeting earthwork construction, the research set up a plurality of dust concen-
tration collection points inside and outside the workplace for real-time monitoring to record
meteorological and construction data. First, Pearson’s correlation coefficient was used to
analyze the degree of correlation between the dust generated by earthwork construction
activities and the influencing factors. Then, based on an analysis of the changes in the dust
concentration at each collection point during earthwork construction, the distribution of
the dust concentration at the construction site and changes in the dust particle composition
during the middle and late stages of the construction were explored in different states. On
this basis, the background concentration value of the dust was used for comparison, and
the increment of the dust concentration at the construction site as well as the retention of
dust at the construction site after completion were discovered to have different states.

2. Methods
2.1. Monitoring Location

The actual on-site monitoring was carried out on a housing construction project in
Wuhan, Hubei Province, China (Figure 1). The total construction area of the project is
approximately 280,000 m2, consisting of 18 residential buildings, affiliated commercial
buildings and basements. This site is a typical urban commercial-residential complex
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project. The Jianghan Plain, in which the project is located, is subject to a subtropical
monsoon climate. The earth’s surface constituents are predominantly composed of modern
river alluvium and lake silt, classified as fine sand, silt and clay.

Figure 1. The geographic location of the project.

2.2. Monitoring Equipment
2.2.1. Meteorological Observation

To study the influence of meteorological factors on the distribution characteristics of
construction dust, it is necessary to measure these factors on the construction site accurately.
In this study, a fixed meteorological dust monitor (JXBS-3000-ZSYC) was selected. The
monitor can accurately record meteorological factors such as wind speed, air humidity,
atmospheric pressure and temperature in real-time. In addition, it is equipped with a
built-in data logger to store the real-time monitoring data of the meteorological factors
and promote an analysis of the collected data. Because of the large volume of the fixed
meteorological dust monitor, such monitors are supposed to occupy large spaces. As a
result, the instalment of a fixed meteorological dust monitor near a construction site may
cause some inconvenience to the construction workers. As shown in Figure 2, the overall
area of the construction site accounts for 18,750 square meters, within which meteorological
factors such as wind speed, air humidity, atmospheric pressure and temperature in real-
time were the same, so the fixed meteorological monitor was placed at the exit of the
construction site (A1), as shown in Figure 2. During the research, the meteorological data
were recorded once every 3 min.

2.2.2. Particulate Matter Measurement

A dispersion-type dust monitoring station, PH-YC01, and the inhalable dust con-
tinuous tester, PC-3A and PC-3B were used to measure the concentration of particulate
matter. The PH-YC01 dispersion-type dust monitoring station is manufactured by Wuhan
Xinpuhui Technology Co., Ltd. Given the fact that such a dispersion-type dust monitoring
station needs to be connected to a 220 V power supply, it had to be fixed at the monitoring
point. Each dispersion-type dust monitoring station was connected to an environmental
data collector, and the data were read by the collector. The inhalable dust continuous
tester is a portable instrument used to continuously measure the mass and concentration
of particulate matter, the manufacturer of which is Qingdao Loobo Jianye Environmental
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Protection Technology Co. Ltd. (Qingdao, China) Among the inhalable dust continuous
testers, PC-3A was used to monitor the concentration of PM2.5, while PC-3B was used to
monitor the concentration of TSP.

Figure 2. Schematic diagram of sampling points.

Both tools can continuously measure the mass and concentration of particulate matter.
Inside the measuring cell, the particles in the sampled air were detected using the laser
scattering method [29,30]. The interval ranged from 1 to 99 min; thus, the interval for
the above dust monitoring stations was fixed at 1 min and the installation height of the
particulate matter measurement sensor was 2.5 m.

2.3. Monitoring Plan
2.3.1. Particulate Matter Measurement

The study was conducted on 25–30 October 2020. The earthwork margin at the
construction site was approximately 100,000 m3. The construction site is located in the
central urban area; thus, the municipal regulations stipulated that earthwork could only
be transported at night. Therefore, the study was primarily conducted between 19:00 on
the first day and 04:00 on the second day. The specific start and end times are presented
in Table 1. The project management personnel were notified approximately 30 min before
the start of construction, and they turned on the equipment for monitoring and recorded
the time as the monitoring start time. The construction start time was when the excavator
began working, and the end of the construction was when the excavator was shut down.
The monitoring ended approximately 30 min after the end of construction, namely the
shutdown time of the first monitoring device. It should be noted that during this period,
the construction of the main structure was completely stopped, and only earth excavation
and transportation were carried out. Therefore, the influences of the construction of the
main structure were excluded, and the monitoring data in this study could accurately
reflect the influence of the earthwork construction on the dust distribution characteristics.
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Table 1. Research time interval table.

