kT buildings

Article

Generation and Characteristics of Construction Noise in Rail
Transit Engineering Enclosure Structures

Huanyu Wu 12, Wei Zhang 12, Zongbin Liu *>*, Xuhui Bai 3, Junwei Huang 3, Jun Huang '? and Zezhou Wu 12

check for
updates

Citation: Wu, H.; Zhang, W.; Liu, Z.;
Bai, X.; Huang, J.; Huang, J.; Wu, Z.
Generation and Characteristics of
Construction Noise in Rail Transit
Engineering Enclosure Structures.
Buildings 2024, 14, 970. https://
doi.org/10.3390/buildings14040970

Academic Editors: Honggui Di and
Xinzhuang Cui

Received: 21 January 2024
Revised: 19 March 2024
Accepted: 29 March 2024
Published: 1 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Civil and Transportation Engineering, Shenzhen University, Shenzhen 518061, China;

wuhuanyu@szu.edu.cn (H.W.); 2210474098@email.szu.edu.cn (W.Z.); 2310474032@email.szu.edu.cn (J.H.);

wuzezhou@szu.edu.cn (Z.W.)

National Key Laboratory for Intelligent Construction and Maintenance of Extreme Environment Geotechnical

and Tunnel Engineering, Shenzhen 518061, China

3 Sinohydro Bureau 11 Co., Ltd., Zhengzhou 450001, China; bai_xuhui0303@163.com (X.B.);
wwhuang_jwei@163.com (J.H.)

*  Correspondence: liuzb1983@163.com

Abstract: Rail transit is an important part of the urban transportation system, while the noise gener-
ated during construction seriously affects the engineering personnel and surrounding residents. To
investigate the noise emissions and characteristics during the construction of the enclosure structures
in the rail transit engineering project, an empirical study is conducted through on-site surveys,
semi-structured interviews, and experimental monitoring. The results indicate that during enclosure
structure construction, there are nine key noise-emitting machines and four key noise-generating
construction processes. Among them, the equivalent average sound levels of six machines, including
pneumatic hammers, pneumatic drills, concrete pump trucks, construction drills, rotary drilling rigs,
and grooving machines, exceed 80 dB(A). The energy contribution rate curves of machine spectra
peak at 63 Hz, 500 Hz, 1000 Hz, and 4000 Hz, which have certain effects on construction personnel
and nearby residents. Meanwhile, guide wall construction, groove construction, reinforcement cage
fabrication and hoisting, and concrete pouring are identified as key noise-generating construction
processes. This empirical investigation helps to establish a theoretical basis for noise control during
the construction of enclosure structures in urban rail transit engineering projects, and the results
provide valuable references for the formulation of auxiliary noise reduction measures.

Keywords: rail transit engineering; enclosure structure; construction noise; noise characteristics;

noise control

1. Introduction

The significance of rail transit projects in urban transportation systems has become
increasingly prominent due to urbanization and continuous population growth [1]. In
China, for instance, 50 cities planned to implement rail transit projects by the end of 2022,
with a length of about 6000 km and a USD 560 billion investment [2]. The expanding scale
of rail transit construction means that increasing construction activities are taking place
in high-density urban areas, making their environmental impacts, like construction noise,
more obvious [3,4]. It is reported that China’s environmental noise complaints exceeded
4 million cases in 2021, and construction noise-related cases responded to 33.4% [5].

Concerning enclosure, the structure is an important part of urban rail transit, its
construction employs various large-scale machinery and intricate processes to address en-
gineering challenges such as stability, tight land resources, and vibration control demands.
As the construction process is mainly conducted on the ground surface, the noise generated
within the construction area is minimally affected by refraction or reflection. The construc-
tion noise in many projects directly spreads to the external environment without proper
attenuation. Noise problems during the construction phase of the enclosure structure often

Buildings 2024, 14, 970. https:/ /doi.org/10.3390/buildings14040970

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings14040970
https://doi.org/10.3390/buildings14040970
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-8687-0466
https://doi.org/10.3390/buildings14040970
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14040970?type=check_update&version=1

Buildings 2024, 14, 970

20f17

attract many complaints and penalties, resulting in project delays and cost overruns [6].
Moreover, construction noise also has serious impacts on the mental health [7], hearing [8],
and neurological health of surrounding construction workers and residents [9]. Therefore,
reducing construction noise pollution is one of the arduous tasks currently faced by urban
rail transit engineering project teams [10].

To better manage construction noise, some scholars have studied the construction
noise characteristics from the perspective of the noise source [11-13]. For instance, Barkoke-
bas et al. [11] carried out surveys on seven high-rise building construction sites, which
identified noise sources and measured sound pressure levels in the environment. Lee
et al. [12] conducted auditory experiments on individual and combined noise of six types of
construction machinery used in the foundation and demolition phases of several buildings
in South Korea to derive the psychoacoustic effects of construction noise. Sung et al. [13]
used an acoustic camera array to carry out noise measurements on a typical subway con-
struction site in Singapore and assessed the noise profiles of six common construction
equipment, such as vibratory piling rigs, perforators, and excavators.

