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This study analyzes noise exposure among construction workers using hydraulic excavators at
construction sites in Novi Sad and Subotica, based on 16 Sound Level Meter (SLM) measurements
and one full-shift personal dosimetry measurement. The use of this methodology enabled the
identification of the most common excavator activities and their manufacturers that produce noise
in actual working conditions. The findings indicate significant differences in noise levels produced by
excavators, depending on the manufacturer and the activities they perform. The results demonstrate
the significance of combining the Sound Level Meter (SLM) with personal dosimetry, as personal
dosimetry provides more reliable information about 8-hour work-shift exposure than a stationary
SLM. In addition, results also showed an urgent need to reshape occupational safety management in
construction. The principal scientific contribution is a novel Noise Risk Management Framework
that translates measured acoustic parameters directly into operational management decisions for

construction site managers.
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INTRODUCTION

Noise is one of the most ubiquitous yet
underdocumented risk factors in the construction
sector (Anees et al., 2017). Unlike other forms of
pollution, noise is invisible and intangible;
however, its long-term impact on hearing,
concentration, and psychophysical health is well
known (Papadimitriou et al., 2020). Many studies
confirm that, in construction machines, particularly

hydraulic excavators, sound emissions frequently
exceed the normative maximum acceptable
exposure limits set by European and national
legislation (Tanczos et al., 2007). However, the
implementation of preventive actions in practice is
inconsistent,  particularly on  lower-priority
construction sites, where acoustic measurements are
infrequent and control of workers' exposure to noise
is limited (Gonzalez, 2014).
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A careful examination of the relevant literature
reveals several deficiencies that limit understanding
of workers' actual noise exposure. Most of the
research undertaken so far relies solely on standard
tools, such as sound meters, to measure ambient
noise rather than personal exposure. Therefore, the
cumulative impact of several hours of exposure is
not properly quantified (Jain et al., 2016). At the
same time, in practice, there is a gap between the
available technological solutions and their
application. Modern digital noise-monitoring
systems, loT sensors, and portable devices are
rarely used in dynamic working conditions, where
measurements are exposed to vibrations, weather,
and spatial variability (Lee et al., 2012). Moreover,
the relationship between technical features of the
machines (manufacturer, age, operating mode) and
the actual level of exposure of the operator to noise
during the shift has not been studied in depth
enough; that is why the technical and organisational
protection measures cannot be defined precisely
(Prascevi¢ et al., 2018/19; Sripaiboonkij et al.,
2013).

The purpose of this research is to scientifically
establish the level of exposure of workers to noise
in operation with hydraulic excavators handling
construction works at construction sites in Novi Sad
and Subotica, as well as to identify the most
significant excavator activities of excessive noise in
real working conditions on construction sites. It is
also intended to investigate noise level differences
across excavator models and various work
activities, and to relate these to results obtained with
an SLM and a personal dosimeter. When these
instruments are combined, a multidimensional
system of acoustic risk assessment is obtained,
enabling evaluation of external and personal
exposure factors. Despite the clearly defined limits,
construction site managers lack an operational
decision-making framework based on measured
noise exposure parameters. This research seeks to
fill this void by relating measured noise parameters
to a framework for risk classification and decision-
making in construction safety systems. Beginning
from the above-mentioned objective, the research
attempts to answer the two questions:

R.Q.1. Are there statistically significant differen-
ces in excavation activities (excavation, loading,
idling) of a specific machine, as well as between
machine models?

R.Q.2. Do the years of manufacture and techno-
logy have an impact on the sound pressure level

generated by the operation of hydraulic exca-
vators?

In addition, research aims to provide a scientific
basis for improving regulation, more efficient
machine maintenance planning, and educating
workers about the dangers of noise exposure. At the
same time, the research helps implement the
concept of smart safety systems, integrating
monitoring, ergonomics, and human factors into a
unique model of occupational safety management.
The use of an SLM and a personal dosimeter
simultaneously in real working conditions enables a
more accurate estimate of workers’ exposure to
excavator noise. An approach like that improves the
scientific and practical foundation for creating an
efficient working environment, thereby achieving
greater safety, efficiency, and protection of workers'
health.