Date Monitoring
Interval

Construction
Section

Monitoring
Time (min)

Construction
Time (min)

Start time 1 25 October 20:30 25 October 21:05
428 369End time 1 26 October 03:38 26 October 03:04

Start time 2 26 October 19:30 26 October 20:05
435 365End time 2 27 October 02:45 27 October 02:14

Start time 3 27 October 20:00 27 October 20:40
461 390End time 3 28 October 03:41 28 October 03:10

Start time 4 28 October 20:30 28 October 20:50
403 353End time 4 29 October 03:13 29 October 02:43

Start time 5 29 October 19:00 29 October 19:33
499 244End time 5 30 October 03:19 29 October 23:37

2.3.2. Monitoring Indicators

At present, detection indicators aimed at the concentration of dust in construction
projects mainly include dust fall, PM2.5, PM10 and TSP [31,32]. The sampling frequency of
dust fall is too low to accurately reflect the change in dust concentration in a short time [33];
therefore, this indicator was not selected for the study. In previous research, the correlation
between PM2.5 and PM10 was very high [34,35], and the changing trend and the change
range were almost the same; thus, PM2.5 and TSP were used in this study. The air humidity,
temperature, atmospheric pressure and wind speed at the construction site were obtained
using the meteorological monitor. In addition, the total numbers of excavators and earth
shipments on that day were recorded.

2.3.3. Monitoring Points and Sampling Frequency

In this study, four types of monitoring points were considered. Here, the specific
meanings of the four types of monitoring points and the significance of their selection are
introduced in detail. W1, W2, W3 and W4 were Type 1 monitoring points, which were
all located near the excavation site. Among them, W1 and W2 were approximately 25 m
and W3 and W4 were approximately 50 m from the earthwork excavation site. There were
no obstacles between the four points and the earthwork excavation site. B1, B2, B3, B4,
B5 and B6 were Type 2 monitoring points, which were located on the transportation path
of the truck. Of these, B1, B2, B3 and B4 were located near the unhardened pavement,
and B5 and B6 were set on the hardened pavement. A car wash pool was located near B6,
where the waste transport vehicle must be washed for mud removal before leaving the
construction area. C1, C2, C3 and C4 were Type 3 monitoring points located at the four
corner points of the construction site. O1 and O2 were Type 4 monitoring points. Point O1
was located at the entrance of the project department and along the path of the truck. Point
O1 was located on the roadway outside the project; therefore, it is not shown in Figure 2.
The O2 point was located near the residential area with a straight-line distance of 200 m
from the project, and it was used as the background concentration value sampling point in
the research.

2.4. Meteorological Observation and Working Conditions

Monitoring was carried out on five nights. Table 2 presents the working conditions
of each day, and Table 3 presents the meteorological data of each day. In the following
text, October 25 to October 26 is called the first day, October 26 to October 27 is called the
second day, and so on; October 29 to October 30 is called the fifth day.
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Table 2. Actual working condition.

Time Day 1 Day 2 Day 3 Day 4 Day 5

Number of excavators 3 3 3 3 3
Total number of soil shipments 161 140 183 144 101

Prevention and control measures × × ×
√ √

Weather Sunny Sunny Sunny Sunny Rain

Table 3. Weather condition.

Air
Humidity

Temperature

Wind
Velocity

This study aims to present the real temporal and spatial changes in the dust concen-
tration at the construction site caused by the earthwork construction, and the construction
party did not take relevant dust prevention measures during monitoring three days before
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the monitoring. On the fourth and fifth days, sprinkling systems and ground sprinkling
were adopted for dust control. Figure 3 is a schematic diagram of dust prevention measures
at the construction site. The light blue colored blocks indicate the locations where the spray
device was installed, while the blue dots show the area where the road was sprayed. In
general, the spray de-vice was installed above the enclosure of the construction site to
prevent the construction dust from spilling out. Due to the complexity of the construction
site, it was impossible to fix the spray device in a certain place, so the dust removal treat-
ment was carried out at the excavation site and the earthwork transport road by artificial
water spraying.

Figure 3. Schematic diagram of dust prevention measures.

According to the records, it rained on the construction site from 23:32 on the fifth day
to 01:46 on the next day. According to the local regulations, the construction on the site
was stopped when it rained. Therefore, the construction monitoring time on the fifth day
was short, but relevant data after the rain were also collected. In the five days of earthwork
construction, three excavators were working continuously at the construction site, but the
total number of excavated waste trucks daily was different from the first day to the fifth
day, at 161, 140, 183, 144 and 101, respectively.

As can be seen from the variation of the air humidity chart over time, the air humidity
on the fifth day was almost always higher and rose as time went on. On the fifth day, the
precipitous drop of the humidity occurred because the rain stopped. The construction
site is located in the Jianghan Plain near the Yangtze River, and the overall humidity was
at a relatively high level during the study period. Regarding the graph of temperature
change over time, the temperature reduced over the five days as time progressed, and the
temperature of the third day was the highest. It should be noted that the graph of wind
speed change with time shows only the wind speed on the third and fourth days, because
the wind speed on the first, second and fifth days was low, and the wind speed measured
by the instrument in the above days was 0.
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3. Results and Discussion
3.1. Analysis of Main Influencing Factors of Dust Emission from Earthwork

The Pearson correlation coefficient in the SPSS statistical analysis software was used to
analyze the degree of correlation between the dust generated from earthwork construction
activities and the related influencing factors, and then whether the relevant factors were
the main influential factors of dust emissions during earthwork construction activities was
determined [34]. Using a meteorological monitor, weather data such as the wind speed,
temperature, humidity and atmospheric pressure at each construction site were obtained.
The number of excavators on-site and the total number of soil shipments every day were
recorded manually.