While these existing studies have investigated the issue of construction noise, their
research subjects primarily focused on buildings [14,15], roads [7,16], bridges [17], and
industry projects [18]. The investigated construction stages were typically concentrated
on earthworks [19], main structure construction, or the operational phases of subways [3].
Furthermore, existing studies on the identification of noise sources primarily focused on
common construction machinery, such as excavators, pile drivers, and cutting machines [20].
There are two significant differences between the noise issues in enclosure construction and
other projects. Firstly, enclosure construction involves intensive activities, with considerable
manual labor and machinery operating within the confined space of a subway station.
This leads to a compact construction process with highly concentrated timelines. Secondly,
enclosure construction occurs in complex acoustic environments. As rail transit projects
play a crucial role in transportation, subway stations are often surrounded by various
buildings, such as shopping malls, hospitals, residential areas, and office buildings. This
dense construction activity in complex acoustic environments undoubtedly exacerbates the
negative impact of noise from enclosure construction in rail transit projects. However, there
is limited research in the existing literature on noise issues during this phase of construction.
Consequently, there is a lack of sufficient understanding regarding the generation and
characteristics of noise during the construction of the enclosure structure in rail transit
projects. This leads to the lack of effective noise control strategies in practice, i.e., some
projects adopt a fully enclosed soundproofing approach to cover the entire construction site
with significant expenses [21], while others rarely implement any noise reduction measures,
resulting in significant noise pollution.

Therefore, to fulfill the knowledge gaps of the construction noise emission and char-
acteristics of urban rail transit engineering enclosure structure and to propose effective
noise reduction measures, this study identifies construction machinery and processes
that generate significant noise during construction via empirical research. Subsequently,
key noise sources and key noise processes are identified; meanwhile, the generation and
characteristics of construction noise are analyzed. This study gains knowledge of the con-
struction noise of rail transit engineering and provides valuable references for monitoring
construction noise and developing on-site noise reduction strategies.

2. Materials and Methods
2.1. Research Framework

The environment of a construction site involves frequent process interlacing, equip-
ment turnover, worker activities, etc. This dynamic construction environment poses signifi-
cant challenges to identifying and monitoring the noise sources, including noise-emitting
machinery and noise-generating construction processes. Therefore, this study initially
reviewed engineering documents and literature to sort and identify the machinery and
construction processes that may generate noise pollution and to form a list of preliminary
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noise source inventory. Subsequently, key noise sources in the construction of rail transit
engineering enclosures were identified through an on-site survey and semi-structured
interviews. The noise characteristics of these key noise sources were then identified and
measured using a well-designed noise monitoring method. Finally, the key noise con-
struction processes were identified by locating the key noise sources in the construction
processes. The research framework is shown in Figure 1.

[
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Figure 1. Research framework.

2.2. Identification of Key Noise Sources

Previous studies have revealed that engineering documents are a critical source for
obtaining research data in the construction field [22-24]. In this study, engineering docu-
ments such as Construction organization and design, Quality assurance system, and Work
management guidelines, which provided management processes of machinery information
from serval rail transit engineering projects, were reviewed to obtain the preliminary noise
source inventory (Table 1). It is noted that machinery beyond the study scope or with less
noise impact, such as fog machines, road rollers, and double liquid grouting machines, has
been excluded from the inventory.

To further identify the key noise sources and key noise processes during the con-
struction of urban rail transit engineering enclosure structure, as well as to develop a
reasonable empirical research program, this study conducted a series of on-site surveys
on the Shenzhen Urban Rail Transit Line 7 Phase II (East Extension) project from May to
July 2023, and semi-structured interviews were conducted on 42 on-site construction and
management personnel. The interview questions can be found in Supplementary Material.
To ensure the credibility of the data as much as possible, the respondents in this study were
all selected to be those who have a working experience longer than 3 years, with positions
involving construction technical staff, project managers, supervisors, etc. By position, there
were 4 project engineers, 5 site managers, 7 production managers, 16 construction technical
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staff of various types, and 10 supervisors. According to working experience, there were
15 people with 3 to 5 years of experience, 12 people with 5 to 7 years, 10 people with 7 to
9 years, and 7 people with 10 years and more than 10 years, as shown in Figure 2. These
interviewees have 3 or more years of experience in the construction of urban rail transit
project enclosures and have some knowledge of noise problems during construction.

Table 1. Preliminary noise source inventory.

