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Geospatial Visualization of Logarithmic Attenuation of Pile-
Driving Noise Based on Field Measurements
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Abstract

Pile-driving operations in construction generate intense pulsed noise, creating safety problems at the construction site and
potentially causing concern in nearby communities. This study presents field measurements of sound pressure levels (SPL)
from active pile driving at various distances, modeling decay using a logarithmic attenuation function and integrating the
results with geospatial visualization. The measured time history of the SPL showed periodic fluctuations (amplitude ~17 dB)
corresponding to the hammer impact cycle. By applying a logarithmic model (with distances calculated using the Haversin
equation) to each measurement interval, we obtained attenuation coefficients that provided a high degree of confidence (R?>
0.8 in 77.5% of cases; the maximum value is 0.97). The model's predictions corresponded to the observed SPL values with an
average error of about 2.6% and minor deviations (underestimation over medium distances). A noise map was compiled
throughout the site, and 3D visualization was performed, identifying areas exceeding 85 dB near the source that require
hearing protection and showing a decrease in SPL to safe levels (~55 dB) at the site boundary. These results demonstrate a
novel integration of empirical measurements with logarithmic modeling and geospatial mapping to support construction

noise assessment and protective zone planning.
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1. Introduction

Noise pollution is of increasing concern worldwide and has
well-documented effects on public health, including irritation,
sleep disorders, cardiovascular stress, cognitive impairment,
and hearing loss.'#! Urban areas are particularly affected,
where traffic, industrial, and construction work create high
levels of noise that accumulate over time.>*1 In both
developing and developed cities, construction noise has
become a significant factor in noise pollution in society, which
has led to complaints, regulatory restrictions, and research to
reduce it.571 Recent global health assessments have
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highlighted the urgent need to combat urban noise — for
example, constant exposure to noise above 70 dB is associated
with hypertension and other adverse effects,>’] and
construction sites are often hotbeds of such high-level noise.

Sound pressure levels (SPL) that are significantly higher than
the threshold safe for humans regularly occur at construction
sites. Field measurements at operating construction sites have
shown equivalent noise levels in the range of 80-100 dB or
more near operating equipment.[®” In one study, peak levels
of construction noise increased from 72 dB at the edge of the
construction site to over 90 dB during heavy machinery
operation.l! Similarly, measurements at the sites of high-rise
buildings have shown that typical noise from equipment can
reach 95-100 dB over short distances.” Such levels are
comparable to those observed in other noisy industrial
activities — even short-term but intense noise from
infrastructure construction (for example, drilling and blasting
for oil/gas wells) has been shown to increase environmental
noise levels in surrounding communities to potentially
dangerous levels.!l Among the sources of construction noise,
the impact driving of piles stands out, especially for its
impulsive nature and intensity. Pile driving involves repetitive
high-amplitude pulses when the hammer hits the pile, creating
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sharp noise peaks that can exceed 110-120 dB at close range.!
A field study of the noise from driven piles at the construction
site showed that the noise level may keep at 100 dB level at a
close distance of 20 m.!"" These pulsed noise bursts also create
characteristic periodic fluctuations in the time histories of the
measured SPL, as observed in experimental studies.!'!l For
example, it has been shown that pulsed noise from pile driving
causes rapid fluctuations in SPL by 15-25 dB with a frequency
corresponding to the frequency of hammer blows.!'? Such
characteristics are markedly different from stable continuous
noise and can increase the subjective irritating and frightening
potential for both construction workers and residents of close
neighborhoods. Indeed, recent studies of the sound
environment in construction show that impulsive, intermittent
noises are usually rated as more disturbing than constant noise
of the same average level.l'3!4]

In addition to disturbing public order, construction noise
poses a serious danger to workers. Long-lasting occupational
exposure to high noise levels in construction is associated with
increased levels of hearing loss and noise-related injuries.
Epidemiological studies have shown that the prevalence of
hearing impairments among construction workers is
significantly higher compared to most other industries in
similar age groups.!'! A longitudinal analysis of US workers
has shown that the construction sector has consistently
occupied one of the first places in terms of the incidence of
hearing loss in the workplace for three decades.!”] Excessive
noise can also mask danger or communication, contributing to
accidents; a meta-analysis has shown that high noise levels in
the workplace double the risk of occupational injury due to
mechanisms such as reduced awareness and fatigue.['¥ Despite
the availability of personal hearing protection and safety
regulations, their effectiveness on construction sites is often
limited. Surveys show that many construction workers do not
wear hearing protection equipment all the time or incorrectly,
which leads to only a partial reduction in noise exposure.!'®!7]
Even with protective measures, pulse noises can still be
transmitted as harmful peaks; standard dose measurements
may underestimate the impact of transient sound pressure
surges."" Field studies in Asia also show that a significant
proportion of construction work produces noise above 85 dB
despite efforts to reduce exposure. For example, a study in
Beijing showed that most heavy equipment operations and
even some finishing work regularly exceed the safe exposure
limits set by the authorities.!'! These data indicate that without
additional control measures, construction crews are still at risk
of harm to health due to noise.