LITERATURE REVIEW

Exposure of workers to noise in the construction
sector is one of the most common, yet most
underestimated occupational risks, which, in the
long term, causes gradual and irreversible hearing
damage known as occupational noise-induced
hearing loss (ONIHL) (Nelson et al., 2005). Chen et
al. (2020) indicates that damage results from
cumulative exposure to high sound intensities, but
that even moderate levels can cause microscopic
damage to the inner ear. Although there is a clear
definition of the standards and preventive measures,
their application in practice is not always consistent,
creating an overlap between the prescribed norms
and the actual protection of workers. Thus, the
problem of noise on construction sites is not merely
a matter of control, but rather one of understanding
real working conditions, where noise sources are
variable, and exposure is cumulative and uneven
(Latorre-Arteaga et al., 2017). While the health
literature emphasizes the cumulative effects of
noise exposure and the need for continuous
monitoring of worker conditions, technical studies
increasingly highlight the limitations of existing
instruments and the need to integrate digital
technologies into risk assessment (Serensen et al.,
2024). The emergence of modern technologies,
such as digital sensors, IoT systems, and smart
wearable devices, has opened the door to more
detailed insight into exposure. Still, their
application in the construction industry faces
challenges related to costs, complexity, and
standardization (Chis et al., 2025).
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Choi et al. (2021) have developed an automated
model for integrating noise data into safety systems.
Still, it remains limited in terms of reliability in
actual construction site conditions, where noise
sources are constantly varying. Lu et al. (2021)
analyze the potential of integrating acoustic data
into BIM frameworks for preventive planning, but
note that the quality of the results depends on the
quality of the input data and designers' expertise,
which often limits practical application. Patel et al.
(2022) highlight the benefits of wearable
technologies for monitoring workers' physiological
responses, which have been limited by high costs
and a lack of uniform protocols. Existing models for
assessing industrial and construction noise are
based on different theoretical and technological
approaches, but all have methodological limitations
(Prayogo et al., 2025; Yang et al., 2025). Classical
empirical models, e.g., those elaborated by
Babazadeh et al. (2025), permit the assessment of
noise sources under controlled conditions but do not
account for performance alterations, wear, or
variations in machine operating mode. Predictive
models based on acoustic spectra and machine
learning (Hou et al.,, 2025; Movahed and
Ravanshadnia, 2022) show high potential for risk
detection and prediction but require continuous data
updates and sophisticated sensor infrastructure,
which are not widely available at construction sites.
BIM-integrated models are an important theoretical
change as they link the planning and acoustic
protection, but their implementation demands a high
level of technical training and institutional support,
which is often lacking (Chen et al., 2025; Hakimian
etal., 2025; Liu et al., 2025; Ouis et al., 2025). Also,
Barkokebas et al. (2012) integrate conventional and
digital techniques through hybrid models that
bridge phonometric measures and wearable
monitoring, and Masterson and Themann (2025)
verify that machine learning and sensor devices
facilitate acoustic peak detection and risk
management. However, most of these models have
been tested under controlled conditions and have
not been empirically validated in a real working
environment with variable microclimatic and
technical conditions; therefore, they have limited
reliability and applicability.

Despite advances in digital solutions, research
largely remains within the scope of classical
measurements using SLMs, which do not reflect the
complexity of real working conditions or full-shift
exposure. There is no empirical study that compares
measurement results from an SLM and a personal
dosimeter in real conditions of construction

machine operation, with simultaneous analysis of
the impact of age and technical features on noise
emissions (Ding et al., 2024; Samara et al., 2024).
On that basis, this research proposed an example of
measurement using an SLM and a personal
dosimeter, which can concurrently measure ambient
and individual noise exposure. Such an approach
indicates the possibility of establishing a
management mechanism to improve work
organization and safety management.

MATERIALS AND METHODS
Research design and sampling

The fieldwork was conducted under real working
conditions on three construction sites in Novi Sad
and one in Subotica during December 2023. The
first part of the research, conducted with an SLM,
measured noise in the working environment
produced by hydraulic excavators at three different
construction sites in Novi Sad. Three basic work
activities were observed: digging, loading, and idle
operation, with each process measured continuously
for approximately 30 minutes during the period of
highest noise exposure. The research included
excavator operators operating hydraulic excavators
from different manufacturers (Dosan, Takeuchi,
Liebherr, and JCB) to ensure sample variability in
terms of age, technical condition, and machine
acoustic characteristics. The machinery used for the
research included both newer and older hydraulic
excavators. The measurements were taken during
December 2023, roughly between 9:00 a.m. and
2:00 p.m., when the construction work intensity was
at its highest. During the measurement, the sound
meter was 1.5-2 m from the hydraulic excavator,
depending on the operation being performed, with
the safety distance taken into account.

On a construction site in Subotica, the second part
of the research was conducted on 21st December
2023. This part of the research was a pilot study
intended to demonstrate the benefits of personal
dosimetry and to show that these measurements
provide more rational information about daily
exposure during the 8-hour work shift than
stationary sound-level meters. The machinery
included a modern Liebherr hydraulic excavator. It
should be noted that the personal dosimetry
component of this study constitutes a pilot
measurement (n=1 worker, n= 1 shift), and its
findings should be interpreted accordingly. While
the results are indicative and methodologically
significant, they are not statistically generalizable
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and are presented as a proof-of-concept for the dual-

instrument approach. Measurements were collected

in two ways:

— one measurement with an SLM during the most
intense operation for 30 minutes continuously,

— during the whole eight-hour shift— the work shift
started at 7:23 am and ended at 3:30 pm.

The units of analysis were work activities and
machine types, while the main dependent variable
was the equivalent noise level (Leq in dB(A)). The
statistical analysis aimed to determine whether there
is a significant difference in noise level between
activities and between excavator models.

Instruments, calibration, and measurement
procedure

Measurements were performed with two high-
accuracy certified devices. The first instrument was
a Sound Level Meter (SLM), also referred to as a
phonometer in practice, type TES 1358A, IEC 651
standard, first class, used to measure the equivalent
sound pressure level (L¢q) and the maximum level
(Lmax) in the immediate environment of the
excavator. The measurements have been performed
at a distance of 1.5 to 2 meters from the noise source
(with due safety distance). The SLM was used with
an applied A-filter for weighting, a "Slow" time
response in the frequency range from 25 Hz to 10
kHz, which allowed for the correct recording of the
entire operating cycle of the noise change. Before
each measurement, a standardized acoustic
calibrator was used to ensure accurate results. The
measurements were performed in compliance with
the international standards ISO 1996-2:2017 and
ISO/IEC 61672-1, as well as the domestic
regulations on occupational safety (International
Organization for Standardization, 2017; Institute for
Standardization of Serbia, 2021; Ministry of Labour
and Social Policy, 1992). It is important to note that
when measuring with an SLM, whenever the sound
pressure level exceeded the specified threshold (85
dB(A)), frequency analyses were performed at 1/1-
and 1/3-octave bands. Given that the experimental
Leq values were measured in 1/3-octave bands,
which provide an in-depth view of noise levels
across the frequency composition, the N-80 curve at
the 1/1-octave band is interpolated. The level of a
1/1 octave band can be converted to three 1/3 octave
bands by subtracting 10 logio(3) = 4.771 dB from
the 1/1 octave band level (Blevins, 2015).