To compare the influence of various factors on dust emissions before and after the
earthwork construction, data without dust prevention measures in the first three days
were selected for analysis. The dust concentration values of the data collection points
in the first three days were averaged as a whole, and the monitoring data were divided
into three parts: before construction, during construction and after construction. The data
were averaged over time at all times before and after construction. The data generated
during construction were averaged every 0.5 h. Finally, 44 sets of data were obtained
for the correlation analysis. It should be noted that if a shorter period were selected for
averaging, the difference in the changes in various indicators would be too small, and the
calculation results would be almost the same if more computing resources were used. If a
longer period were selected, the changes in the indicators could not be accurately mastered.
Since the wind speed was 0 in the first two days of the monitoring period, only 15 groups
remained after the data processing of the third day. There were too few data samples, so
wind speed and dust concentration were not analyzed in the correlation analysis. Relevant
literature has proved that the two are closely related [11,34].

As shown in Table 4, the significance level between the average concentration of PM2.5,
TSP and each meteorological factor was greater than 0.01, failing to pass the significance test,
and the correlation coefficient was less than 0.3, indicating that the dust emissions during
earthwork construction were not significantly correlated with any single meteorological
factor in Table 3. This result is also in line with those of previous studies [28,36]. The
average concentrations of PM2.5 and TSP were significantly positively correlated with the
number of soil shipments, with a correlation coefficient of 0.814 and a significance level of
less than 0.01, passing the significance test [2,28,36]. Obviously, the more soil shipments
per unit time, the higher the average dust concentration at the construction site.

Table 4. Correlation analysis of the dust concentration in earthwork construction and potential factors.

Temperature Humidity Atmospheric Pressure Number of Soil
Shipments

PM2.5

Pearson correlation −0.193 0.238 0.185 0.814 **
Sig. (two-tailed) 0.210 0.120 0.230 0.000
Number of cases 44 44 44 44

TSP
Pearson correlation −0.202 0.211 0.075 0.843 **

Sig. (two-tailed) 0.188 0.169 0.630 0.000
Number of cases 44 44 44 44

** The correlation is significant at the level of 0.01 (two-tailed).

3.2. Increase in Dust Concentration Caused by Excavation and Transportation

Based on the high-density data collection, this study accurately quantified the dust
concentration at the construction site. Based on striking a balance between the represen-
tativeness and accuracy of the data, the difference was used as the discriminant index to
select the measured data to confirm the true situation of the data source.

As shown in Figure 4, as construction activities continued, the values of each monitor-
ing point increased to different degrees. For the background concentration value, the value
of the sampling point was relatively stable, while the values of other points fluctuated
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greatly. The numerical ranges of the different points varied considerably. For example, the
concentrations of PM2.5 and TSP at W1 near the earthwork excavation site were higher
than the concentration at C2, which was located at the corner of the construction site.

Figure 4. Concentration change diagram on 25 October at characteristic points in the monitoring interval.

Based on the above diagram, only the numerical order of each point could be deter-
mined. To further reveal the underlying causes, the concentration data of PM2.5 and TSP
during the start and end periods of the construction activities were processed to obtain
the average concentration and medians at each point during the construction activities. In
Table 4, each collection point corresponds to the three average concentrations. From left
to right, the data represent the average concentration on the first, second and third days
during construction, and the median index can be deduced similarly.

According to the data in Table 5, the following information can be obtained. During
construction, the average concentration of dust at all the sampling points was greater than
the background concentration, and all the positions of the construction site were affected
to varying degrees. The order of the degree of influence (from large to small) was Type
1, Type 2 and Type 3. Furthermore, as the earthwork construction activities continued,
the concentration values varied greatly across the construction site, and the data values
of one or two collection points could not be used to characterize the dust concentration
value of the entire construction site. If the scope of the construction site is substantial, it is
necessary to analyze data from multiple collection points to characterize the concentration
value of the construction site. For similar studies in the future, it is recommended to select
more than four characteristic points and one background concentration value point for
the research.
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Table 5. Average and median dust concentration during construction for three days at each collection point.

Sites
Average Concentration during Construction (µg m−3)

Median Concentration
during Construction (µg m−3)

PM2.5 TSP PM2.5 TSP

W1 173 881 172 871
W2 168 924 170 862
W3 152 701 150 653
W4 149 691 148 653
B1 135 567 136 564
B2 138 543 135 514
B3 126 530 126 498
B4 130 529 128 515
B5 121 450 121 439
B6 114 408 114 397
C1 64 117 65 113
C2 89 220 91 208
C3 86 260 87 241
C4 92 434 92 404
O1 60 140 60 134
O2 62 92 62 91

Earthwork operations are mainly carried out using large machinery. The increase in
the dust concentration is attributed to the waste transporting and loading behaviors of the
excavators, the exhaust generated by the excavator and waste trucks during use, the dust
emissions formed when the vehicles pass dust-covered surfaces and the secondary dust
caused by the wind. These four types of behaviors occur continuously near the first type
of points, so its average and median values are both at the highest level. The numerical
comparison of the sampling points can also reflect the significant variations in the dust
pollution in different areas at the construction site. By comparing the data from Table 5,
the following analysis can be carried out. According to the comparison results of W1, W2,
W3 and W4, for W1 and W2, the concentration values of PM2.5 and TSP were relatively
close and those for W3 and W4 were relatively close, but because the two points W3 and
W4 were relatively far away from the excavation site, the PM2.5 and TSP concentrations
were lower than those of W1 and W2, indicating that the closer the point was to the earth
excavation site, the higher the dust concentration value.