Serial Name of Machinery Model Production . ..
Number and Equipment Specification Rated Power (KW) Capacity Noise Activity
1 Grooving machine / 201 600~1300 m3 Trench
2 Rotary drill BG25 213 237 kN-m Foundation drilling
3 Crawler crane QY80 298 80t Lifting and moving
4 Forklift trucks CPQD10 / 10 t Carrying of goods
5 Portal crane MG16-A6 112 16t Assemble and
disassemble
6 Excavator (with PC200 110 1m Excavation
breaker)
7 Hydpraulic grab CARTER 225 1.5 m3 Pit excavation
8 Pneumatic hammer XG20S 10 / Crush concrete
9 Crawler crane QUY150-1 204 150 t Lifting and moving
10 Small dump truck Q series 88 5t Loading g?gilltnloadmg
11 Dump truck DFL3251 145 10 m? Transportation materials
12 Air pick G10A / 16 mm, 20 Hz Crush concrete
13 Air compressor L-13/0.8 MPa 110 / Pumped gas
14 Welding machine BX3-500-2 5 / Solder
15 Angle grinder GWS20-230 1200 / Cutting, grinding
16 Electric rope sawing PLE-18.5 22 / Cuts
machine
17 Concrete pump S470C-8S 265 / Pump concrete
truck
18 Concrete floor HBT60 82 37-61m%/h Pump concrete
pumps
Concrete Transportation of
19 transportation DFL5251G]JBA4 257 9m? P
concrete
tanker
20 Inserted vibrator ZX-50 2.2 50 mm Vibrating concrete

Notes: The data were obtained from engineering documents provided by Sinohydro Bureau 11 Co., Ltd.
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Figure 2. Profile of interviewees: (a) Different occupations; (b) Different experience periods.

Finally, based on the results of the on-site survey and semi-structured interview, a total
of 9 types of key noise sources and 4 key noise construction processes in the construction
process of the rail transit engineering enclosure were identified, as shown in Table 2.
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Table 2. Combination of major noise emission processes in diaphragm wall construction.
Construction Process Main Noise Emission Processes Critical Noise Sources
. . Trench excavation, formwork erection, Pneumatic hammer, air pick, concrete
Guide wall construction .
concrete pouring pump truck

Grooving machine, rotary drill,

Trenching Excavation of trenches . . .
engineering drill
Cage fabrication and lifting Reinforcing steel pro.ce.ssing, reinforcing Air compressor, crawler crane, rebar
steel lifting cutter
Concrete pouring Concrete pumping Concrete pump truck

2.3. Noise Monitoring Methods
2.3.1. Selection of Monitoring Indicators

Existing studies have shown that there are three main elements for noise evaluation,
including sound pressure level (SPL), weighted sound level (WSL), and equivalent sound
level (ESL) [25]. Among them, the A-weighted sound level was widely adopted because of
its simplicity of measurement and its ability to reflect the impact of noise more objectively
on the human ear [26,27]. On the other hand, the equivalent continuous sound level
considers the characteristics of sound fluctuation over time and converts the A-weighted
sound level energy over a period to an equivalent average value, which can be used to
measure the noise emission level situation in this time range.

Therefore, the equivalent continuous A sound level Ly,; was selected as the main
indicator of the noise environment emission level, which can be calculated by Formula (1):

T
Loy = 100g( [ 107 ad) M

where L4, is the equivalent continuous A sound level, with the unit of dB(A); Ig represents
the logarithm function with a base of 10; T is the measurement duration period, s; and Ly
is the instantaneous A sound level at time t, dB(A).

In this study;, statistical analysis and evaluation indicators such as statistical sound
level and peak sound level were also monitored to better analyze construction source noise
emissions, and 1/1 octave spectrum data of the noise was monitored for spectral analysis.
The specific monitoring indicators used are shown in Table 3.

Table 3. Monitoring indicators of environmental noise emissions from construction works.

Monitoring Indicators Significance Note

Equivalent continuous A sound

Measurement of the size of the noise

level Leq Equivalent average sound level environment emission level

Statistical sound level Ly

L5 represents the average peak value, L50

0,
A sound level that occurs more than N% represents the average value, and 195

of the time represents the background value
F-stop instantanelz;us maximum value Maximum value of weighting in fast gear N/A
max
F-stop instantaneous minimum Ly, Weighted minimum in fast gear N/A
Sample bias (SD) Standard deviation within the noise Magnitude of reaction noise fluctuations

sample

1/1 octave spectrum analysis

Measurement of sound levels at different

. For noise spectrum analysis
frequencies
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In addition, since mechanical equivalent sound levels vary in different spectral
data [28], this study adopted the spectral energy contribution ratio to normalize the spectral
sound pressure level at each monitoring point so as to calculate the percentage of the total
energy in terms of the energy of the sound pressure level produced by each noise source at
each frequency, which is expressed by € with Formula (2):

f= —— % 100% ?)
01 Loy ‘
iy 107 2

where ¢ denotes the spectral energy contribution, and L,,; denotes the sound pressure level
at the center frequency of the ith 1/1 octave.