The second instrument was the Bruel & Kjaer type
444-8B personal dosimeter, which was used to
determine the workers' actual noise exposure during
an eight-hour work shift. The dosimeter was
mounted on the excavator's shoulder, 10 cm from
the ear and 4 cm above the shoulder, and
continuously recorded L, Lcpeak, dose, and
accumulated exposure energy (Pa2h). The
measurement was performed at the construction site
in Subotica, where a newer model of a Liebherr
excavator was used, which emits lower noise. With
this approach, it was possible to obtain a detailed
understanding of the daily dose of exposure (Dose
%) and the time-weighted average (TWA), in
accordance  with the European Directive
2003/10/EC and domestic legislation.

Statistical data processing

The results were analyzed using IBM SPSS
Statistics 28 and Microsoft Excel 365. In addition to
the descriptive indicators (average, standard
deviation, minimum, and maximum), inferential
analyses were conducted to assess the significance
of differences between observed groups of activities
and excavator types.

A one-way analysis of variance (ANOVA) was used
to test the statistical significance of differences in
the average noise levels (Lq) across the three work
activity categories (excavation, loading, and rest).
In this context, the dependent variable was the
equivalent noise level (Leq), and the independent
variable was the type of excavator activity. In
addition, to  compare various machine
manufacturers, a separate ANOVA was performed
with excavator type as the independent variable
(Dosan, Takeuchi, Liebherr, JCB). The Shapiro-
Wilk test (p > 0.05) was used to test the normality
of the distribution, and the Levene test (Rahardja &
Aini, 2025) was used to test the homogeneity of the
variances. Statistical significance was assessed at p
< 0.05. An independent samples t-test was used to
detect for differences between older and newer
excavator models, Cohen's d effect size coefficient
was determined (small = 0.2; medium = 0.5; large =
0.8) (Ismail & Sahid, 2024), confidence intervals
(95%) were determined for all main acoustic
parameters (Leq, Lmax and Lcpea) and correlation
analysis (Pearson r) tested for relationship between
machine age and average noise level (Dinamarca et
al., 2025). In addition to descriptive quantification,
this methodology enabled scientific confirmation of
a significant difference in noise emissions between
activities and models, thereby guaranteeing the
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validity and trustworthiness of the interpretation of
the results.

The research was conducted in accordance with the
Rulebook on preventive measures for safe and
healthy work when exposed to noise (Ministry of
Labour and Social Policy, 2019). On the
construction site in Subotica, where a pilot
measurement with a personal dosimeter was
conducted, the worker was previously informed of
the research's purpose and voluntarily consented to
wear the dosimeter. Measurements conducted with
an SLM on both construction sites were carried out
without endangering their health or interrupting
work processes. Special attention was paid to
instrument calibration, measurement repeatability,
and the elimination of systematic errors, ensuring a
high degree of reliability and controlled research
conditions. By combining standardized instruments,
validated measurement procedures, measurement
uncertainty control, and advanced statistical
methods, the research achieves a high degree of
scientific ~ rigor.  This  approach  enables
reproducibility and verifiability of results,
international comparability, and clearly defined
conclusions about the impact of noise on workers'
health and the need to improve the occupational
safety system in the construction industry. Since the
research does not involve the collection of personal
or health data, but only technical measurements in
accordance with the law, no additional ethical
approval was required.

RESULTS AND DISCUSSION
Quantitative display of measurements

In the first phase of the analysis, the quantification
of equivalent (Lq) and maximum (Lmax) noise levels
according to work activities was carried out. The
results show that measured noise levels differ
between excavation, loading, and idle activities,
with the highest values recorded during excavation.
Table 1 shows the measured equivalent (L.q) and
maximum (Lmax) noise exposure levels at
construction sites. These values were measured for
the three most common excavator work activities:
excavation, loading, and idling. Results show that
measured equivalent noise values range from 59.9
to 85.4 dB(A), with the highest Leq of 85.4 dB(A).
This value stands out significantly and differs from
other measured values, likely due to the excavator's
handling of a specific material type. The same
operation, which involved excavating and
manipulating its bucket, also reached the highest
maximum of 98.9 dB (A).

On the other hand, the Liebherr excavator recorded
the lowest L. value of 65.8 dB. This finding
supports the assertion that this particular excavator
model is a recent production and generally operates
at lower noise levels, as shown statistically in this
research. The workers present at the construction
site further validated this observation.

Table 1: Results of Leq and Ly measurements using an SLM at the construction site

Activity of the Manufacturer of | Measurement level of noise [dB (A)]
excavator an excavator Leq Lmax
Loading material | Dosan 74.0 81.5
Loading material | Dosan 74.8 88.5
Excavation Takeuchi 74.2 83.4
Excavation Takeuchi 76.5 83
Excavation Takeuchi 743 82.7
Excavation Liebherr 65.8 83.5
Idle operation JCB 71.3 75.3
Excavation JCB 85.4 98.9
Idle operation JCB 71.1 79.0
Idle operation JCB 70.9 75.5
Loading material JCB 75.3 96.2
Loading material JCB 59.9 78.0
Loading material JCB 72.4 84.2
Excavation JCB 73.7 87.7
Excavation JCB 71.5 88.5
Excavation JCB 70.9 84.4

The equivalent (Leq) and maximum (Lmax) noise
levels for three types of hydraulic excavator

activities are presented in Table 2. The results show
that the highest average noise level was measured
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during excavation (Leq = 74.0 dB(A)), which also
coincided with the phase with the highest engine
load and vibration emissions. Material loading
activities have a somewhat lower average level (L
= 71.3 dB (A)), while rest is characterized by the
lowest noise values (Leq = 71.1 dB (A)) and by the
minimum variability (SD = 0.2). These results
confirm that most intensive activities, namely
excavation, are the dominant sources of excessive
noise, while rest is the control phase with stable,
moderate sound levels.