With regard to the second type of point, the increase in dust concentration was mainly
attributed to the emissions of dust formed when the vehicles passed the dust-covered
surface. The closer this was to the excavation site, the higher the concentrations of PM2.5
and TSP of the sampling point. The distance between the excavation site and point B4 in
the diagram was more than 100 m, indicating that the impact scope of dust dispersion
caused by earthwork excavation was greater than 100 m. According to the comparison
results of the dust concentration values of the sampling points on hardened and non-
hardened pavements, the hardened pavement had a significant effect on dust suppression.
The formation of road dust is caused by vehicles rolling over the dust on the road and
dispersing it into the air. Regardless of whether the road is hardened or not, there will be a
large amount of dust on the surface during earthwork, but the mass concentration of the
dust on the hardened road will be lower than that on the unhardened pavement.

The third type of point was located at the four corners of the construction site. Because
point C4 was close to the excavation site, its dust concentration value was relatively high.
However, because C4 was behind a small hillside, the dust was stopped by the intermediate
obstacle. The concentration of C4 was much smaller than that of W3 and W4. The other
three points were also affected by on-site construction and truck transportation, and the
dust concentration value was greater than the background concentration value. Point
O1 was located on the path of the waste transport vehicle outside the construction site.
However, because a car washing pool is set at the entrance of the construction site, the
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dust on the surface of the vehicle needs to be washed off before the vehicle leaves the
construction site, so the dust concentration is relatively low. In addition, the results also
indicate that the car wash pool can prevent the waste truck from taking pollutants out of
the construction site.

3.3. Time for Dust Concentration to Reach Steady State

Construction sites have widely adopted measures using enclosure spraying or fog
cannons to reduce dust. There is no scientific basis for the start-up time of spraying or fog
gun machines, and they are often operated continuously. This mode will cause a significant
waste of water resources. According to the observation of the former data, the increase in
dust concentration during the construction process will reach a stable state after a period of
time. In this state, the concentration value of the collection point will be close to the average
concentration value of the collection point throughout the construction. Therefore, it is
necessary to accurately predict the time at which the dust concentration reaches a stable
state in order to organize dust reduction measures at the construction site and save water
resources, which is helpful for the intelligent control of the construction process. Therefore,
it is necessary to study these characteristic times. Direct observations of the change in the
curve value per minute are insufficient to determine these factors, and detailed changes in
dust concentrations could not be reflected by averaging the concentration value over a long
period of time. In this study, the collected data were averaged every 10 min and sorted
based on the time sequence. It is assumed that when Equations (1) and (2) are satisfied
simultaneously, the dust concentration at the sampling point is deemed to have reached a
steady state.

Avg{Ti} > Min{Med, Avg} × 80% (1)

Avg{Ti+1} > Min{Med, Avg} × 80% (2)

where Ti denotes the average value of the dust concentration for 10 min in a certain period,
Ti+1 represents the average value of the dust concentration for 10 min in the next period,
Med represents the median of the dust concentration throughout the construction, and
Avg represents the average value of the dust concentration throughout the construction. It
should be noted that in most cases, the value of the dust concentration fluctuates greatly,
and the median can better reflect the state of the dust concentration than the average.

Table 6 shows the time interval required for the first and second collection points
to reach a stable state. As shown in the table, the time for the concentration of the two
pollutants PM2.5 and TSP to reach the steady-state level is inconsistent, and the time re-
quired for the concentration of PM2.5 to reach the steady-state level is earlier than that
of the TSP. This is because the TSP emissions are greater than that of PM2.5 during the
construction operation, so it takes a considerable amount of time to reach a higher con-
centration value. According to the time required for the above pollutants to reach a stable
state, the construction organization could turn on the enclosure spray or fog gun machine
for dust suppression for 5 to 15 min after the earth excavation and start of transportation,
as recommended. The key dust reduction area of the fog gun machine is near the earth
excavation site and on the transportation path of the truck.

As shown by the comparison of the values on the first, second and third days, it takes
longer for the pollutant concentration to reach the pollution state during the first two
days than on the third day. As measured by the meteorological observation instruments,
the wind speed during the construction operation during the first two days was 0, and
the windy state remained during the construction operation on the third day. It can be
inferred that the wind accelerated the dispersion of pollutants, causing the concentration
of pollutants to reach a pollution state level earlier.