2.3.2. Monitoring Equipment and Methods

AWA5688 Multi-function Sound Level Meter was selected as the monitoring instru-
ment. Its performance indicators are shown in Table 4. Acoustic calibration was performed
before and after each measurement. Measurement climate conditions should be free of
rain and snow, and the wind speed should be less than 5 m/s. According to the require-
ments of the Environmental Noise Emission Standards for Construction Site Boundaries
(GB 12523-2011) [29] and Sound Environment Quality Standards (GB 3096-2008) [30], the
equivalent sound level was measured for a continuous period of 20 min. In order to ensure
the uniformity and comparability of the results, each group of monitoring points was set
at a distance of 5 m from the machinery and at a height of not less than 1.2 m. The test
time was May-July 2023 at 9:00~11:30, 14:00~17:30 in the afternoon, and 19:00~22:00 in the
evening every day to ensure that the test was carried out under the state of normal con-
struction at the site. More than 5 sets of test data for each piece of machinery were recorded,
and the average value was calculated as the representative value of the noise-monitoring
data of each construction machinery.

Table 4. AWA5688 Multi-function Sound Level Meter main performance indicators.

Implementation standards

IEC 61672:2013 [31]; IEC 61260:2014 [32]
GB/T3785-2010 [33]; GB/T3241-2010 [34]

Measurement range

28 dB(A)~133 dB(A)

Frequency range

20 Hz~12.5 kHz

Main measurement indicators LN, SD, Lnax, Lmins Lpeaks Laeg, etc.
Frequency weighting Parallel A, C, Z Time weighting Parallel F, S, I
Temperature Pneumatic Relative humidity

Working environment

—10°C—+50 °C 65 kPa-108 kPa 20-90%

2.4. Empirical Research

In the study, the Xuefu Hospital Station of Shenzhen Urban Rail Transit Line 7 Phase
II (East Extension) Project was selected as the study case. The project is located in Nanshan
District, Shenzhen, China. The general layout of the project is shown in Figure 3. During
the study period, this project was mainly at the stage of enclosure structure construction.
The enclosure structure predominantly takes the form of a diaphragm wall, with specific
processes including guide wall construction, slurry production and management, trenching
construction, brushing wall and clearing holes, reinforcing cage production and lifting,
and concrete pouring. The project site is long and narrow, with a width of less than 50 m
in the middle section. Due to site constraints, most of the machinery in the construction
process was located less than 20 m away from the edge of the site. The air compressor
and rebar fabrication area were allocated in an area that is less than 5 m away from the
edge of the site. The construction of the project was primarily conducted at the ground
surface. The boundary fence consists of a 2 m-high iron fencing, with few internal shelters,
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which is not sufficient to absorb and buffer the noise. Hence, the noise in the site was
directly discharged to the external environment with no attenuation. To devise reasonable
and effective auxiliary noise reduction measures, it is imperative to investigate the noise
emission and spectral characteristics of the machinery within the project.

dong

0 1000 KM
|

e

Partial Noise
Emission Processes

Figure 3. The construction site layout of the empirical research project.

3. Results and Discussion
3.1. Emissions from Key Noise Sources

The measured equivalent sound levels and fluctuations of key noise sources in the
construction of urban rail transit engineering enclosure structures are shown in Figure 4.
With the equivalent continuous sound level generally exceeding 80 dB(A), the peak F-
stop generally exceeds 90 dB(A), and some points even exceed 100 dB(A). The sample
variance of the studied machinery, except for the pneumatic hammer and the air pick, was
below 5.0. By comparing the specific regulations on construction noise control in some
countries in Table 5, it is evident that the construction noise of rail transit projects situated
in high-density urban areas surpassed the prescribed limit value. Without appropriate
noise control measures, the empirical project is at risk of receiving complaints, penalties,
and other disputes.

Table 5. Part of restrictions related to construction noise in some countries.

Country Area Exposure Levels in the Neighborhood of Construction Sites in dB(A)

Lands on which serenity
and quiet are of 57

extraordinary significance
Residential 67

America [39] Public facilities and
. 67
entertainment

Business and development 7

area
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Table 5. Cont.