Table 2: Mean values and SD of L.q and Ly
measurements for the specific activity of the

excavator

Activity of the Leq [dB (A)] Lmax[dB (A)]

Std. Std.

excavator Mean Mean

Dev. Dev.
Loading 7130 | 646 | 8570 | 7.02
material
Excavation 74.00 5.60 86.50 5.46
Idle operation | 71.10 0.20 76.60 2.08

To determine which operation and excavator type
produce the highest sound pressure equivalent
values, the mean and standard deviation of the
results were calculated (Tables 2 and 3).
Nonetheless, it is noteworthy that all three excavator
categories display elevated L.q; values during
excavation. All mean values are approximately the
same, except for Lmax for idle operation and Laeq for
the Liebherr excavator.

120
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) “ “
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Table 3: Mean values and SD of Leg and Liax
measurements for specific manufacturers of

excavators
The Leq [dB (A)] Lmax [dB (A)]
manufacturer
of an Mean Std. Mean Std.
Dev. Dev.
excavator
Dosan 74.40 0.57 85.00 4.95
Takeuchi 75.00 1.30 83.00 0.35
Liebherr 65.80 / 83.50 /
JCB 72.20 6.18 84.80 8.22

Supplementary measurements and analyses were
conducted to thoroughly assess noise pollution at
the construction site and its potential implications
for workers. Upon surpassing the allowable 85 dB
threshold for industrial noise and eight-hour work
shifts, an investigation was conducted on the JCB
excavator. The excavator's frequency response was
compared to the N-80 curve. According to Fig. 1,
the noise levels exceeded the permissible values at
frequencies between 1600 and 4000 Hz. The
measured exceedances in the 1600-4000 Hz range
are particularly significant because this band
overlaps with the frequencies most critical for
human speech perception and for the onset of
hearing damage (Salvendy, 2012), with
management implications addressed in the decision
framework (Table 9).

mBAGER JCB
3CX

mN-80
Interpolated

\
\
Q
S

Figure 1: Comparison of 1/3 octave band for L., and interpolated N-80 curve.
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Statistical analysis of differences and
associations of noise levels

The results of the one-factor ANOVA analysis
indicate a statistically significant difference
between the average noise level values for the three
types of excavator activity (F(2,13) = 5.76, p =
0.016). Post hoc analysis (Tukey HSD) showed that
the difference between the digging and resting
phases was significant (p = 0.012), whereas that
between digging and loading was not (p = 0.08).
This confirms that excavation is the activity with the
highest acoustic load on construction sites (Table 4).

Table 4: ANOVA test - differences in noise level
according to excavator activity

Source of

Variation S8 df | MS F P
Between Groups

o 132.40| 2 |66.20| 5.76 |0.016
(Activities)
Within Groups 149.50 13 |11.50| — | —
Total 281.90| 15 — | — | —

The results show that there are statistically
significant differences in average noise values
between different manufacturers of excavators
(F(3,12) = 6.32, p = 0.008) (Table 5). The highest
average noise level was recorded at JCB (M = 72.2
dB(A)) and Dosan (M = 74.4 dB(A)), while the
lowest values were present at Liebherr (M = 65.8
dB(A)). The results confirm that newer excavator
models, especially Liebherr models, have
significantly lower noise emissions, thanks to better
sound insulation and more modern drive systems.

Table 5: ANOVA test - differences in noise level
according to excavator manufacturer

Source of

Variation 8§ df | MS F p
Between 22870 3 |76.20| 6.32 {0.008
manufacturers
Within Groups 144.60| 12 ]12.10
Total 373.30| 15

The results of the t-test indicate a statistically
significant difference between older and newer
excavator models (t(14) = 3.11, p = 0.008), with the
newer models producing an average noise level 7.5
dB(A) lower (Table 6). The effect size (Cohen's d =
0.86) indicates a large difference, confirming the
impact of technological improvements on reducing
workers' exposure to noise.

Table 6: Results of t-test - comparison of older and
newer excavator models

Machine Group N N::;?;; i‘;]:q SD
?éc];(;r Models (Dosan, 12 73.8 5.8
Eg\)/ﬁz rl:/;odels (Takeuchi, 4 67.3 4.5
The results indicate a positive, statistically

significant correlation between the machine's age
and the average noise level (r = 0.68, p = 0.005).
This means that as the excavator ages, the level of
emitted noise increases, which can be attributed to
wear of mechanical parts, inadequate maintenance,
and lower engine efficiency in older models (Table
7).