As shown by the comparison of the first and second types of collection points, the
time for the dust concentration of the first type of collection points to reach the pollution
state level was shorter than that of the second type of collection points. The reason for this
phenomenon was consistent with the reason why the average dust concentration of the
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first type of collection points was higher, which will not be repeated here. It takes a long
time for the TSP concentration at the second type of points to reach the pollution level.
Because of their large weight, TSP particles cannot float in the air for a long time and drift
over substantial distances. This dispersion requires the movement of large construction
equipment at the construction site, which can increase the regional TSP concentration in
other areas.

Table 6. Time for the concentration values of the first and second types of collection points to reach a steady state.

Site

25–26 October 26–27 October 27–28 October

Time Required to Reach Construction Pollution State
PM2.5 (min) TSP (min) PM2.5 (min) TSP (min) PM2.5 (min) TSP (min)

W1 15–25 15–25 5–15 25–35 0–10 10–20
W2 15–25 15–25 5–15 15–25 10–20 10–20
W3 5–15 5–15 25–35 25–35 10–20 10–20
W4 5–15 5–15 15–25 25–35 10–20 10–20
B1 25–35 35–45 15–25 35–45 0–10 10–20
B2 25–35 45–55 15–25 35–45 10–20 10–20
B3 15–25 25–35 25–35 35–45 10–20 20–30
B4 25–35 25–35 15–25 45–55 10–20 10–20
B5 25–35 15–25 5–15 45–55 10–20 20–30
B6 25–35 15–25 5–15 45–55 20–30 20–30

3.4. Dust Removal Rate of Construction Site under the Action of Dust Prevention Measures

To more intuitively understand the dust removal effect caused by dust control mea-
sures, the dust concentration data of the first three days without dust control measures
were compared with the dust concentration data of the next two days with measures
taken. The dust removal rate of each monitoring point can be calculated according to
formulas (3) and (4):

RxPM2.5 =
Avg(x1PM2.5 + x2PM2.5 + x3PM2.5)−Avg(x4PM2.5 + x5PM2.5)

Avg(x1PM2.5 + x2PM2.5 + x3PM2.5)
(3)

RxTSP =
Avg(x1TSP + x2TSP + x3TSP)−Avg(x4TSP + x5TSP)

Avg(x1TSP + x2TSP + x3TSP)
(4)

where RxPM2.5 and RxTSP are, respectively, the PM2.5 and TSP dust removal rate of moni-
toring point x. x1PM2.5 and x1TSP are the average dust concentrations of PM2.5 and TSP at
monitoring point x during the construction of the first day, respectively.

Table 7 gives the average dust concentration in the construction stage two days after
each collection point and gives the dust removal rate at each monitoring point according to
Formulas 3 and 4. O1 and O2 were outside the construction site, hence this paper did not
calculate the values for those points.

Comparing the dust removal rates of TSP and PM2.5 in Table 7. Overall, the dust
removal efficiency of TSP was slightly higher than that of PM2.5, indicating that manual
water sprinkling and dust removal by spraying had a greater inhibitory effect on large
particles. Points B1~B4 in the second type of monitoring points and the first type of
monitoring points were mainly influenced by the dust removal by manual sprinkling,
indicating that the manual sprinkling measures had a positive effect on dust reduction.
Of the above points, the dust removal efficiency of Type 1 monitoring points was slightly
higher than that of B1~B4, but the overall value was close to that of B1~B4. The PM2.5 dust
removal efficiency was 23.7–42.3%, and the TSP dust removal efficiency was 35.7–47.2%.
B5 and B6 were close to the spray device and were located on the hardened road treated
by sprinkler measures. Therefore, the dust removal efficiency of B5 and B6 was at the
highest level in the collection point. The dust removal efficiency of PM2.5 and TSP could
both reach about 50%. Although C2 and C3 were close to the spraying device, they were
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not greatly affected due to being at a certain distance from the earth excavation site and
the earth transportation road. Therefore, the dust removal efficiency was lower than the
monitoring points located on the earth excavation site and the earth transportation road.
C1 and C4 were located at the far east and south of the construction site. Various dust
removal measures were located far from these points, but they still had a certain dust
removal efficiency, indicating that dust control measures not only had an impact on the
monitoring points near the measures taken but also could inhibit dust travel to a certain
extent. In summary, artificial sprinkling or spraying for dust removal showed a good dust
removal effect in the earthwork excavation site and earthwork transportation road, the
dust removal efficiency for TSP was higher than PM2.5, and the dust removal efficiency
was greater than 30%. However, the dust removal efficiency was relatively low in positions
where the dust itself was not greatly affected. The use of dust prevention measures could
effectively prevent the jump and migration of dust.

Table 7. Average dust concentration in the second two days of construction at each collection point and overall dust
removal efficiency.