Country Area Exposure Levels in the Neighborhood of Construction Sites in dB(A)
Maximum permissible noise levels for construction work in dB(A)
Country Area (Monday to Saturday)
07:00 a.m. to 07:00 p.m.  07:00 p.m. to 10:00 a.m.  10:00 p.m. to 07:00 a.m.
. 60 50
Hospital, schools,
Singapore [36] institutions of higher (Leg 12 ) (Leg 12 1)
&ap g learning, homes for the 75 55
aged sick, etc (Leg 5 min) (Leg 5 min)
Maximum permissible noise levels for construction work in dB(A)
Country Area (Monday to Saturday)
07:00 a.m. to 07:00 p.m.  07:00 p.m. to 10:00 am.  10:00 p.m. to 07:00 a.m.
Residential buildings & 65 55
located less than (Leg 12h) (Leg 1) (Leg 1)
150 m from the 90 70 55
Singapore construction site (Leg 5 min) (Leg 5 min) (Leg 5 min)
[36] 75 65
(Leg 12 h) (Leg 12 h)
Others 4 4
90 70
(Leg 5 min) (Leg 5 min)
Exposure levels in the neighborhood of construction sites in dB(A)
Country Area 06:00 :
. . :00 p.m. to 10:00 p.m. . .
07:00 a.m. to 06:00 p.m. (Saturday and Sunday) 10:00 p.m. to 07:00 a.m.
Residential areas, hospitals, 60 50 45
Sweden and recreational areas
[57] Office areas and other areas 70 65 )
without loud activities
Industrial areas 75 70 70
Environmental noise emission limits L4, for construction site boundaries.
Country Area
07:00 a.m. to 10:00 p.m. 10:00 p.m. to 07:00 a.m.
China
[30] i 70 55

In addition, previous studies have shown that hearing damage would be caused if
the occupational noise exposure is above 85 dB(A) [38]; it is likely to increase the risk of
hypertension and electrocardiogram abnormalities if the figure is above 80 dB(A) [39]; it is
likely to lead to tension or anxiety in people, causing decreased attention, longer reaction
times, and increased error rates once the environmental noise is above 75 dB(A) [40].
Therefore, this study subdivided the nine classes of key noise sources into Classes I, II, and
III based on noise impact characteristics and further monitored the noise statistical sound
level distribution. Figure 5 shows the distribution of the statistical sound levels of the nine
key noise sources. The equivalent continuous sound levels of all the noise sources exceed
75 dB(A), which can affect humans to different degrees in physiological or psychological
aspects. In addition, most of the noise sources did not show a significant reduction in L50
compared with their equivalent continuous sound levels. This indicates a high proportion
of high-intensity noise components in the period of noise emissions and a high overall
noise emission intensity.
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Figure 5. Key noise sources statistics sound level distribution: (a) Class I noisy machinery; (b) Class
II noisy machinery; (c) Class III noisy machinery.

° Class I noise source

Based on Figures 4 and 5, it can be found that the most serious noise emission is
the pneumatic hammer (91.6 dB(A)), which belongs to a Class I noise source, and the
average peak L5 and average L50 are above 90 dB(A) (Figure 5a). In terms of the fluctuation
of noise (Figure 4), the pneumatic hammer (6.7) also showed high volatility. As this
type of construction machinery requires hand-held operation by construction workers,
and the operation process and the operation mode are characterized by intermittency,
discontinuity, and randomness, it leads to a larger value of sample deviation and, therefore,
higher fluctuation of noise emission. Moreover, as the pneumatic hammer is normally
used underground for crushing concrete in a small space, the echo effect on the noise
amplification effect is significant. Construction workers work with hand-held equipment,
and the noise source is usually less than 1.5 m away from both ears, which has a great
impact on the health of construction workers. The air pick with high-frequency impact
and vibration also has a significant noise impact on construction workers (85.7 dB(A)).
Long-term, high-intensity noise exposure would significantly increase the risk of hearing
impairment and pose various other health risks [41]. For instance, Yun et al. discovered
that noise exposure exceeding 85 dB(A) was significantly associated with a higher incidence
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of hypertension, with a hazard ratio of 1.28 [42]. Weuve et al. found that long-term noise
exposure raises the risk of cognitive impairment and Alzheimer’s disease later in life [43].
Furthermore, the World Health Organization has determined that for every 10 dB increase
in noise, the risk of coronary heart disease rises by 8% [44]. To mitigate the hazards
associated with high noise exposure, some actions, such as shift systems or frequent breaks,
provision of appropriate personal protective equipment for employees, and regular noise
assessment and monitoring of the workplace, are suggested for the project manager.