Given the importance of construction noise, numerous
studies have attempted to characterize its distribution and
develop predictive models for noise levels at various
distances.!'>2! In general, sound from an external point source
decays with distance in accordance with the geometric law of
propagation (approximately 6 dB per doubling of the distance
in a free field).!'!"] Real-world measurements often follow this
logarithmic attenuation trend, although with deviations due to
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reflections, absorption by the earth, and other factors. The
researchers used empirical approaches to construct attenuation
curves at a distance for building noise data, obtaining models
for a specific object in the form L(d)=L¢-a*log10(d) (where
"a" is about 20 with ideal propagation).??! Simple logarithmic
regression models have been successfully applied to building
noise datasets to estimate how quickly levels decrease with
increasing range.”??! In addition to basic regression models,
more sophisticated forecasting methods have been explored.
For example, artificial neural network models have been
trained based on construction noise measurements to predict
noise levels based on factors such as equipment type, distance,
and barriers.[?! Such data-based models can reflect complex
interactions (for example, multiple simultaneous sources or
partial shielding) better than purely theoretical formulas.?* On
the other hand, physics-based modeling tools are also widely
used to predict environmental noise. Standardized algorithms
(such as in ISO 9613-2) are implemented in noise mapping
software to account for distance attenuation,!>’! atmospheric
absorption, earth influence, and obstacle diffraction.?%?"
These tools, originally developed for transport and industrial
noise, have been applied to construction scenarios to predict
the noise impact in the far zone.?®! For example, Reed et al.*]
have developed a noise propagation tool integrated into GIS
that can take into account soil and vegetation cover and
topography, which increases the accuracy of predicting
outdoor noise levels. Similarly, open-source platforms now
allow for the inclusion of advanced propagation models
(including reflections and frequency-dependent attenuation)
directly into geographic information systems to create noise
maps. 230

A key achievement in recent years has been the integration
of geographic data and sensor networks to monitor
construction noise in real time. GIS-based noise mapping
methods significantly expand the possibilities of visualizing
and analyzing noise propagating from construction sites.[?”>]
By combining noise measurements with spatial coordinates, it
is possible to create color contour maps ("noise maps") that
clearly identify areas of increased exposure and noise
gradients around the construction site. The first applications of
GIS in noise research have shown that mapping noise levels
can help quantify the affected area and population with much
higher resolution than discrete point measurements.!?”
Modern research is developing this concept by using wireless
sensor networks to continuously collect noise level data in
construction areas. Low-cost digital noise level meters and [oT
sensors can now be deployed around the workplace to transmit
noise data in real time.B’'! Mydlarz et al.3V showed that a
network of such sensors can reliably detect changes in urban
noise at a fraction of the cost of traditional equipment. In the
construction industry, researchers have developed real-time
noise mapping systems that interpolate sensor readings to
estimate noise levels in uncontrolled locations on the
construction site.’? For example, a recent work presented a
system that optimizes the placement of sensors on a

Engineered Science Publisher


https://www.espublisher.com/

Engineered Science

Research article

construction site and uses spatial interpolation (for example,
inverse distance weighting) to create almost instantaneous
noise maps throughout the site. This approach achieved more
than 96% accuracy in experimental tests, demonstrating that
dynamic noise "heatmaps" are quite feasible for active work
sites.?” These real-time maps allow construction managers to
see noise patterns changing as work progresses and quickly
identify "hot spots" where noise levels need to be reduced.
Innovative data processing techniques are also being applied
to construction noise; one team has even explored the
sonification of noise data, turning complex time histories of
noise into audible feedback or warnings for intuitive
monitoring.['!]

