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Construction sites are responsible for generating a high concentration of pollutants in surrounding air. Emission
level can be different depending on the materials used for the construction. One of the methods for quantifying
air pollution is to measure particulate matters (PM) emitted on construction sites. This study aims to determine
the concentration of PM produced from two construction sites using different materials; cross-laminated timber
(CLT) and steel. A reference location was also used in order to compare the concentration level with the construction sites. A total of 900 data points of four different particulate matter sizes (PM1.0, PM2.5, PM4.0, PM10)
were collected from all three locations over a period of 5 days. Data analysis supports that construction sites emit
significantly higher concentration of PM than other locations. In majority of the cases, concentration levels were
found below the United States Environmental Protection Agency (USEPA) standard for particulate matters. The
outcomes of this study provide a considerable understanding of PM emission in construction sites and relationship of emission level with different construction materials and activities. Furthermore, this study determines the correlations of different PM sizes measured for the study.

1. Introduction
On account of the extensive variety of industrial activities, construction have been considered as a powerful piece for accomplishing
sustainable development [21,22,31]. Generating significant amount of
waste and causing several public health problems make the construction operation even more risky and threatening than any other production process [11]. Air pollution is one of the key environmental
effects that come about because of construction work. Emission of
particulate matter (PM) of different sizes are predominantly responsible
for pollution on the construction sites [4]. As a result, construction sites
are considered as a major source of urban dust emissions [4]. Construction workers are uniquely recognized under certain health hazard
for PM having a diameter of 10 µm and 2.5 µm, commonly known as
PM10 and PM2.5 respectively [12]. For this reason, it is crucial to
evaluate the concentration of PM, especially during construction [18].
In order to do that, some global organizations have endeavored to enhance measurements for construction activities such as the Building
Research Establishment (BRE), the American Economic Association
(AEA), the Greater London Authority (GLA); and the UK Department for
Environmental, Food, and Rural Affairs (DEFRA) [26].
This research centers around the emissions of PM from an emerging
construction material, cross laminated timber (CLT). In spite of having
⁎

some beneficial effects, cross laminated timber has also been addressed
for its negative effects on air quality and human health. This study
aimed to determine the concentration of PM on a construction site using
CLT panels. PM concentration was also measured on a steel building
construction site. This study also compared the emission of the construction sites with a relatively clean atmospheric location to determine
how the emission from the construction sites differ from typical PM
levels of emission. While measuring the emission, four different PM
sizes (PM2.5, PM4, PM7, PM10) were monitored.
This study was accomplished focusing on three objectives. The first
objective of the study was to determine the emission of PM during
construction. Two construction sites were selected for the study using
different construction materials. To compare the emission level from
the construction sites, a reference location was also used. The second
objective of the study was to use the United States Environmental
Protection Agency (EPA) published data on national PM10 and PM2.5 to
compare with construction site measurements. This study also measured and analyzed the concentration level of PM1.0 and PM4.0 in all
three locations. The research team found that PM1.0 and PM4.0 are
mostly absent in most of the related previous studies and there is no
standard set for PM1.0 and PM4.0 by any regulatory agencies. In this
study, both PM sizes were extensively analyzed in terms of their
emission levels and correlated with PM2.5 and PM10. Since there was no
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prior study found on the emission level of PM1.0 and PM4.0, this study
believes to be a good source of analyzing the characteristics of both PM
sizes. Finally, PM data obtained from the different locations were
compared with EPA standard for PM emission.
The third objective of this study was to characterize the construction
sites regarding their PM emissions. Since both construction sites were
using two completely different materials (CLT and steel), it has drawn
the attention of the research group to observe PM emission level and
analyze which construction material is more susceptible to PM emission. EPA national average concentration data and standards were also
included to compare the pollution level.
The research team identified several contributions of this study towards the mainstream construction air pollution research. The unique
contributions of this study are:

to the overall PM10 pollution was approximately 10% in Beijing, and
this phenomenon is widespread in China. Because of the increasing
trend of the number of construction and demolition activities, it is
predicted that construction dust pollution will become more serious in
the future [33]. Because of a series of different activities and equipment, construction sites are in a very high exposure of different air
pollutants including PM. Sources of PM in construction activity are
different than any other PM sources in terms of the direct estimation
and control of its emissions [18]. According to Arocho et al. [2], the
concentration of PM during the beginning of a construction project is
much higher than the concentration of the other pollutants because of
the excess use of construction equipment such as bulldozers, roller, and
loader. Reddy and Arocho [24] showed that construction equipment
like cranes is responsible to produce up to 2450 g of PM10 during
construction operations. Construction activity of the city of Pittsburgh
increased 48% from 2010 to 2011, which listed this city in the most
polluted U.S. cities in terms of PM emissions [12]. A study performed
during the construction of King's Cross Depot in London, England, demonstrated that the wards of Somers Town and St. Pancras and those
close-by frequently experienced high concentrations of PM because of
construction activities [10]. Construction equipment such as backhoes,
motor grades, front-end loaders, trucks, and cement mixers also been
investigated for PM and considered as an impact factor for high construction PM emissions [8]. Different sizes of PM can be produced
during the construction work that affects the workplace and surrounding areas [25]. Impacts of PM emissions can be noxious to the
construction sites themselves including damage to the workers and
threats to the safety and well-being of the surrounding areas [18].