° Class II noise source

Rotary drill (81.2 dB(A)) and grooving machine (81.1 dB(A)) are classified in Class II.
They exhibit similar noise emission characteristics. As shown in Figure 4, the equivalent A-
weighted sound levels of the rotary drill and grooving machine samples are closely aligned.
The distributions of the statistical sound levels also demonstrate significant consistency
(Figure 5b). As large-scale construction machinery, the engine noise contributes to the major
noise emissions. Additionally, longer operation durations lead to the noise resemblance
characteristics. However, the difference lies in the fact that the sample deviation of the
rotary drill (4.0) is significantly higher than that of the grooving machine (2.7). This
difference is also evident in the comparison of the F-stop peaks and F-stop valleys of the
two machines. The main reason for this distinction is that the mud is dislodged from the
drill bit by vibration after the rotary drill. This process, although shorter, is noisier and can
reach transient sound levels of up to 117 dB(A). Noise emission and statistical sound level
distributions for concrete pump trucks (84.8 dB(A)) and engineering drills (82.7 dB(A))
are relatively similar. However, it is worth noting that most of the construction site area
for urban rail transit projects are relatively small. The concrete pouring process usually
involves various large-scale machinery, as well as frequent transportation of materials.
Coupled with the fact that concrete pouring must be continuous and uninterrupted, it is
common for constructors to schedule it at night to avoid disrupting other construction
processes. Consequently, the high intensity of noise emitted at night often creates more
serious hazards, which is a critical reason for noise complaints.

e  (lass III noise source

Class Il noise sources include air compressors (78.2 dB(A)), crawler cranes (77.0 dB(A)),
and rebar cutters (78.1 dB(A)). Among them, the noise emission of the crawler crane mainly
comes from engine noise, with minimal impact from the lifting and transportation process.
Consequently, its F-stop peak is only 84 dB(A), which is the lowest noise peak among all
the study objects. Moreover, its fluctuation is also relatively stable (3.32). Since it does
not require hand-held operation, its noise hazard is relatively low. For the rebar cutter,
although its equivalent continuous sound level is not high (78.1 dB(A)), the F-stop peak of
the rebar cutter still exceeds 90 dB(A), and its L90 also maintains a high level (as shown
in Figure 4). This is similar to the engineering drill and rotary drill. Since construction
workers are in close contact with the rebar cutter, its noise hazard is a matter of concern. As
for the air compressor (78.2 dB(A)), it exhibits the lowest noise emission volatility and a
relatively flat noise statistical sound level distribution curve. Its sustained high and stable
noise emission levels are mainly due to the long operating time, continuous operation
process and less interference from the construction workers.

3.2. Spectral Analysis of Key Noise Sources

Table 6 shows the representative value of the 1/1-octave spectrum data of the key noise
sources. The spectrum energy contribution rate is normalized by Formula (2), as shown in
Figure 6. Based on the spectral contribution, the key noise sources in the construction of
the urban rail transit engineering enclosure structure can be classified into three classes.
The first class comprises high-frequency noise machinery, including pneumatic hammers,
air picks, and rebar cutters. Their noise energy distribution ranges from 1000 to 8000 Hz.
Among them, the spectral energy contribution (e-value) of the pneumatic hammers and the
rebar cutters peaked at 1 kHz, and the air picks peaked at 4 kHz, which were 26.01%, 24.62%,
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and 24.85%, respectively. These three types of machinery noise showed high spectral energy
contributions at 8 kHz, 15%, 5.64% and 18.42%, respectively. This finding is consistent
with the study by Yang et al. [45], which also investigated the energy concentration of light
machines like air drills and crushers in the higher frequency range. This type of machinery is
characterized by construction processes involving repetitive impacts, vibrations, or cutting.
This results in short-wavelength noise that propagates relatively in the environment but has
limited ability to pass through obstacles. In addition, the monitoring process of mechanical
noise energy in this study is conducted under normal air conditions, while changes in air
conditions (such as wind, humidity, temperature, etc.) at the construction site can also
alter the propagation characteristics of each mechanical noise energy. Therefore, the air
conditions are also critical factors that affect noise propagation and the auditory experience
of people in the vicinity.

Table 6. Key noise sources 1/1 octave spectrum data representation value.

Machinery 31.5Hz 63 Hz 125 Hz 250 Hz 500 Hz 1kHz 2kHz 4kHz
Rotary drill 334 53.4 63.9 72.3 75.6 77.2 73.7 67.8
Grooving machine 38.8 56.0 64.5 70.2 71.1 71.0 68.8 64.5
Pneumatic hammer 36.2 54.2 62.2 75.7 82.7 85.5 84.7 84.5
Air compressor 74.2 83.6 82.8 774 72.9 72.7 69.8 67.2
Engineering drill 33.2 52.9 61.0 68.9 75.1 77.8 75.0 70.2
Crawler crane 38.2 58.8 61.1 70.1 71.5 71.4 69.0 65.7
Air pick 34.7 55.0 65.0 71.0 73.8 74.4 76.2 76.8
Rebar cutter 31.3 50.3 62.5 68.2 69.7 71.7 70.6 71.0
= —A— Pneumatic hammer i 41.35% —= - Rotary drill i 40.54% - ¥~ Air compressor
40 » - Air pick 40 Groo\fing 40 Y\/ —%— Concrete
35 S 35 —— E‘:;il:\l::ring 5] ;', \\\ i
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Figure 6. The spectral distribution of key noise sources: (a) The spectral energy distribution of
high-frequency noise sources; (b) The spectral energy distribution of mid-to-high-frequency noise
sources; (c) The spectral energy distribution of low-frequency noise sources.