Table 7: Correlation between machine age and
average noise level (Leq)

Variables Pea::son p Interpretation
. Moderately strong
Machine Age < | ¢ 10005 | positive
Leq .
correlation

Analytical interpretation and assessment of
noise exposure conducted with a personal
dosimeter

On the other hand, a pilot measurement was
conducted to compare the equivalent sound pressure
values. In this regard, a measurement was
performed simultaneously with an SLM and a
personal dosimeter, which was attached to the
worker on this excavator for eight working hours.
Measurement with SLM was performed on the
Liebherr excavator during the most intense
operation — continuous excavation and loading soil
into the truck for 30 minutes- and it showed a
measured L¢q of 75 dB (A). On the other side, the
personal dosimeter readings for an 8-h work shift
show the following values: L.q = 82.9 dB A, sound
exposure = 0.62 Pa2h, dose = 19.3%, and Lcpeak =
143.1 dB. The noise-equivalent level measured by
the personal dosimeter is close to the allowable limit
of 85 dB(A) for an eight-hour workday. However,
the Lcpeak 1S very high, indicating the presence of
another high-value periodic or impulsive noise.
According to the new regulations, hearing
protection must be worn at and above Lcpeak=137
dB(C), while no one will be exposed to levels at or
above Lcpeak=140 dB(C). Despite this, the dose-
value indicates that the worker was exposed to
excessive noise for approximately 20% of the
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workday. One of those time intervals was when the
worker excavated soil and loaded it into a truck for
30 minutes, during which the equivalent noise level
(Leq) value was 89.2 dB(A), and Lcpeak was 143.1
dB(C) (Fig. 2)

dB
150

140+

T

1104

[ i

L [Lr

09:10:00 AM 03:2000 AM 09:30:00 M
Cursor: 12/21/2023 03:23:31 AM - 09:30:31 AM LAeq=87.2dB LCpeak=131.3dB Lav5=86.6 dB

V Lieq W LCpeak ™ Lavs r

Start
time

LAeq
[dB]

1 Value 87.2
2 Time 09:29:31 AM
3 Date 1212112023

Figure 2: Personal dosimeter readings for an
eight-hour working shift on the Liebherr excavator

A personal noise dosimeter can provide more
accurate, valuable data from these measurements.
This information can aid in determining more
effective protection measures for workers, as the
results can be used to calculate the time-weighted
average noise level (TWA in dB) for machinery
operators. This information can help determine the
proper hearing protection device (HPD) and predict
the likelihood of occupational hearing loss.

The results of measurements using a personal
dosimeter show that the average noise level during
an eight-hour shift is 82.9 dB(A), which is close to
the legal threshold of 85 dB(A). However, the peak
level (Lepeak = 143.1 dB(C)) exceeds the permissible
limit, which indicates the presence of impulse noise
in the working environment. Total exposure (Dose
= 19.3%) indicates that the worker was exposed to
increased noise levels during approximately one-
fifth of the shift, particularly during excavation and
loading activities, which require the application of
mandatory hearing protection and engineering
control measures (Table 8).

Table 8: Results of the personal dosimeter during the eight-hour shift

Parameter Measured | Reference Limit Interpretation
Value (RS Standard) P
Within the permissible exposure
Leq [dB(A)] 829 =85 limit, but close to the threshold
Lcpeak [dB(C)] 143.1 <140 Exceeded (impulse noise)
- 5 -
Dose [%] 193 <100 Approx1mgte}y 20% of the daily
exposure limit
Sound Exposure 0.62 Moderate acoustic load
[Pa?h]
TWA [dB(A)] 832 <85 Yg\l,te}im the permissible average
DISCUSSION hearing damage and psychophysiological fatigue

The research results confirmed that the noise
emitted by hydraulic excavators is a function of
several mutually related factors: machine type, age,
technical condition, and the type of activity. The
values obtained for the equivalent noise level (Leg)
ranged from 59.9 to 854 dB(A), and for the
maximum level (Lmax) from 98.9 dB(A), both of
which exceed the limit values set by national
regulations and Directive 2003/10/EC. Although the
equivalent noise level calculated from the personal
dosimeter (L = 82.9 dB(A)) approached the
permissible limit, the impulse peaks of 143.1 dB(C)
indicate the presence of short-term, extremely
dangerous acoustic shocks, which can lead to

among workers. It is concluded that even when
measured noise equivalent levels are below
regulatory levels, the actual risk could be quite high
due to the heterogeneous sound load distribution
over the working cycle.

The first research question (R.Q.1) concerned the
degree of noise level variation among excavators,
excavations, loaders, and across different machine
models. The results indicated that the excavation
and loading periods are the most critical, with
equivalent noise levels ranging from 59.9 dB(A) to
85.4 dB(A). These findings are consistent with
those of Movahed and Ravanshadnia (2022), who
also found that excavation work was the main
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source of noise. Still, our results showed a larger
range of variation and a much higher impulse level,
indicating more realistic working conditions.
Compared with the 80 dB(A) reported by Chis et al.
(2025) for similar classes of machines, our results
indicate that the values may be up to 10 dB(A)
higher in real dynamic conditions. This difference
might be explained by the fact that cumulative
exposure, vibration, and change in machine
operation regimes have been included and were not
fully considered by previous authors.

The second research question (R.Q.2) concerned the
effects of the age and technological generation of
hydraulic excavators on the intensity and nature of
noise exposure under real operating conditions.
Marked differences were found between the older
models (Dosan DX225 and JCB 3CX) and the
newer ones (Liebherr), with the newer machines
producing values 7-8 dB(A) lower on average. This
conclusion aligns with that of Lee et al. (2012), who
reported that acoustic insulation, advanced cooling
systems, and electronic engine power control lead
to a significant reduction in noise emissions. Thus,
it was empirically demonstrated that modernizing
equipment directly and quantifiably reduces the risk
of OHS, a finding not previously demonstrated in
laboratory studies. On the other hand, some results
do not entirely agree with those reported by
Babazadeh et al. (2025), who concluded that
machine age does not significantly affect noise
levels. Still, the decisive factors are the soil type and
the mechanical load. Our results, on the contrary,
demonstrate a clear correlation between machine
age and increased noise, confirming the need for
regular maintenance and equipment modernization
as basic preventive measures. With this result, our
work can help explain previously contradictory
findings in the literature and clarify the causal effect
of technical obsolescence on acoustic load.