• Measuring and comparing the emission of PM in construction site
using different materials.
• Determining the difference of PM emission level between construction sites and normal areas.
• Analyzing the compatibility of PM concentration between different
construction sites and EPA standard.
• Correlation between four different PM sizes.
2. Literature review
Air pollution is an obvious outcome of construction activities and
PM is one of the common sources of air pollution. PM is responsible for
human illness and even mortality [14]. This section will review the
relevant literature on the definition of PM, PM pollution especially in
the construction sites, and its health hazard. Also, a general discussion
will be presented on CLT and its potential advantages and disadvantages as construction material.

2.3. Adverse health impacts of PM
PM are considered responsible for causing several human health
problems. Several studies suggested that they are responsible for increasing human mortality and illness rate [15,19,28]. Most common
health effects of particulate matters include heart and lung diseases, eye
irritation, respiratory problem, and low birth weight of newborn babies
etc. According to the World Health Organization, PM causes approximately 800,000 premature deaths around the world each year and
ranks as the 13th leading cause of mortality [1]. More specifically, PM
is believed to contribute to cardiovascular and cerebrovascular diseases
and research shows that long term exposure of PM is responsible for
significantly high cardiovascular incident and mortality rate [27].
Particulate matters are emphatically connected with death from lung
growth and cardiopulmonary ailments. The “Harvard Six Cities Study”,
conducted on six U.S. cities showed an increasing mortality rate of 29%
when comparing to the most polluted cities to the least polluted [6].
Another study performed among 1.2 million participants in 151 U.S.
metropolitan areas using the American Cancer Society's Cancer Prevention 2 database (ACS CPS 2) demonstrated that an average increase
of 10 µg/m3 in PM caused 18% increase of cardiovascular mortality
[23]. Similarly, research shows that reduction in PM concentration in
the air reduces the mortality rate [13].
Several studies also investigated the association of PM exposure
with respiratory diseases. A study in southern California suggested that
19 µg/m3 increase of PM10 was responsible for a 40% increase of the
risk of bronchitic syndromes among the asthmatic children [16]. Because of the indoor biomass burning in the developing countries, concentration of PM inside house can exceed 200 µg/m3 which can cause
lung infection and impaired lung function [9]. An investigation of 12
million Medicare participants in 108 counties exhibited a huge increment in respiratory hospitalizations for the increases in PM2.5 in the
eastern USA [20].

2.1. Particulate matters in the air
Particulate Matter (PM) is a group of polluting agents consisting of
dust, smoke, and all types of solid and liquid materials that remain
suspended in the air because of their small size [30]. Some particles of
this group such as dust, dirt, soot, and smoke are big enough to be seen
with the naked eye. Others are relatively small and need electron microscope to be detected. There are two main sources of particulate
matters: primary, and secondary. Pollution from primary sources is
produced by their own processes such as wood stoves and forest fires.
Secondary sources are those that let off gases that can form particles in
the atmosphere [3]. The majority of the particulate matters are the
byproduct of sulfur dioxide (SO2) and nitrogen oxide (NOx) [30].
In general, PM is distinguished by its size and the common classifications are:

• PM : Particulate matters with a diameter less than 1 µm
• PM : Particles with diameters generally 2.5 µm or less
• PM : Particulate matters with diameter 4 µm or less
• PM : Particulate matters 10 µm or less in diameter
1.0
2.5
4

10

Particles which are 2.5–10 µm in diameter are called coarse particles. Particles less than 2.5 in diameter are called fine particles and
include ultra-fine particles of less than 0.1 µm (PM0.1) [5].
2.2. Particulate matters air pollution in construction
As mentioned before, PM has been considered as one of the major
sources of air pollution. Yan et al. [34] showed that the PM10 concentration at the construction site exceeded the local standard of China.
Also, the concentration level produced by the dust at the construction
site has a certain degree of impact on the surrounding air. According to
Zhao et al. [35], the average monthly contribution of construction dust

2.4. Concept of Cross Laminated Timber
Nowadays, Cross Laminated Timber (CLT) has been recognized as
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an attractive material for the sustainable construction industry. An
engineered wood product, although incepted in Europe, now is also
gaining momentum on the North American market [29]. The large
amounts of forest in North America provide savings in the cost of mass
CLT production. CLT has been considered as a sustainable material due
to the renewable characteristics of timber, its major component. CLT
also has the ability to turn lower value wood stocks into high-value
product and foster economic development in rural communities [29].
Apart from that, there are several other aspects that has been identified
as significant advantages of CLT over conventional concrete and steel
structure such as high thermal insulation properties, cost effectiveness,
environmental friendliness, design flexibility, and production of less
waste during construction [32]. Another important aspect of CLT is its
ability to serve as carbon dioxide storage, otherwise known as a carbon
sink [7]. Although, there are numerous challenges associated with the
implementation of the CLT in mass construction especially in North
America, it is very much possible to establish CLT as a potential alternative source of sustainable construction material.
A panel of CLT typically consists of multiple layers of structural
lumber board glued together in the wide faces. A cross-section of a CLT
element has at least three glued layers of boards placed in orthogonally
alternating orientation to the neighboring layers [17]. Dimensions of
the CLT panel greatly varies, however typical width size are between
0.6.6 m and 1.2 m. The length of the panel can be up to 18 m and the
thickness can be up to 508 mm [17].