Overall, the combination of sensor data, GIS analytics, and
advanced modeling propels construction noise management
into a more proactive and informed epoch. Despite these
achievements, significant gaps remain in the literature. Many
field studies still rely on limited sampling or assume simplified
propagation conditions (such as flat terrain and Euclidean
distance) that may not reflect the true spatial scale of
construction noise. In practice, sound travels over uneven
landscapes and in various atmospheric conditions, factors that
are often neglected in basic models. In addition, previous
research has tended to focus on continuous or persistent
sources of noise, such as car engines, while pulsed noises
(such as pile driving, jackhammers, or blasting) have been
studied less thoroughly and may behave differently when
propagated and perceived. A recent systematic review notes
the need for a more complete assessment of various types of
noise on construction sites and more accurate forecasting tools
for complex scenarios.’*) In particular, improving the
modeling of pulsed construction noise and understanding its
attenuation at a distance can help bridge the gap between
simple theoretical expectations and actual measured noise
levels on a construction site. Therefore, the purpose of this
study is to study the patterns of propagation of pulsed noise
from pile driving on a construction site. We combined field
measurements with geospatial analysis to evaluate how pile-
driving noise decreases with distance and evaluate the
accuracy of the logarithmic distance model for this pulse
source. By clarifying the distance-SPL dependence for pile-
driving noise in real-world conditions, this work provides the
necessary data to refine noise prediction models and identify
effective  noise-reduction  strategies in  construction
environments. Ultimately, a better understanding of pulse
noise propagation will help protect builders and residents of
nearby areas from the dangers associated with high levels of
construction noise.

2. Materials and methods

The study area used to investigate the outdoor noise
distribution patterns is represented by the construction site in
Astana, Kazakhstan (Fig. 1).34 As shown in Fig. 1, the site is
located in an open residential area with few existing buildings
in the neighborhood to the south. The nearest residential
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building is at a distance of 60 m. The site area is roughly 20500
m? with extents from south to north and west to east of 208
and 193 m, respectively. On 11 June 2024, when the
experiment was performed, pile driving was in progress at the
site, which is also visible in the figure above. During the
measurements (between 12:30 am and 1:00 am), the air
temperature was 22.2-22.8 °C, and the relative humidity
remained at 53%. Winds were predominantly from the north
to north-northwest with average speeds of 5.8-7.2 m/s, and no
significant gusts were recorded during this time. The sky was
mostly cloudy, and the air pressure was stable at around 970.9
hPa.! The field experiment included noise measurements at
various distances from the noise source (Fig. 2).

Fig. 1: Study area.B34

Fig. 2 shows the construction site borders along with the
noise source locations (i.e., pile driving equipment) marked as
a black circle and 4 measurement points marked as yellow
rectangles positioned in a real geographical coordinate system
WGS84 using latitude and longitude. These coordinates were
recorded using a Global Navigation Satellite System (GNSS)
GPS receiver and are as follows: Point 1 — 51.0816718,
71.49408131; Point 2 — 51.08174464, 71.49399804; Point 3 —
51.0817081, 71.49376516; and Point 4 — 51.0812561697826,
71.4933825046977.

The noise was recorded at the measurement points by
calibrated UT352 sound level meters with an accuracy of 1.5
dB.BY While the UT352's fast mode sampling rate is 125
microseconds (i.e., 8 records per second), it does not
automatically save the data in memory. Therefore, a
smartphone’s video camera was used to capture the data with
30 frames per second, as in the study of Imanov et al.,l'” so
each numerical reading appears on screen for at least four
video frames — more than enough to manually pause video and
transcribe each 125 microseconds sample without ambiguity.
The noise patterns were analyzed using a 5-second segment
comprising 40 records per measurement point. For each record,
we defined a logarithmic function of noise propagation (Eq.
(1)) and calculated their empirical coefficients (a and ) and
coefficients of determination (R?) using a least
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Fig. 2: Noise measurement setup.

squares method.”
Ld)=a-In(d)+b (1)

where L(d) is the sound pressure level; a and b are
empirically determined coefficients; d is the distance from the
noise source to the measurement point.

It is worth noting that, unlike Euclidean distance, the
distance between the noise source and measurement points
having geographical coordinates (latitude and longitude) was
defined by a Haversine formula (Eq. (2)).5%

d=2R"-
arcsin (Jsinz (AT(p) + cos(@,) - cos(g,) - sin? (A2—1)> 2

where R is the radius of the Earth (6371 km); Ap and A4 are
the differences in latitudes and longitudes of two points in
radians, respectively. Although planar (Euclidean) distances
computed by reprojecting WGS84 coordinates into a local
metric system (UTM Zone 42N) differ from geodesic
(Haversine) distances by less than 0.01 m (<0.015% of our
68.2 m maximum span), we employ the Haversine formula to
compute distances directly from raw GNSS readings in
WGS84. This avoids any projection-related distortions and
future-proofs our workflow for larger construction sites, where
ignoring Earth’s curvature (even in its spherical approximation)
can introduce non-negligible errors when spans extend into the
hundreds of meters or kilometers.