Although the noise levels measured were mostly
within the legally permitted limits, the results
indicate the need to improve the noise exposure
management system further. Based on all the results
and from an organizational perspective, there is a
clear absence of an adequate management
framework that converts measured noise parameters
(Leq, Lcpeak, Dose %) into actionable decision-
making procedures on construction sites. To fill this
gap, this study proposes the Noise Risk
Management Framework, a two-component
operational model illustrated in Fig. 3 and Fig. 4 and
consolidated in Table 9. The framework enables
construction site managers to translate any set of

measured acoustic parameters directly into a
prescribed set of management decisions, covering
work organization, machine selection, maintenance
scheduling, hearing protection requirements, and
emergency response thresholds.

High-risk activities: excavation (highest Leq and peak
exposure)

categories

Medium-risk activities: loading operations

Work activities - Risk

Low-risk activities: idle operation

Figure 3: Component I of the Noise Risk
Management Framework — Risk Level
Classification Based on Measured Acoustic
Parameters (LE,, Lpeak, Dose %)

The classification presented in Fig. 3 forms the first
component of the proposed Noise Risk
Management Framework. Each combination of
activity and machine type is assigned to one of four
risk levels (Low, High, Critical) based on three
simultaneously measured acoustic parameters: the
equivalent continuous noise level (L), the C-
weighted peak sound pressure level (Lcpeak), and the
cumulative noise dose as a percentage of the
permissible daily limit (Dose %). The second
component (Fig. 4) specifies the operational
response procedures for each risk level. Together,
these two components form a complete
management cycle: measure — classify — decide
— act. Table 9 consolidates this logic into a
practical decision matrix for construction site
managers (Ministry of Labour and Social Policy,
2019; Ministry of Labour and Social Policy, 1992).

The manager does not draw conclusions based on a
single parameter, as prescribed by the regulation,
but rather according to a hierarchy. Management
decisions must be based on the conservative
principle — that is, decisions made according to the
most unfavorable (highest-risk) scenario. When
measurement data reveals a discrepancy (as in this
pilot research), such as a relatively low Leg
alongside an elevated Lcpeax, the management
response must be anchored to the most hazardous
parameter. This is the dominant parameter principle:
whichever measured value poses the greater
physiological risk governs every subsequent
decision, regardless of how favorable the other
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indicator appears. Based on the measurements, the
management framework operates as a closed loop
across six phases. It begins with data collection,
combining a personal dosimeter worn throughout
the shift with an SLM capable of capturing
instantaneous peak levels. These two instruments
complement each other — the dosimeter integrates
exposure over time, while the SLM captures
transient impulse events that the dosimeter alone
may underrepresent. Decision-making translates
that finding into three categories of action: technical
measures (damping impulsive noise sources,
maintaining machinery, evaluating material

handling  that generates impact noise),
organizational measures (restricting time in the
excavator zone, demarcating risk perimeters), and
personal protection (mandatory hearing protectors,
routine checks of HPD compliance, worker health
surveillance). Implementation puts those decisions
into practice, and continuous monitoring closes the
loop by feeding new data back into the next
measurement cycle. The framework is self-
correcting: as conditions change, the dominant
parameter shifts, and the decisions evolve
accordingly.

Table 9: Noise Risk Management Decision Matrix — From Measured Parameters to Operational
Management Actions

Regulatory
Threshold

Leq
[dB (A)]

LCpeak [dB

(©)] Dose [%]

Required Management Actions

Lower Action

Level <80

<135 <10

— Routine monitoring, voluntary HPD, periodic
machine maintenance, standard work schedule

— Employer shall make hearing protection devices
available

— Information and training of workers is required

Upper Action

Level 80-85

135-140 10-50

— Mandatory HPD,

— Work rotation every lh, preference for newer low-
emissions machines,

— Documented risk assessment,

— Relocation from high-noise tasks,

— Engineering controls (enclosures, barriers),
scheduled maintenance of older machines,
management review,

— Noise reduction program shall be established,

— Health surveillance required

Limit Value >85 >140 >50

— Immediate work stoppage pending engineering
intervention,

— Mandatory HPD,

— No continued exposure without corrective action,
urgent machine maintenance or replacement,
formal incident report, or regulatory notification

Scientific Contribution

The principal scientific contribution of this study
relative to existing literature is threefold. First, it is
the first empirical study to simultaneously deploy a
Sound Level Meter and a personal dosimeter under
real, dynamic construction site conditions for
hydraulic excavator operations. This dual-
instrument  approach reveals a systematic
underestimation of exposure when only stationary
SLM measurements are used: for the same machine
and shift, the personal dosimeter recorded L.q = 82.9
dB(A) versus 75.0 dB(A) by SLM, a discrepancy of
7.9 dB(A) that carries direct regulatory and risk
classification implications. Second, the study

empirically quantifies the effect of machine age on
noise emission under actual operating conditions
(Pearson r = 0.68, p = 0.005; Cohen’s d = 0.86),
resolving contradictory findings in the literature —
notably those of Babazadeh et al. (2025), who found
machine age to be non-significant under controlled
conditions and establishing technical
obsolescence as a quantifiable and manageable
occupational risk factor. Third, and most
distinctively, this research moves beyond exposure
documentation to propose an operational Noise
Risk Management Framework that translates
measured acoustic parameters (Leq, Lepeak, Dose %)
into specific management interventions via a
structured decision matrix. No previous study
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identified in the literature review provides this level
of operational closure between measurement
evidence and construction site management
practice. The scientific contribution of this study is
further reflected in the empirical confirmation of the
methodological difference =~ between  two
measurement approaches — a stationary sound
level meter and a personal dosimeter — under real
construction site conditions, with quantification of
deviations that may have direct implications for
occupational risk assessment. The results indicate
that assessing workers’ noise exposure should
prioritize personal dosimetry, particularly in
dynamic working environments, since measuring
Leq values alone (with a sound level meter) can
systematically ~ underestimate  actual  risk.
Furthermore, the study points to the need for
systematic introduction of personal dosimetry into
research and occupational safety practice, thereby
contributing to the improvement of occupational
safety and health management systems in the
construction sector.