for the study. The project was being constructed out of steel structure.
While collecting data, multiple truckloads were delivering the steel and
the crews were installing the frames. A few wielding machines were
observed running on the construction site.
In order to compare the PM concentration from two different construction sites, Oregon State University Library (known as Valley
Library) entrance premise was used as a reference site for this study.
The area was believed to be a clean air zone and same data collection
procedure was followed. Fig. 1 shows the sites selected for the study.
3.2. Equipment used for the study
To monitor the PM of the selected sites, TSI DustTrak II 8530EP was
used. It is an aerosol monitoring device that provides the real-time
aerosol mass reading. The model is a standard desktop model that
comes with USB, Ethernet, and analog alarm outputs that allows remote
access to the data. Some of the unique features of the device include
measuring high concentration aerosol, gravimetric sampling capacity
using a 37-mm filter cassette for custom reference calibration, STEL
alarm for tracking 15-min average mass concentration for fugitive
emissions at hazardous waste sites, environmental protection and
tamper-proof security. Lightweight and portability make the device an
easier solution of carrying. The program is easy to install in Windows
computer and provides sufficient statistical and graphical data.
The device consists of four different diameter inlets representing
four different sizes of particulate matters (PM1, PM2.5, PM4, PM10).
Before testing, specific inlet needed to be connected to the bottom part
and an impaction plate. Once everything is connected, the inlet needs to
be connected with the device. Fig. 2 shows the device setup. The device
also recommends performing zero calibration before every use. Zero
calibration can be performed by using a zero filter provided with the
device package. Although µg/m3 was used as the typical unit of expression for PM, the device measures the concentration in mg/m3 using
the following equation.

3. Research methodology
The research was concentrated both on field study and extensive
statistical analysis. Field study included going to construction sites,
meeting with the project engineers to identify the activities, and measuring PM for a particular timeframe, following similar data collection
methods for the site utilized for comparison. Statistical analysis was
performed based on the collected data and covered sample analysis and
comparative data analysis.

Concentration

3.1. Site selection

mg
m3

=
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For this study, College of Forestry Building (known as Peavy Hall) of
Oregon State University was selected as one of the construction sites.
The old building has been torn down for the construction of a new
learning facility that will be part of OSU's $65 million Oregon Forest
Science Complex. The total available area of the project was 114,000 ft2
where 80,000 ft2 was utilized for the construction of a three-story CLT
building. The remaining area will be used for the Advanced Wood
Products Laboratory. During the data collection time, the construction
team was flying and installing CLT panels.
Another construction site was evaluated in terms of PM emission to
compare with emission at Peavy Hall. The New Corvallis Museum
building, a $9.5 million project with an area of 19,000 ft2 was analyzed

× Total Sample Time

(min)

3.3. Data collection method
In this study, data collection aimed to measure the emission of
particulate matters from two different construction sites. To compare
the data obtained from both construction sites, data was collected from
a reference location that provided a notion regarding the variation of
PM concentration from the construction sites with respect to an off-site
location. For all the measurements, TSI DustTrak II 8530EP was used.
The measurements were not conducted at exactly the same time of the

Fig. 1. Selected sites for the study (L-R: Peavy Hall, Museum Building, and OSU Valley Library).
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Fig. 2. Components of the device.

day as the priority was given to the construction activities, not the
specific time of a day. The research team identified the weather related
factors, thus, temperature, relative humidity, and wind speed were recorded during the sampling periods. However, the team did not find
any significant correlations between weather factors (e.g. temperature,
humidity, and wind speed) and the measured data.
The research team selected two construction sites using different
primary materials for the process: Cross-laminated timber (CLT) and
steel to measure and compare the emission of PM. A reference site was
also used to compare the emission level of construction sites with a
normal location. Before starting data collection, the research team
talked to the project engineers of both construction sites to identify
major construction activities of each site. For CLT project, main activities were found flying CLT panels, installing CLT panel to the positions,
moving CLT panels using scissor lift from one point to another point of
the building. For the steel building site, major activities were determined unloading trucks, cutting metal frames, welding, and installing metal columns and beams to the positions. The sampling material
(DustTrak) was placed in a close proximity (350 ft) from all the identified activities in both construction sites to measure the PM concentration. The DustTrak was placed at a height of 5 ft. from the ground
in order to maintain the consistency of data. At the reference location,
the research team focused on measuring PM in a relatively quiet area.
Similar to the other locations, the DustTrak was placed at a height of
5 ft. from the ground. There was no significant activity observed other
than the movement of nearby students. After each measurement, the
impaction plate, PM size caps, and bottom plate of the measurement
were cleaned properly. The first measurement was PM1.0 for all the
locations followed by PM2.5, PM4.0, and PM10. The data collection was
started when all the identified activities were observed in the construction sites. The research group spent 3 h/day in three different locations (1 h/day each) for 5 days. The one-hour time frame was divided
equally into four parts to collect PM concentration of four different
diameter particles (15 min for each size) with a log interval of 59 s and
a time constant of one second. Right after beginning the data collection,
PM1.0 concentration was measured for 15 min. After 15 min, the inlet of
PM1.0 was cleaned and replaced by PM2.5. Similarly, after 30 min, the
PM2.5 inlet was replaced by PM4.0 inlet and finally, after 45 min, PM4.0
inlet was replaced by PM10 inlet. During each replacement, inlets and