To assess the logarithmic functions, we first estimated the
SPL values for each record and distance using the coefficients

a and b, and performed a correlation analysis to reveal the
relationship between measured and estimated values of SPL.
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Then, a Scatter plot, Box plot, and Standard deviation analysis
were performed to assess how well the functions approximate
the real-world data. After that, we compared the logarithmic
functions built from the extreme records (maximal and
minimal) with those having the highest coefficient of
determination (i.e., the most reliable record). Here, as
extremes, we took the records reflecting the maximal and
minimal sums of SPLs within measured distances.
Additionally, we made a comparison of the measured and
estimated SPL values of the most reliable record to define the
discrepancies and assess the accuracy of the noise propagation
model. Finally, we estimated SPLs at all other surrounding
distances from the source and built a 2D heatmap and 3D
visualization of the impulse noise distribution.

3. Results and discussion
Fig. 3 shows the results of the noise measurements at 4 points
at different distances from the source (i.e., pile-driving
equipment). The estimates given the coordinates (latitudes and
longitudes) of the points using Eq. (2) yielded 1.0 m, 10.1 m,
23.2 m, and 68.2 m for points No. 1, 2, 3, and 4, respectively.
As shown in Fig. 3, the recorded noise levels of the pile-
driving activity exhibit distinct patterns typical to impulse
noise, characterized by periodic fluctuations in sound pressure
levels. The data indicate an oscillation amplitude of roughly
17 dB, calculated as the difference between the highest peaks
and the lowest valleys within the cycles of pile-driving noise.
The length of these oscillations, determined by analyzing the
distance between successive SPL peaks, averages around 8.3
records (1.0375 seconds), suggesting a temporal periodicity in
the hammering impacts within a 5-second segment. The
analysis of extremes reveals that the highest sum of SPLs
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Fig. 3: SPLs at measured points.

occurs in record No. 9, where SPL values reach a peak of
100.2 dB at 1.0 m, 90.4 dB at 10.1 m, 85.2 dB at 23.2 m, and
80.8 dB at 68.2 m (marked blue in Fig. 3), indicating a strong
impulse. In contrast, record No. 7 exhibits the lowest sum of
SPLs, with values dropping to 82.9 dB, 80.6 dB, 65.5 dB, and
63.8 dB (marked green in Fig. 3) at the respective

measurement points, marking a period of reduced impact force.

The attenuation pattern seems to follow a logarithmic decay
trend, which is consistent with theoretical models of spherical
sound propagation, where SPLs decrease due to energy
dissipation. Notably, at 23.2 m, certain peaks exceed 80 dB,
which indicates that lower-frequency components of the pile-
driving noise persist beyond expected levels, potentially due
to ground-borne vibrations and secondary reflections. These
findings confirm that pile-driving generates high-energy
impulse noise with periodic fluctuations. This oscillation
model is consistent with previous field observations of pulsed
construction noise.

For example, Ronnberg et al.l'll reported characteristic
periodic peaks in the time history of SPL at the construction
site, and Imanov et al.l'? observed rapid fluctuations of 15-25
dB in pile driving noise, which closely coincides with the
amplitude of fluctuations of ~17 dB observed in this case.
High peak levels near the source (about 100 dB at a distance
of 1 m) are also within the ranges noted in earlier studies:
Chernuk et al.”! recorded hammer blows during pile driving
exceeding 110 dB at close range, and Shao et al.l' found that
the pulse noise from driven piles can remain at 100 dB even at
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a distance of 20 m. Although the peak we measured at a
distance of 1 m is slightly lower than in some extreme cases,”!
maintaining the SPL level above 80 dB at a distance of 23 m
repeats the far-reaching impact reported by Shao et al.,!'")
confirming that pile driving produces intense, periodic noise
pulses that carry significant energy over considerable
distances.

Fig. 4 shows the a and b coefficients representing possible
logarithmic functions of noise propagation of 40 records and
their coefficients of determination R2 Analysis of 40
logarithmic models fitted to the time and distance noise
measurements shows a generally strong relationship between
the coefficients a and b (Fig. 4(a)) and the quality of the fit, as
measured by the coefficient of determination R? (Fig. 4(b)).
Coefficients a range from approximately -9.38 to -3.99, with
more negative values indicating sharper logarithmic noise
attenuation, while coefficients b range from approximately
86.8 to 102.9, corresponding to baseline noise levels. An
inverse correlation can be seen: steeper slopes (more negative
a) correspond to higher crossings (b), indicating that louder
noise sources tend to attenuate faster. The R? values confirm
the fit of the logarithmic model for most intervals: 31 of the
40 records (77.5%) have R? values greater than 0.80, including
several high-impact values such as 0.97, 0.96, and 0.94.
However, three intervals have noticeably lower R? values of
0.50, 0.55, and 0.66, indicating that the model poorly
represents the noise behavior in these cases, possibly due to
environmental interference or measurement anomalies.
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Fig. 4: Empirical coefficients (a) and coefficients of determination (b) of the logarithmic functions in 40 records.