Theoretical and practical implications

Theoretically, the findings verify the principles of
ergonomics and human factors theory (Masterson
and Themann, 2025; Oyekunle et al., 2025),
according to which long-term exposure to noise
leads to cumulative consequences, not only
physiological, but also cognitive. These results are
consistent with the conclusions of Yang et al.
(2025), who found that continuous noise affects
workers' attention and risk perception. Still, our
research aligns with and supports existing evidence
that the frequency range of 500-8000 Hz may
simultaneously affect hearing and communication
efficiency. In this way, it was confirmed that noise
not only puts physical health at risk but also impairs
interpersonal coordination and team efficiency,
aspects that were generally not included in previous
studies' interpretations. Theoretically, the research
contributes to expanding scientific knowledge of
noise as a multidimensional phenomenon that links
the technical, physiological, and organizational
components of the work process. The
methodological contribution lies in the empirical
support for the combined measurement approaches,
while the practical contribution is the development
of an applicable model for continuous noise
monitoring and control.

On a practical level, the results confirm that the
application  of combined technical and
administrative measures yields the best reduction in

noise exposure. Analysis of conditions at the
location in Subotica shows that systematic machine
maintenance, the use of more modern equipment,
planned breaks, and employee rotation reduce
average exposure to below 85 dB(A). This finding
is in line with the recommendations of Azimi et al.
(2024), which point out that organizational
measures have an equally important effect as
technical innovations, but differ from their approach
in that the synergy of both aspects in a real
environment is confirmed in this work. In other
words, the combined action of technical and
administrative measures is more sustainable than
the application of individual approaches. This
finding has not yet been quantified. The practical
implications of the research are reflected in the
noise monitoring, which combines an SLM and a
personal dosimeter, and in the integration of
measurement results into the management
approach. It is recommended that combined
measurements be introduced as a mandatory
practice on construction sites and incorporated into
national occupational safety standards. This opens
the possibility of developing "smart" security
systems in accordance with the concept of
sustainable and humane industrial practice.

Based on the collected data and the literature
review, it is suggested that the assessment of
workers’ noise exposure be primarily conducted
using personal noise dosimeters, as the pilot
research showed that personal dosimetry provides
more reliable information about daily exposure than
stationary sound-level meters. In addition, results
also showed an urgent need to reshape occupational
safety management in construction. A structured
noise risk management approach based on
preventive measures prescribed by the Ministry of
Labour and Social Policy (2019) has been
developed and shown in Fig. 4. The mentioned
approach would enable a transition from passive
noise management to proactive noise management,
consistent with modern principles of sustainable,
preventive occupational safety practice.

Managerial Implications

For project managers and site supervisors, the
primary implication of this research is that noise risk
cannot be adequately managed solely based on
periodic stationary SLM measurements. The results
demonstrate that an SLM can underestimate actual
worker exposure by up to 8 dB(A), potentially
leading to incorrect risk classification and the
omission of mandatory protective measures.
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Personal dosimetry is therefore recommended as a
minimum standard for monitoring compliance with
Directive 2003/10/EC and national legislation
(Rulebook 96/2011) (European Parliament and
Council, 2026). This recommendation has direct
consequences for site monitoring protocols, record-
keeping requirements, and the designation of noise-
exposed workers.

From the perspective of work organization and shift
planning, the results support a risk-tiered scheduling
approach. During High and critical-risk activities
(excavation and loading with older machines),
rotation intervals should be reduced to 60 minutes,
and exposure should be limited to the smallest

)

Translation of results
into operational
procedures

Risk classification
based on exposure
levels

possible number of workers. Managers should
schedule high-noise activities at the beginning of
the shift to minimize cumulative dose accumulation.
For equipment procurement and fleet management,
the data confirm that newer excavator models
produce on average 7.5 dB(A) less noise, justifying
investment in modernization as a quantifiable OHS
cost-reduction  measure. For  maintenance
scheduling, the significant positive correlation
between machine age and noise level (r = 0.68)
indicates that noise-level trend monitoring can serve
as a proxy for overall mechanical degradation,
supporting predictive maintenance decisions.

+L,<80dB (A): * Excavation » Worker rotation * Percentage of * Establishing

acceptable risk activities must be schedules working time process of:
. treated as high-risk : Measured

- continuous operations * Planned rest with exposure parameter - Risk
monitoring requiring worker periods to >85dB (A) level -

* L, =80-85dB rotation and reduce * Time-weighted Management
(ALS: moderate limited exposure cumulative average action
risk - El:mek " exposure exposure . Exa(finp!e 1: High
g 5 « Tasks wil o uring
1r;1plementat10n measured L, + Standardization (T“{(A) per e)i?:avatiogn -
© L above 85 dB (A) of ROl clasiffication as
organizational require mandatory communication * Frequency of high-risk task -
measures use of hearing protocols in worker rotation implementation

*+ L>85dB (A): protection dgwces high-noise in high risk of rotation and
high risk - ° Olderbmac}l;{nes environments zones . EPE o
mandatpry =° ;T;i/tentei\?: " + Training * Rate oAf Hﬁlﬁ zoiée in
of hear}ng maintenance or programs compliance older machines -
protection and replacement focused on with hearing maintenance or
exposure planning based on noise risk protection replacement
limitation measured noise awareness and usage decision