the plate were cleaned with a piece of cloth to remove any other external particulate. Zero calibration performed and two drops of oil was
applied before every use. Same procedure was followed in all locations
to keep the consistency of data collection method. After completion,
data were processed and transferred from the device to the computer
where collected data were saved for the statistical analysis. The authors
attempted to collect a significant amount of data points on which extensive statistical analysis can be performed. Based on that, a total of
900 data points were obtained from all three locations (300 data points
from each site) for a period of 5 days. The 900 data points included
different PM sizes (PM1, PM2.5, PM4, and PM10). Individually, each size
had 225 data points.
4. Results
This section provides the detailed statistical analysis of the collected
data from three distinct locations. PM were categorized based on their
sizes and locations; assessment was made accordingly. In the meantime,
a comparison was drawn among different data collection locations to
determine the impacts of PM on each individual site. In this study, SPSS
was used to perform all necessary analyses to statistically validate the
research. SPSS is a widely used software program to perform extensive
statistical analysis, data mining, text analytics, and data collection.
4.1. Location 1 (Peavy Hall)
Since Peavy Hall was using cross laminated timber as the primary
building material and the concept of cross laminated timber is still new
in the U.S. construction market, it is pivotal to know its emission level.
Table 1 shows the characteristics of different particulates matters obtained from the construction site.
From Table 1, it is noticeable that the concentration levels of PM1.0
and PM2.5 were relatively similar. The mean concentration of PM1.0 was
6.61 µg/m3 with a standard deviation of 3.49 and a standard error of
0.40. Highest and lowest concentration level were 17 µg/m3 and 2 µg/
m3 respectively. For PM2.5, the mean 7.17 µg/m3 which was close to
PM1.0 concentration. Maximum and minimum concentration level were
12 µg/m3 and 2 µg/m3 respectively. The standard deviation of 2.95 for
PM2.5 indicated a relatively less spread set of concentration levels.

Table 1
Characteristics and concentration (µg/m3) of particulate matters.
Mass Conc.

25th Percentile

50th Percentile

75th Percentile

90th Percentile

Mean

Median

Std. Deviation

Max.

Min.

Std. error

PM1.0
PM2.5
PM4.0
PM10

3
4
4
4

8
8
10
9

9
10
12
17

11.4
10
15.4
22

6.61
7.17
9.05
11.39

8
8
10
9

3.49
2.95
6.43
7.98

12
17
44
32

2
2
2
2

0.40
0.34
0.74
0.92

284

Journal of Building Engineering 22 (2019) 281–294

S. Ahmed, I. Arocho

Fig. 3. Histograms of PM concentrations collected from Peavy Hall.

Unlike PM1.0 and PM2.5, the concentration level of PM4.0 and PM10
was found higher and more widely scattered. The mean concentration
level of PM4.0 was 9.05 µg/m3 with a standard deviation of 6.43.
Maximum concentration level was 44 µg/m3 which was significantly
high. PM10 exhibited an even higher mean concentration of 11.39 µg/
m3 with a standard deviation of 7.98 that means PM10 showed more
spread set of concentration levels. Highest and lowest concentration
was 32 µg/m3 and 2 µg/m3 respectively. Fig. 3 shows the histograms of
the PM concentrations.
In order determine the correlation between different PM sizes,
Pearson coefficient factor was used. This factor measures the strength of
linear relationship between the variables. The Pearson coefficient r can
take a range of values between + 1 to −1. A perfect linear relationship
is considered as r = 1. A value of 0 indicates no significant correlation
between the variables. Pearson coefficient factor r > 0 indicates a
positive correlation and r < 0 indicates a negative correlation between
the variables. In this study, result of Pearson correlation analysis

Table 2
Details of the Pearson's correlation analysis.
Correlations

PM1.0
PM2.5
PM4.0
PM10

Pearson Correlation
Sig. (2-tailed)
N
Pearson Correlation
Sig. (2-tailed)
N
Pearson Correlation
Sig. (2-tailed)
N
Pearson Correlation
Sig. (2-tailed)
N

PM1.0

PM2.5

PM4.0

PM10

1

0.704**
0.000
75
1

0.584**
0.000
75
0.685**
0.000
75
1

0.500**
0.000
75
0.666**
0.000
75
0.704**
0.000
75
1

75
0.704**
0.000
75
0.584**
0.000
75
0.500**
0.000
75

75
0.685**
0.000
75
0.666**
0.000
75

75
0.704**
0.000
75

** . Correlation is significant at the 0.01 level (2-tailed).
285
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Table 3
Result of one sample t test for PM2.5 and PM10.
One-Sample Test

PM2.5

PM10

t

df

Sig. (2-tailed)

-10.640

74

.000

t

df

Sig. (2-tailed)

-56.620

74

.000

Test Value = 10.8
Mean Difference

-3.62667
One-Sample Test
Test Value = 63.6
Mean Difference

95% Confidence Interval of the Difference
Lower
Upper
-4.3058
-2.9475
95% Confidence Interval of the Difference
Lower
Upper
-54.0508
-50.3759

-52.21333

Table 4
Characteristics and concentration (µg/m3) of particulate matters from Corvallis Museum Building Site.
Mass Conc.