The second class is the medium- and high-frequency noise sources represented by
rotary drills, grooving machines, engineering drills, and crawler cranes. Their noise energy
distribution is in the range of 250 Hz to 2 kHz, while the energy distribution is significantly
lower at 4 kHz and above. This result is generally consistent with the study by Lee et al. [13].
Among them, the ¢ values of construction drill and rotary drill peaked at 1 kHz with 41.35%
and 37.85%, respectively. For crawler cranes and grooving machines, their ¢ values peaked
at 500 Hz, with 27.02% and 25.3%, respectively. The operation type and working principle
of rotary drilling rigs involve more impact, crushing, vibration, and cutting. As a result,
the noise spectrum energy contribution of both is significantly more concentrated, and the
peak point is higher than that of trenching and crawler cranes. In addition, the operating
condition, structure, and material of the machinery, as well as its age and maintenance
condition, are also important reasons that affect its noise spectrum energy contribution.
For machinery where noise energy is concentrated in mid to high frequencies, a preferable
mitigation method is to use sound barriers. For instance, employing T-shaped barriers
with a top width of 0.6 m can achieve efficient utilization and effective noise reduction
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effects [46]. Additionally, moderately tilting the placement of sound barriers to guide sound
waves upward for reflection can also enhance acoustic performance [47].

The last class is the low-frequency noise sources represented by air compressors and
concrete pump trucks. The main distribution of noise energy in both sources is below
500 Hz, with the £ value peaking at 63 Hz, reaching 40.54% and 27.5%, respectively. They
exhibit a low contribution of mid and high-frequency noise energy. Due to the longer
wavelength, it easily passes through obstacles, spreading farther and exerting a greater
impact on the environment beyond the site boundary. Concrete pump trucks, commonly
used in nighttime construction machinery, reach an equivalent sound level of 84.8 dB(A),
far exceeding the current country’s standard limit of 55 dB(A) for nighttime construction
emissions. For this continuous and steady noise primarily caused by engines, the miti-
gation can be achieved by installing more efficient exhaust muffler systems or designing
a soundproof enclosure to replace conventional engine hoods. In addition, the health
risks of low-frequency noise are gaining wider attention. The most common symptoms
include sleep disturbances [48,49], poor concentration [48], headache, head pressure [48],
mental fatigue [50], tiredness, irritability [49], and reduced auditory sensitivity [51]. With
the rapid development in the fields of deep learning and artificial intelligence, numerous
efficient algorithms have demonstrated outstanding performance in noise monitoring and
prediction [52,53], emission sound pressure and sound wave control [54,55], as well as the
optimization of noise control systems [56,57]. These novel active noise control methods
integrated with artificial intelligence effectively overcome the limitations of traditional
passive noise control methods in attenuating low-frequency noise, offering new directions
for future construction noise control [58,59].

3.3. Analysis of Critical Noise Generating Construction Processes

The results of the on-site surveys and semi-structured interviews identify the key
noise processes in the construction of the rail transit project enclosure. These include guide
wall construction, trenching construction, rebar cage fabrication and lifting, and concrete
pouring. Key noise source emissions are involved in each of these construction processes.
Additionally, other machinery used in the construction of rail transit enclosure structures
also contributes to overall noise emission levels. However, according to the results of semi-
structured interviews and engineering data, their usage time and noise emission levels
are not as high as those of key noise source machinery. Therefore, they are classified as
secondary noise source machinery. The relationship between these construction processes
and noise emission is shown in Figure 7.

The guide wall construction process requires the use of excavators along the perimeter
of the subway station enclosure construction site for long-distance trench excavation. It also
involves the use of air picks, pneumatic hammers, and other engineering machinery used
to break the concrete. These noise sources exhibit obvious mobility and instability. Their
noise spectrum energy contribution not only concentrates in the high-frequency range but
also displays high sound intensity. This poses a potential threat to the hearing and health
of the staff involved in the construction process [60]. During this construction process,
noise emissions can be significantly reduced without affecting productivity by selecting
appropriate drill bits [61,62], piles [63], and saws, as well as adjusting the operation of
concrete mixers [11]. Moreover, during construction involving such machinery, individual
protection for personnel directly involved in construction operations should be strength-
ened. This includes using sound-insulating earplugs or earmuffs to minimize the impact of
high-frequency, high-intensity noise on their auditory systems. Additionally, staff members
should undergo regular hearing health tests to ensure that their auditory functions are
monitored and protected promptly.