Sites
Average Concentration during Construction (µg m−3) Dust Removal Efficiency (%)

PM2.5 TSP PM2.5 TSP

W1 111 479 34.8 44.3
W2 103 458 37.9 47.2
W3 87 406 42.3 40.5
W4 89 405 39.5 39.7
B1 87 355 35.5 35.7
B2 89 340 35.1 35.8
B3 88 322 29.6 37.6
B4 98 331 23.7 35.8
B5 61 211 49.6 52
B6 58 202 49.4 49.5
C1 60 113 7 2.3
C2 60 173 33.3 21.3
C3 65 169 24.7 34.3
C4 84 327 8.2 23.5
O1 72 150 - -
O2 50 81 - -

3.5. Changes in the Composition of Dust

To more intuitively understand the changes in the composition of the particulate
matter caused by the construction, the data from the entire monitoring period were divided
into three parts: before construction (A), during construction (B), and after construction
(C). Equations (5) and (6) were used to process the data:

K1A =
C1AavePM2.5

C1AaveTSP
(5)

KA =
K1A + K2A + K3A

3
(6)

where C1AavgPM2.5 is the average value of all the PM2.5 concentration values before con-
struction and C1AaveTSP is the average value of all the TSP concentration values before
construction. K1A indicates the percentage of PM2.5 in the TSP before the first day of
construction. KA indicates the proportion of PM2.5 in the TSP in all monitoring data before
construction. In the same way, according to the above rules, the proportions of PM2.5 in
the TSP, KB and KC during and after construction can be obtained. Notably, because the
construction operation will affect the dust concentration index for a period of time after
the construction is completed, during the calculation of KC, the last 10 min average value
of the monitoring data was used. It should be mentioned here that dust control measures
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were adopted on the fourth day. To compare the impact of dust fall on the change of dust
composition, the data of the fourth day were calculated separately in this paper. In the case
of sudden rain on the fifth day, the data on the fifth day would not be calculated. The data
were processed in the above manner, and the K value broken line graph was used to show
the change rule of each sampling point.

The following key information can be obtained by analyzing Figure 5:

Figure 5. K value diagram of each sampling point: (a) K value change diagram for the first type
of sampling point; (b) K value change diagram for the second type of sampling point; (c) K value
change diagram for the third and fourth types of sampling points.

(1) Except for monitoring point O1, the K value of all sampling points tended to first
decrease and then increase. This result indicates that in the non-construction stage,
PM2.5 accounted for a higher proportion of the TSP concentration, and the main
pollution source was fine particles (PM2.5), with fewer coarse particles (PM2.5−100).
However, coarse particles (PM2.5−100) increased sharply and were significant pollution
sources due to the impacts of the construction operations. Therefore, in dust fall
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research, it is necessary to study the coarse and fine particles separately and determine
the dust reduction measures for particles of different sizes. In earthwork construction,
the dust reduction method of coarse particles is mainly taken into account;

(2) Before construction, the K value of each sampling point in the construction site
differed significantly, varying between 0.35 and 0.6. Although other areas in the site
were in a shutdown stage before sampling, the construction operations during the day
still had a significant impact on those at night. The K value of each sampling point
was less than the K value of the O2 point, indicating that construction operations
during the day led to an increase in the concentration of coarse particles;

(3) During the construction, the K value of the first type of sampling point varied between
0.18 and 0.22, and the K value of the second type of sampling point varied between
0.24 and 0.28. This suggests that the closer the location to the excavation site, the
higher the proportion of coarse particles in the pollutants. The weight of coarse
particles was larger than that of fine particles, and they could not be suspended in the
air for a long time [36]; the closer the point was to the place where the disturbance
was greater, the higher the proportion of coarse particles. The K values of the third
and fourth types of sampling points varied between 0.21 and 0.66. Because point
C4 was located near the earth excavation site, the K value was small. The values at
all other points decreased but remained different. As for points C1 and O1, C1 was
located at the easternmost side of the construction site, avoiding the path of the waste
truck, and was the farthest point from the excavation point relative to other sampling
points and is the least affected. The K value of point O1 during the construction phase
further illustrates the necessity of setting up a car wash pool;

(4) After construction, the K values of all the sampling points increased. The K value
range of the first type point was 0.68–0.78. The K value range of the second type
point was 0.68–0.73. This indicates that the coarse particles settled at places that
were significantly affected by construction operations. However, their K value was
higher than those of the third and fourth sampling points (0.59–0.71), because the fine
particles were still suspended in the air due to the impact of construction;

(5) By comparing the variation rule of dust composition after the use of dust control
measures, the following noteworthy points were found. First, during the construction
stage, the K value of the site sampling points did not change significantly, indicating
that the sprinkler system and the artificial road sprinkler made no significant differ-
ence regarding the influence on the coarse and fine particles during the construction
stage. However, after the completion of construction, the K values of the sampling
points of Type 1 and 2 were smaller than those without dust removal measures. This
phenomenon indicated that after the construction, the use of dust removal measures
would make the proportion of TSP in the dust lower; that is, after the construction, the
coarse particles in the air would be relatively reduced. After the use of dust removal
measures, coarse particles were more likely to be captured by water fog, which could
achieve particle sedimentation or inhibit the migration of particles.