25th Percentile

50th Percentile

75th Percentile

90th Percentile

Mean

Median

Std. Deviation

Max.

Min.

Std. error

PM1.0
PM2.5
PM4.0
PM10

10
5
6
4

10
7
14
6

23
15
32
17

85
53
98
32

29.65
18.63
30.44
25.05

10
7
14
6

51.71
29.26
42.68
105.74

248
136
209
914

3
2
3
3

5.97
3.38
4.93
12.21

Fig. 4. Histograms of PM concentration collected from museum building site.
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PM are significantly different than the national average. Negative value
of test statistics (t) indicated that the PM means collected from Peavy
Hall are lower than the national average. Result of 95% confidence
interval also supported the same finding since in both cases, the lower
and the upper value did not include zero. EPA also established daily and
yearly standard for PM2.5 and PM10 concentration and according to
that, daily standard was set to 35 µg/m3 for PM2.5 and 150 µg/m3 for
PM10. However, PM10 standard was revoked later because of the lack of
sufficient evidence. PM data collected from the construction site satisfied the EPA standard as well.

Table 5
Pearson's correlation analysis of collected data from the museum building
project.
Correlations

PM1.0
PM2.5
PM4.0
PM10

Pearson Correlation
Sig. (2-tailed)
N
Pearson Correlation
Sig. (2-tailed)
N
Pearson Correlation
Sig. (2-tailed)
N
Pearson Correlation
Sig. (2-tailed)
N

PM1.0

PM2.5

PM4.0

PM10

1

0.068
0.560
75
1

0.009
0.941
75
− 0.074
0.531
75
1

− 0.074
0.526
75
− 0.064
0.586
75
− 0.005
0.965
75
1

75
0.068
0.560
75
0.009
0.941
75
− 0.074
0.526
75

75
− 0.074
0.531
75
− 0.064
0.586
75

75
− 0.005
0.965
75

4.2. Location 2 (Corvallis Museum Building)
As specified previously, The Peavy Hall project utilized cross laminated timber as the principal construction material. On the other hand,
Corvallis Museum Building has used steel as the primary building material. Additionally, different types of work were observed during the
data collection period in both sites. As an example, in the Peavy Hall,
CLT panels were flying and installing during the data collection time
whereas in the museum building project, installation of metal frames,
welding, delivery trucks were found. Based on functional differences of
both projects, it was assumed that the emission level of particulate
matters will be different. Table 4 shows the characteristics of the particulate matters emitted from the museum building construction site.
Unlike Peavy Hall, Museum Building project showed a significantly
higher concentration of particulate matters. As mentioned before,
during data collection, wielding and metal frame installation works
were observed and it was assumed that because of the types of work,
concentration level significantly arose. Four different sizes of PM
showed a very discrete level of emission trend. The mean concentration
level of PM1.0 was 29.65 µg/m3 with a standard error of 5.97. The
standard deviation of 51.71 indicated a very spread level of concentration during data collection period. However, the median concentration value of 10 µg/m3 showed that the concentration level was
below the EPA standard, however, the highest concentration obtained
for PM1.0 was 248 µg/m3. PM2.5 exhibited a relatively lower concentration level than PM1.0. Mean concentration was found 18.63 µg/
m3 with a standard deviation of 29.26. Median concentration level was
7 µg/m3 with the highest concentration level of 136 µg/m3 and lowest
concentration level of 2 µg/m3.
Among all of the mass concentrations, PM4.0 displayed the highest
level of emission. Mean concentration level for PM4.0 was 30.44 µg/m3

75

revealed a moderate correlation among the different sizes of particulate
matters. PM1.0 showed a correlation of 0.704, 0.584, and 0.500 respectively to PM2.5, PM4, and PM10. PM2.5 also showed a moderate
correlation of 0.704, 0.685, and 0.666 to PM1.0, PM4, and PM10. PM4
and PM10 also exhibited similar trend of correlation to other particulate
matters. Result of this correlation indicated that the particulate matters
emitted mostly from the similar emission sources. Table 2 shows the
details of the correlation data.
In order to compare the means of the collected samples from the
Peavy Hall, one sample t-test was performed that explained the scenario
of PM emissions in the construction site in comparison to the nation
average. EPA conducted a research to determine the national average
concentration of PM2.5 and PM10. For PM2.5, they published 17 years of
data (2000–2016) that covered 455 locations in each year and according to that research, the average national concentration of PM2.5
was 10.78 µg/m3. Similarly, for PM10 concentration, they published 27
years of data (1990–2016) that covered 149 testing in each year and as
per that study, the average national PM10 concentration was 63.64 µg/
m3. Since there was no previous data found for PM1.0 and PM4.0 thus in
this study only PM2.5 and PM10 comparison was performed. Table 3
shows the result of one sample t-test for both PM2.5 and PM10.
Table 3 illustrated that the two-tailed p-value for both PM2.5 and
PM10 are smaller than 0.001 which determined that the means of the
Table 6
The result of one sample t-test for PM2.5 and PM10.