The trenching construction process requires the use of construction machinery such
as grooving machines, rotary drills, and engineering drills. Their noise spectrum energy
contribution is dominated by mid to high frequency. When encountering solid soil and
rock layers during the trenching process, rendering the grooving machine unable to work,
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Concrete pump truck

it becomes necessary to switch to two-wheeled milling, rotary drill, or double-powered
drilling rigs for trenching or percussion drilling operations. In special circumstances that
require paired construction, an average of 1.5 trenching operations will be completed every
day. The continuous operation times are longer, generally exceeding 15 h per unit trenching
time. When encountering a slurry leakage layer and shaped trench section, the trenching
time will be doubled and produce more persistent sound pollution.
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Figure 7. Construction process and noise sources relationship diagram.

Noise processes in the cage fabrication stage mainly include cutting, bending, and
welding of steel bars, resulting in strong metal cutting, cracking, and other sounds. During
the cage lifting stage, noise sources mainly stem from the use of lifting machinery. Its
hydraulic system and mechanical movement engine generate low-frequency metal parts
friction sounds. Additionally, the collision sound of the lifting rigging contacting with the
rebar cage and the twisting sound of the lifting ropes contribute to enhancing the overall
noise level. As the rebar handling and fabrication process progresses, long-duration noise
pollution is generated, causing continuous noise nuisance to the residential life around
the construction activities on the site. Unlike other construction processes, the location of
noise sources in this phase is relatively fixed, mainly located in the rebar fabrication and
processing area within the construction site boundary. This characteristic can be effectively
utilized by arranging such relatively fixed noise sources close to the side of the road and
away from noise-sensitive areas.

For the concrete pouring process, the noise emissions identified in this study mainly
come from concrete pump trucks, with an equivalent sound level reaching 84.8 dB(A).
The noise spectrum energy contribution is dominated by low frequencies, and the noise
shows a steady state with strong penetration, as well as diffusion effects. Additionally,
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due to its special characteristics, the concrete pouring process often lasts for a long time
and cannot be interrupted, resulting in numerous nighttime construction noise issues in
this phase. Especially for the construction of rail transit project enclosure structures with
narrow construction site, noise emission at night is a serious challenge. Therefore, it is
recommended to implement operational restrictions or appropriate sites and schedule
planning algorithms [64,65] to mitigate the negative impact caused by such construction
process noise.

4. Conclusions

This paper identifies and analyzes the key noise-emitting sources and key noise-
generating construction processes in the construction of urban rail transit engineering
enclosure through on-site surveys, semi-structured interviews, noise monitoring experi-
ments, etc. It quantifies the noise emissions of the main noise sources and their spectral
distribution characteristics. It also provides corresponding prevention and control sugges-
tions for the characteristics of noise emission and obtains the following conclusions:

Firstly, there are nine types of key noise source machinery in the construction of urban
rail transit engineering enclosure structure. Among them, the equivalent average sound
level of six types of machinery, such as pneumatic hammer, air pick, concrete pump truck,
engineering drill, rotary drill, and grooving machine, exceeds 80 dB(A). The noise energies
of the identified construction machinery were distributed at low, medium-high, and high
frequencies.

Secondly, high-frequency noise machinery such as pneumatic hammers, air picks,
engineering drills, and so on are close to construction workers, but they are not easy to
spread, and the noise attenuation rate is fast, so it is easy to harm the health level of the
construction workers. Air compressors, concrete pump trucks, grooving machines, and
other low and medium-frequency noise machinery with long noise wavelengths need to be
limited to their diffusion in the environment.

Finally, four key noise emission processes—guide wall construction, trenching, cage
fabrication and lifting, and concrete pouring—have been identified. Among these, the
concrete pouring process has significant nighttime construction problems.

In response to the noise emission problem in the construction of rail transit engineer-
ing enclosure structures, the recommendations in this study include (i) retrofitting and
upgrading existing equipment; (ii) adding sound insulation materials to equipment or
installing noise barriers at noise-sensitive points, which could be effective in protecting
people in the surrounding area from construction noise; (iii) construction schedule coordi-
nation and site planning. Given the great harm and high limitation of nighttime noise, it
is a good solution to consider reducing high nighttime noise as much as possible through
construction schedule arrangements.

The scientific value of this paper lies in providing novel empirical data and insights
that quantify the construction noise characteristics and establish a risk classification frame-
work. The research findings enhanced the understanding of an important environmental
issue and offered guidance to improve noise control practices in large-scale infrastruc-
ture projects. However, this study also has two limitations. Firstly, the physiological
and psychological health impacts of construction noise on the surrounding personnel and
surrounding residents have not been quantified due to limited experimental conditions.
Secondly, the effectiveness of corresponding noise reduction strategies for various types of
noise characteristics has not been assessed, as these approaches have not been conducted in
practice. Therefore, future research can be conducted from two perspectives: exploring the
physiological and psychological effects of noise exposure on personnel and investigating
the application of active noise reduction techniques in construction noise.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/buildings14040970/s1. The Questionnaire of Construction Site
Noise Impacts.
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