3.6. Increment of Dust Concentration on Construction Site

Based on the collected data, Equations (7)–(10) were used to calculate the dust concen-
tration increments at the sampling point, the relative increments of the dust concentration
at the sampling point, the average concentration increments of dust at the construction sites
and the relative increments of the average dust concentrations at the construction sites. In
this study, the above formula was used to analyze the emissions of dust from construction
quantitatively. The increments in the dust concentration at the sampling point indicate the
absolute value of that value caused by earthwork construction, and the relative increase
in dust concentration at the sampling point indicates the percentage of the concentration
increment caused by construction. In addition, the increment in the average concentration
of dust at the construction site and the relative increment in the average concentration of
the dust at the construction site were used to indicate an increase in the absolute value
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and percentage of the dust concentration generated by the earthwork construction for the
entire construction site. It should be noted that because the construction operation will
affect the concentration value for a period of time after the construction is stopped, the
dust concentration at each sampling point is the average value of the dust concentration
from the beginning of the construction until 30 min after stopping the construction.

Dust concentration increment at sampling point =
Avg{dust concentration value at each sampling point} − background concentration value

(7)

Relative increment of dust concentration at sampling point =
dust concentration increment at sampling point

background concentration value × 100%
(8)

Average concentration increment of dust at constrution site =
∑ ∑ increment of dust concentration at sampling points

number of sampling points ×number of monitoring days
(9)

Relative increment of average dust concentration at construction site =
∑ ∑ relative increment of dust concentration at sampling points

number of sampling points ×number of monitoring days
(10)

Figure 6 more intuitively shows the increase in the concentration of particulate
matter caused by the construction operations at each sampling point. According to
Equations (7) and (8), the average concentration increment of PM2.5 is 55.06 µg/m3 at
the construction site, and the average TSP concentration increment is 375.17 µg/m3, respec-
tively, without taking any dust control measures. According to Formula (9) and (10), the
average relative increment of the PM2.5 concentration is 0.99 at the construction site, and
the average relative increment in TSP concentration is 4.25. This means that in the earth-
work construction phase, the concentration of PM2.5 almost doubled compared with the
shutdown period, and the TSP concentration increased by 4.25 times. PM2.5/TSP = 0.147,
indicating that approximately 14.7% of the particles in the dust emissions during earthwork
construction had a particle size of less than 2.5 µm. These particles will remain suspended
in the air for a long time when there is no precipitation [35]. After being inhaled, these
particles can cause harm to humans [37]. In general, the content of particles with large
diameters in earthwork construction dust is relatively large, and the content of particles
with small diameters is relatively small. This conclusion has also been mentioned in similar
studies [38]. The average concentration increment of PM2.5 was 32 µg/m3 and that of TSP
was 224.67 µg/m3 when the dust-proof measures of a spray system and artificial water
sprinkling were adopted. Compared with situations without dust control measures, the pol-
lutant value was greatly reduced. At this time, the average relative increment of the PM2.5
concentration in the construction site was 0.64, and the average relative increment of TSP
concentration was 2.88. According to the above values, the PM2.5 concentration increment
and TSP concentration increment were reduced by 72.01% and 40.16%, respectively.

According to the classification of environmental air function zones in the Chinese
Ambient Air Quality Standards (GB3095-2012) [39], the first-class areas include nature re-
serves, scenic spots and other areas in need of special protection; the second-class areas
are business, traffic, and resident mixed districts, cultural districts, industrial districts
and rural areas. The construction site monitored in this work belongs to the second-class
area of the ambient air function zone, so it is subjected to the second-level concentration
limit. The daily average concentration limit of TSP is 300 µg/m3, and the daily average
concentration limit of PM2.5 is 75 µg/m3. According to the monitoring results, during the
earthwork construction, if no means were used to suppress the generation and diffusion
of dust, the sum of the background concentration value and the increment of the average
concentration of dust in the construction site would be far higher than the concentration
limit. The concentration level of dust particles could be greatly reduced by using a spray
system and artificial sprinkling. Therefore, in this stage, the construction organization
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should take proper protective measures, and the staff at the construction site should take
safety precautions to avoid bodily harm caused by dust pollution.

Figure 6. Increment and relative increment of dust concentration at each sampling point.

3.7. Remaining Rate of Dust in Construction Site

Due to local government regulations, most earthworks are completed at night. From
the end of construction on the first day to the beginning of other projects on the second
day, a sufficient time interval was reserved during this period. In this study, the data
collected 30 min after the construction stopped at each collection point were monitored
to calculate the retention rate of the dust. This parameter could be used to measure the
residual amount of dust in the workplace after the construction stops. Project managers
can thus more clearly determine the degree of dust retention at the site after the completion
of the construction, which can promote construction organization and arrangement. The
retention rate of the dust at the construction site refers to the ratio of the increment of the
dust concentration generated by the construction activities to the dust concentration value
caused by the construction activity remaining in the construction site after the construction
activities have stopped for 30 min. The area under the concentration curve was used
(Figure 7), and the retention rate was calculated as follows:

Retention fraction =
B

A + B
× 100% (11)

Figure 7. Schematic diagram of the concentration curve.