One-Sample Test

PM2.5

PM10

t

df

Sig. (2-tailed)

2.323

74

.023

t

df

Sig. (2-tailed)

-3.160

74

.002

Test Value = 10.78
Mean Difference

95% Confidence Interval of the Difference
Lower
Upper
1.1148
14.5785

7.84667
One-Sample Test
Test Value = 63.64
Mean Difference

95% Confidence Interval of the Difference
Lower
Upper
-62.9163
-14.2570

-38.58667

Table 7
Characteristics and concentration (µg/m3) of particulate matters.
Mass Conc.

25th Percentile

50th Percentile

75th Percentile

90th Percentile

Mean

Median

Std. Deviation

Max.

Min.

Std. error

PM1.0
PM2.5
PM4.0
PM10

2
3
3
3

4
4
4
3

7
6
5
5

11
13
12
12.4

5.4
5.83
5.13
5.12

4
4
4
3

4.86
4.24
3.53
3.77

36
22
12
13

2
2
2
2

0.56
0.49
0.41
0.44
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Fig. 5. Histograms of PM concentration collected from Oregon State University library premise.

Table 8
Pearson's correlation analysis of collected data from OSU library premise.

which was highest among all the mass concentrations. Although
median concentration level was found 14 µg/m3 but the maximum
concentration level of 209 µg/m3 indicated an alarming increase. The
concentration of PM10 was also found very high in the construction site.
Mean value of concentration was determined 25.05 µg/m3 with a
standard deviation of 105.74. Among all, PM10 exhibited the highest
concentration level of 914 µg/m3 which was significantly higher than
the national average and the standard concentration level set by EPA.
Fig. 4 shows the histograms of the PM concentrations collected from the
museum building construction project.
To determine the correlation among the particulate matters,
Pearson correlation analysis was performed (Table 5). From the analysis, it was found that PM1.0 and PM4 are not significantly correlated to
each other as the correlation factor between these two particulate
matters was found close to zero (0.009). PM1.0 also showed a poor
correlation with PM2.5 and PM10. The correlation factors were obtained
0.068 and −0.074 respectively. Likewise, as PM1.0, other particulate

Correlations
PM1.0
PM1.0
PM2.5
PM4.0
PM10

Pearson Correlation
Sig. (2-tailed)
N
Pearson Correlation
Sig. (2-tailed)
N
Pearson Correlation
Sig. (2-tailed)
N
Pearson Correlation
Sig. (2-tailed)
N

1
75
0.584**
0.000
75
0.558**
0.000
75
0.511**
0.000
75

PM2.5

PM4.0
**

0.584
0.000
75
1

75
0.827**
0.000
75
0.810**
0.000
75

** Correlation is significant at the 0.01 level (2-tailed).
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PM10
**

0.558
0.000
75
0.827**
0.000
75
1
75
0.984**
0.000
75

0.511**
0.000
75
0.810**
0.000
75
0.984**
0.000
75
1
75
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Table 9
Result of one sample t-test for PM2.5 and PM10 analysis.
One-Sample Test

PM2.5

PM10

t

df

Sig. (2-tailed)

-10.149

74

.000

t

df

Sig. (2-tailed)

-134.327

74

.000

Test Value = 10.8
Mean Difference

-4.97333
One-Sample Test
Test Value = 63.6
Mean Difference
-58.48000

matters also showed relatively less significant correlations with each
other's. Poor correlations among the particulate matters indicated the
wide variance of data collected from the job site. Table 5 illustrates the
scenario and Pearson's correlation analysis showed more statistical
evidence of that.
One sample t-test was also performed to compare the mean values of
PM2.5 and PM10 with the U.S. national average values. It was

95% Confidence Interval of the Difference
Lower
Upper
-5.9497
-3.9969
95% Confidence Interval of the Difference
Lower
Upper
-59.3475
-57.6125

aforementioned that there is no national database available for PM1.0
and PM4.0 thus only PM2.5 and PM10 concentrations were compared
with the national average. Table 6 shows the detail outcomes of the one
sample t-test for museum building project.
Outcomes of Table 6 suggested that the mean of PM2.5 collected
from the project site was not significantly different than the national
average (P > 0.001). Positive test statistics (t) value of 2.323 indicated

Fig. 6. Box-and-Whisker plots of PM concentrations.
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Fig. 7. Pearson's correlation analysis result of different locations and PM sizes.

that the mean PM2.5 was higher than the national average. Upper and
lower value of 95% confidence interval also supported the same outcome. However, PM10 means of the construction site was found slightly
different than the national average (P = 0.002 which is greater than
0.001) and t value said the mean was lower than the national average
which was finally supported by 95% confidence interval.