Jeyeld proper usage
— —

Figure 4: Component Il of the Noise Risk Management Framework — Operational Decision-Making
Procedures for Construction Site Managers

CONCLUSION

The research provided a comprehensive
understanding of actual noise exposure conditions
in the construction sector, confirming that the
intensity and type of noise emitted by hydraulic
excavators are influenced by several factors,
including machine type and age, technical
condition, and the nature of the activity performed.
The results indicated that during excavation and
loading, the permitted limit values were exceeded.
At times, the impulse levels reach levels that can
lead to hearing damage and psychophysical
exhaustion of workers. The simultaneous
monitoring of environmental and personal
exposure, achieved by applying the SLM and a

personal dosimeter, represents a methodological
advancement and contributes to the development of
combined models for the assessment of acoustic risk
in real working conditions. This method can serve
as a foundation for future standardization of noise
measurements and for the development of
procedures for systemic worker protection.

The analysis of the research results provides clear
evidence that modernizing machines, proper
maintenance, and integrating technical and
organizational measures play a significant role in
reducing noise levels below 85 dB(A), thereby
reducing health risks and improving work
efficiency. In newer excavator models, emissions of
harmful substances decreased considerably due to
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optimized construction, improved soundproofing,
and increased energy efficiency, which directly
attest to the influence of technical development on
improving work conditions. These results suggest
that noise management is not only a safety issue but
also a sustainable industrial practice that embraces
the human, technical, and organizational
dimensions of work. In direct response to the
research questions posed, R.Q.1 was confirmed —
statistically significant differences in noise levels
were found both between excavator activities
(F(2,13) = 5.76, p = 0.016), with excavation
identified as the highest-risk activity, and between
machine manufacturers (F(3,12) = 6.32, p = 0.008).
R.Q.2 was also confirmed, and machine age was
found to have a significant positive effect on noise
emission (r = 0.68, p = 0.005; Cohen’s d = 0.86),
with newer excavator models producing, on average
7.5 dB(A) less noise than older ones.

Limitations and suggestions for future studies

However, the study has some limitations that
suggest the need for empirical validation. The
sample represented a small number of construction
sites and machine types, which may impact the
generalizability of the findings. Measurements were
performed at limited time intervals and on a daily
transition basis, and seasonal and microclimatic
variations that can significantly influence the
acoustic characteristics were not examined. Also,
psychophysiological parameters of the workers
were not included in the research, so the effects of
noise on cognitive and emotional functions could be
concluded only indirectly. Future studies should
include longer time spans, different climatic
conditions, and a larger number of working
scenarios to get a more extended and long-term
exposure assessment.

Further  development should include the
digitalization of this area and the introduction of
automatic measurement and monitoring systems,
such as IoT sensors, artificial intelligence, and
predictive algorithms, to enable continuous
monitoring and automatic identification of
exceedances of permissible values. One of the
greatest challenges of the research is to integrate
acoustic measurements with workers' biometric and
psychophysiological parameters to establish a clear
link between noise, productivity, and subjective
workload. Further, it is essential to develop
economic models that quantify the correlation
between investment in equipment modernization
and cost savings in health care costs, absenteeism,

and reduced work ability. Such cross-disciplinary
subject matter would provide the foundation for the
development of a multi-systems acoustic safety

approach that links technological innovation,
worker health, and sustainable development
principles.

This research substantiates that effective noise
control should be part of the modern concepts of
safety and sustainability in construction. Good
acoustic risk management contributes not only to
maintaining employees' health and productivity but
also to the long-term sustainability and social
responsibility of organizations, as well as to
organizational efficiency and productivity. Thus,
this paper is a key theoretical and practical
contribution to the development of standards in a
safer, healthier, and more sustainable working
environment.
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PROFESIONALNA IZLOZENOST BUCI NA GRADILISTIMA:
POSLEDICE PO UPRAVLJANJE BEZBEDNOSCU

Ova studija analizira izloZenost gradevinskih radnika buci koja nastaje prilikom rada sa
hidruali¢nim bagerima na gradiliStima u Novom Sadu i Subetici, zasnovana na 16 merenja pomocu
meraca nivoa zvuka (Sound Level Meter — SLM) i jednog celosmenskog merenja liénim dozimetrom.
Primena ovakve metodologije omoguéila je identifikaciju najceS¢ih aktivnosti bagera i njihovih
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proizvodaca koji generiSu buku u realnim uslovima rada. Rezultati ukazuju na znacajne razlike u
nivoima buke koje proizvode bageri, u zavisnosti od proizvodaca i aktivnosti koje obavljaju. Dobijeni
rezultati potvrduju znacaj kombinovanja meraca nivoa zvuka (SLM) i li€nog dozimetra, bududi da
licna dozimetrija pruza pouzdanije informacije o izloZenosti tokom osmocasovne radne smene u
odnosu na stacionarni SLM. Pored toga, rezultati ukazuju i na hitnu potrebu za redefinisanjem
upravljanja bezbedno$¢u i zdravljem na radu u gradevinarstvu. Osnovni nauc¢ni doprinos rada
predstavlja novi Okvir za upravljanje rizikom od buke (Noise Risk Management Framework), koji
direktno prevodi izmerene akusticke parametre u operativhe upravljacke odluke namenjene
menadZerima gradiliSta.

Kljuéne reéi: Buka; Gradevinarstvo; Bageri; Liéni dozimetar; Mera¢ nivoa zvuka.
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