According to the data shown in Table 8, 0.82~3.76% of PM2.5 and 0.81~1.9% of the
TSP generated by the construction operations at the construction site would remain 0.5 h
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after the completion of the construction. The coarse particles produced during construction
settle faster than the fine particles, and thus the fine particles will have a higher retention
fraction. According to the comparison results of the data from the second and third days,
the dust retention rate is higher under static wind conditions. Under the influence of
wind, although the construction site is more likely to reach a polluted state, it is also
easier to reduce the retention fraction of the dust at the construction site. According to the
calculation results, the retention rates of PM2.5 and TSP on the fourth and fifth days were
relatively large because the denominator in Equation (11) was greatly reduced after the
adoption of relevant dust prevention measures. By comparing the data of the fourth and
fifth days, it could be seen that due to the occurrence of rain, the value of the retention
fraction decreased, and the residual amount of particulate pollutants in the construction
site decreased to a certain extent.

Table 8. Calculation of retention fraction.

Date
Retention Fraction

PM2.5 TSP

25–26 October 0.0339 0.0158
26–27 October 0.0215 0.0107
27–28 October 0.0082 0.0081
28–29 October 0.0376 0.019
29–30 October 0.031 0.0154

4. Conclusions and Recommendations
4.1. Conclusions

This paper presents the results of a study on dust dispersion during the earthwork
construction of a typical urban commercial-residential complex project in Jianghan Plain,
China. The concentration values of PM2.5 and TSP in each area of the construction site
were taken as the research objects. The study provided estimates of the critical parameters
related to dust dispersion during earthwork construction. These parameters could be used
to reveal the distribution and changes in the dust at construction sites during earthwork
construction. At the same time, the positive effect of dust control measures on pollutant
concentration reduction was also presented. This study can be used as a reference for related
earthwork monitoring in other areas of the Jianghan Plain. The following conclusions were
drawn from this study:

(1) The aforementioned dust emissions were related to the average concentrations of PM2.5
and TSP. The correlation coefficient with the number of unearthed trips was 0.814, and
the significance level was less than 0.01, which showed a strong positive correlation;

(2) During the earthwork construction stage, all parts of the construction site were
affected, and there were obvious differences. The data of one or two collection
points could not be used to characterize the dust concentration value of the entire
construction site. The earth excavation area was the most affected, and the impact
scope of the dust dispersion caused by it was greater than 100 m, followed by the
impact on the transportation path of the truck. The closer the point was to the earth
excavation site, the higher the dust concentration;

(3) The dust removal efficiency was more than 30% when artificial sprinkling or spraying
was used in the earth excavation site and the earth transport road, and the dust
removal efficiency of TSP was higher than PM2.5. Where the two measures were used
at the same time, the dust removal efficiency of PM2.5 and TSP could reach about 50%;

(4) The time required for the concentration of the two pollutantsPM2.5 and TSP—to reach
the steady-state level was inconsistent. The time for the PM2.5 concentration to reach
the steady-state level was earlier than that of the TSP. The closer to the earthwork
excavation, the shorter the time to reach the steady level. In the non-construction
stage, PM2.5 accounted for a higher proportion of the TSP particle concentration.
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Under the influence of earthwork construction, coarse particles occupy a dominant
position as a pollution source. The closer to the excavation site, the higher the
proportion of coarse particles in the pollutants. The use of dust control measures
did not change the proportion of pollutants in the construction process, but after the
completion of construction, the coarse particles in the air of the construction site were
relatively reduced;

(5) The average concentration increment of PM2.5 at the construction site caused by
earthwork construction was 55.06 µg/m3, and the average concentration increment
of TSP was 375.17 µg/m3. The sum of the background concentration value and the
average incremental dust concentration at the construction site was much higher than
the concentration limit. The average concentration increment of PM2.5 was 32 µg/m3

and that of TSP was 224.67 µg/m3 when the dust-proof measures of the spray system
and artificial water sprinkling were adopted. Due to the use of dust control measures,
the PM2.5 concentration increment and TSP concentration increment were reduced
by 72.01% and 40.16%, respectively. With or without dust control measures, the ratio
of the concentration of particles with different diameters was close to the following:
TSP:PM2.5 = 1:0.147;

(6) Half an hour after the completion of construction, 0.82–3.76% of PM2.5 and 0.81–1.9%
of TSP remained at the construction site because of earthwork construction opera-
tions. The coarse particles generated during construction work settle faster than fine
particles. Under static wind conditions, the dust retention rate is higher. Under the
influence of wind, although the construction site was more likely to reach a steady
state, the retention rate of dust at the construction site could be reduced more easily.
Rainwater would reduce the number of particulate pollutants in the construction site.

4.2. Recommendations

The research results presented in this paper were based on the earthwork construction
of a typical urban commercial-residential complex project located in the Jianghan Plain.
The results generated from the selection of different construction sites from those used in
this study might be slightly different. Therefore, it is necessary to conduct a long-term
study on earthwork construction in more engineering cases to better understand dust
dispersion in workplaces during earthwork construction.

Based on the conclusions drawn in this paper, our research may enable construction
practitioners to create much more targeted countermeasures for different construction
activities based on their dust emission and to resolve the concerns raised by dust exposure
on a macro scale. The specific dust prevention measures implemented could include
the deployment of a dust sensor network. The collated information could be stored in a
repository in order to create much more targeted control measures for construction activities.
Furthermore, this approach may be able to expeditiously solve the unpredictable civil
complaints of residents who live near construction sites through the effective management
of and reduction in construction pollutants.
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