different than PM2.5 and PM1.0 because of their size. Components of
PM1–2.5 are relatively finer than PM4.0–10. PM1.0–2.5 are combustion
particles and organic compounds while PM4.0–10 are more likely dust,
pollen, and mold. Since location 3 was covered by grass, there is a high
chance that the grass concentrates organic compounds that can reasonably increase the emission level of PM1.0 and PM2.5, compared to
PM4.0 and PM10. Fig. 5 illustrates the histograms of the collected data
sets.
Particulate matters collected from the OSU library premise showed
moderate correlation among each other's. PM1.0 exhibited a correlation
range of 0.511–0.584 to the other mass concentrations. For PM2.5, the
range was varied between 0.584 and 0.810. Similarly, PM4.0 also
showed a moderate to good correlation to others, especially PM4.0 revealed almost perfect correlation of 0.984 to PM10, although the range
varied between 0.558 and 0.984. Finally, PM10 displayed the similar
correlation trend as well. Details of the Pearson's correlation test result
provided in Table 8.
Outcomes from one sample t-test exhibited the similar tendency
determined in previous analyses. Analysis of PM2.5 and PM10 revealed a
significant relationship with the national average value. Also, result of
one sample t-test showed that the mean concentration of PM2.5 and
PM10 are significantly less than the national average. Table 9 shows the
result of one sample t-test.

4.3. Location 3 (Reference site: OSU library complex)
In this study, two construction sites were incorporated to analyze
the concentration of particulate matters. To look at the outcomes of
those two construction sites, a reference site was additionally analyzed
to determine how the concentration levels alter because of construction
activities. To do that, the library complex of Oregon State University
was chosen as the reference site. The library complex is situated in an
area anticipated cleaner and safer in terms of PM emissions. Same data
collection methodology was applied as before and the same amount of
data points were obtained from the reference location to analyze the
comparison with other locales. Table 7 summarizes the major characteristics of the reference site.
Table 7 recapitulated that the concentration of particulate matters
in the library complex was less than both of the construction sites, as
anticipated. Average PM1.0 concentration was found 5.4 µg/m3 with a
standard deviation of 4.86. Maximum and minimum concentration
level was found 36 µg/m3 and 2 µg/m3 respectively. For PM2.5, the
mean concentration was found 5.83 µg/m3 with the standard deviation
of 4.24. PM4.0 and PM10 concentration levels were also found very similar. Table 7 also shows that the average concentration of PM1.0 and
PM2.5 in location 3 is slightly higher than the average concentration of
PM4.0 and PM10. Characteristically, PM10 and PM4.0 are similar and

5. Comparative analysis
Fig. 6 represents the concentration level of PM in all three locations
through Box-and-Whisker Plots. Among all three locations, location 2
exhibited a relatively higher concentration level followed by Location
1. As Location 3 was not a construction site, it was assumed that the
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Fig. 8. Analysis of linear modeling for Location 3.

concentration level will be lowered and from the figure, it was found
that PM emission at Location 3 was significantly lower than the other
locations. The research team concluded that activities observed in Location 2 such as welding, installing metal frames were the reason behind the high concentration of PM emission. Findings of Box-andWhisker plots suggested that although Location 2 revealed a much
higher concentration of emission, median concentration level of Location 1 for PM2.5 and PM10 was higher than Location 2 and 3.
Pearson's correlation analysis was performed to determine the correlation of the same PM size collected from different locations. The
purpose of this analysis was to determine any significant correlation
among the PM data of different locations and the result of the analysis
suggested no significant correlations among the particulate matters of
different locations. This outcome indicated that the sources of PM
emission were different in different locations. Fig. 7 illustrates the result
of Pearson's correlation test of PM emission.
Since there are not much studies were found on PM1.0 and PM4.0
thus a linear modeling was performed to predict the trend of PM1.0 and

PM4.0 using PM2.5 and PM10 which are most commonly used PM
parameters. To do that, PM1.0 and PM4.0 were considered as dependent
variable and PM2.5 and PM10 were considered as the predictor variable.
Outcome of linear modeling would better define the characteristics of
PM1.0 and PM4.0. Especially for PM1.0 and PM4.0 which are not commonly used for PM study, linear modeling would be a good way to
predict their trend using PM2.5 and PM10. Also it is another way to
determine the correlation of different PM sizes. This model analyzes the
accuracy of PM2.5 and PM10 to predict the concentration level of PM1.0
and PM4.0. Fig. 8 shows the outcome of the linear modeling for Location
3.
Fig. 8 illustrated that PM2.5 and PM10 predicted 38.6% of the dependent variable (PM1.0) with a positive intercept. It also suggested that
only PM2.5 variable utilized to predict PM1.0, PM10 did not transform
into PM1.0 variable. For PM4.0, it was found that the predictor variables
predicted 97.5% of the dependent variable. This time both predictors
transformed into the dependent variable, however, the thickness of
PM10 suggested that PM10 predictor was utilized more than PM2.5
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Journal of Building Engineering 22 (2019) 281–294

S. Ahmed, I. Arocho

Fig. 9. Analysis of linear modeling for Location 2.

predictor for the linear modeling. Fig. 9 shows the result of linear
modeling analysis for Location 2.
For Location 2, both predictor variables failed to predict the dependent variables. The main reason behind that was the poor correlation among the different PM sizes measured on that location. Previous
analysis on Location 2 showed a relatively high standard deviation
value which also supports the result of linear modeling. Outcome of
Pearson's correlation test also supported the similar result on that location. Fig. 10 illustrates the linear modeling analysis for Location 1.
Unlike Location 2, Location 1 exhibited a better linear modeling
result. PM2.5 and PM10 variables predicted PM1.0 variable with an accuracy rate of 48.9% which was 54.6% for PM4.0 variable. Outcome of
this result also suggested a moderate correlation among the different
PM sizes for this location. As expected before, PM2.5 predictor was
mostly utilized for dependent PM1.0 prediction. For PM4.0, both predictor variables utilized, however, the thickness of PM2.5 was slightly
better than PM10 which indicated that PM2.5 was utilized relatively
higher than PM10 variable.

6. Conclusion
This study was structured to determine the concentration of PM
emitting from construction sites. In order to do that, particulate matter
concentration was measured in two different construction sites, one was
using CLT and another one was steel. A reference location was also used
to measure the PM in order to compare the concentrations emitted from
construction sites. The data collected from three different locations
were analyzed extensively to statistically validate the result of the
study.
The findings of the study indicated that construction sites are responsible for emitting high PM concentration in comparison to the
other locations. Analyzing the data of two different construction sites
indicated that CLT is a relatively safe construction material than steel
regarding PM emission. Steel construction displays more hazardous
activities than the CLT construction that can produce more PM.
Activities such as welding, fabrication observed several times during
the data collection believe to be responsible for the high concentration
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Fig. 10. Analysis of linear modeling for Location 1.

of emission. On the other hand, CLT construction does not require many
welding works thus it is presumable that CLT produce relatively less PM
during construction.
Statistical analysis indicated a difference of PM emission in construction sites and the reference location. Construction site which was
using CLT displayed an increasing emission rate of 18.3–55.1% in
comparison to the reference location. The rate was much higher for
steel construction site as it exhibited an increasing rate of 68.7–83.1%
in comparison to the reference site.
Although both construction sites emitted a higher concentration of
particulate matters in comparison to reference site, the average concentration of both construction sites still remained below the EPA
standard for PM. However, PM2.5 concentration in steel construction
project showed a higher average concentration level than the EPA national average database for the year of 2000–2016. Although EPA did
not indicate their data collection locations, the higher concentration
level still reveals that PM2.5 emitted from the steel construction site is
not compatible with the national average. Concentration level found in
the CLT construction site was significantly lower than the EPA standard
and national average data.

Majority of the studies on particulate matter air pollution focused
on the emission of PM2.5 and PM10. All the standards are also based on
those two sizes. However, this study was aimed to gather emission information of two other particulate matters having different sizes (PM1.0
and PM4.0). Since there were not many available data exist on PM1.0
and PM4.0, this study determined the correlation on different particulate matters and according to the study, particulate matters illustrated a
moderate to poor correlation among each other. Especially in the steel
construction project, the correlations were very poorly. Moderate correlations were found in other data collection locations. Linear modeling
analysis suggested that PM2.5 and PM10 can predict the concentration
level of PM1.0 and PM4.0 with an accuracy rate of 38.6–97.5%.
The findings of this study are compatible with the previous literature on PM production in construction sites and support the general
concept of PM emission trends in the construction areas. Moraes et al.
[18] found PM10 concentration level of 46–214 µg/m3 for the concrete
construction site which is in the range of PM10 emission in the steel
construction site obtained in this study (3–914 µg/m3). However, the
CLT construction site possessed a significantly less PM10 concentration
level compared to both steel and concrete construction sites (2–32 µg/
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m3). Haynes and Savage [10] showed that because of the concrete
construction of a rail transport hub in London, average concentration
levels of PM10 and PM2.5 increased up to 215 µg/m3 and 172 µg/m3
respectively. This study also concluded that the particulates were likely
to be from construction activities rather than transport or continental
secondary dust sources. Ketchman and Bilec [12] found a total PM2.5
production of 945 kg to excavate 32,000 m3 of land. Chang et al. [4]
found a maximum PM10 concentration of 60 µg/m3 for a concrete
construction site. All of these studies indicated a similar trend of PM
emissions during the construction activities.
The short sampling duration of the data collection process could be
a limitation of the study. However, the research team believed that
using the DustTrak allowed the research team to use a log interval of
59 s which means data was collected every 59 s. As a result, a very
consistent set of data was measured in a 15 min time frame. A large log
interval might create a high standard deviation in the data set which
would disvalue the output of the sampling process. Another reason to
adopt 15 min sampling time was to observe the activity cycle as in both
sites it was found that 15 min was sufficient to measure all the activities
under the same activity cycle. Also, different measurement time of the
PM sizes might arise confusions regarding the value of the measurement. But the research team is concerned that the purpose of this study
is comparing two different construction materials, an obvious focus was
given to those distinct activities specifically related to two different
materials. The research team was successfully able to include all the
major activities performed in the construction sites during data collection. The research team tried to focus on specific activities and their
emission potential. In that case, the data collection procedure was not
compromised. Also, monitoring the weather data supported that there
is no correlation of PM emission level with weather factors (e.g. temperature, humidity, and wind speed). Since no correlation was found
between weather data and PM emissions, it is possible to say that the
PM emission does not vary with the change of time rather it varies with
specific activities.
Finally, this study reveals that although construction sites are accountable for emitting a high concentration of particulate matters, still
the concentration level is satisfying the standards. The result of this
study further discusses the impact of construction materials in particulate matter emissions. Future research should include the control
measures of particulate matters during construction works.
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