Overall, the logarithmic function appears to be an
acceptable and consistent approximation for modeling noise
attenuation.

Moreover, considering the highest R? of 0.97 from a given
array on record No. 20, the respective values of empirical
coefficients a and b (-9.376058998 and 102.7728673) shown
in Fig. 4(a) could form a logarithmic function enabling a
highly reliable approximation of the impulse noise
propagation in this setup (i.e., optimal throughout the records).
These coefficient values can be compared with typical
attenuation characteristics given in the literature. Under ideal
conditions of a free field, the sound pressure level decreases
by about 6 dB by doubling the distance (equivalent to a = 20
in the logarithmic model).l?? The fact that our empirical values
of a (from 4 to 9) are significantly lower than the ideal value
of 20 indicates a slower rate of attenuation in the real world,
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probably due to reflection from the ground or atmospheric
factors. Similar empirical modeling conducted by Wu et al.[??!
for noise on a construction site also showed that a simple
logarithmic decay ensures a good match (high R?) to the
measured data, even despite deviations in certain intervals.
Our observation that most records give R? > 0.8, and only a
few of them show poor compliance, is consistent with the
conclusions of Wu et al.1?? that logarithmic regressions usually
reflect noise attenuation well at a distance but may fail under
abnormal environmental conditions.

Fig. 5 shows the values of SPL estimated by respective
logarithmic functions along with the measured values of SPL
at various distances. In Fig. 5, a comparison of the measured
(M) and estimated (E) SPL values at four distances (1.0 m,
10.1 m, 23.2 m, and 68.2 m) using Eq. (1) and coefficients
from Fig. 4(a) shows that the models provide fairly accurate
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forecasts with some variation depending on the distance. Thus,
at a distance of 1.0 m, the estimated SPL values are slightly
higher than the measured ones, with an average overestimation
of about +3.63 dB. At a distance of 10.1 m, the estimated
values are lower than the actual measurements, on average by
-7.32 dB. At a distance of 23.2 m, the estimated values are
closer, but the SPL is still often underestimated, with an
average deviation of about -1.23 dB. At the farthest point, 68.2
m, the models slightly overestimate the value, with an average
deviation of +4.92 dB. These results show that logarithmic
models reflect the general trend of attenuation well, especially
at short and long distances, but tend to underestimate SPL
values at intermediate distances. Such discrepancies,
depending on the distance, are consistent with observations
obtained in previous studies using similar models. For
example, Wu et al.??! noted that although the logarithmic
distance model reflects the overall noise attenuation, it may
not perfectly predict levels at each interval, probably due to
localized effects, which in our case is obvious at a distance of
10.1 m, where an additional deviation of -7 dB occurs. The
ground reflections from the soil interface and minor
obstructions likely contribute to the underestimation at ~10 m.
Incorporating a reflection-correction term or explicitly
modeling obstacle geometry could improve model
performance, which may be addressed in future work.
Relatively small deviations at 1.0 m and 68.2 m (within ~3-5
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dB) indicate the strength of the model at extreme distances,
while underestimating the average range indicates the
limitations of the one-parameter approach. This pattern
highlights why recent researchers are exploring more
sophisticated forecasting methods.*#! For example, Ooi et
al.? have developed a deep learning model to account for
additional factors (type of equipment, barriers, efc.) and
improve accuracy over various distances. Our results also
indicate that taking into account such factors can reduce the
error over intermediate distances, although even a simple
logarithmic approach demonstrates a fairly high accuracy in
accordance with previous empirical models.??!

Fig. 6 shows how the correlation between the measured
and estimated values of SPL changes as distance increases.
Correlation analysis in Fig. 6 above shows consistently strong
agreement between the measured and estimated SPL values at
all distances, with correlation factors () from 0.94 to 0.997,
following a logarithmic trend. The resulting equation "y = -
0.011In(x)+0.9873" reflects a gradual decrease in correlation
with increasing distance, and the coefficient of determination
R? = 0.636 indicates its moderate fit. The strongest correlation
is observed at a distance of 1.0 m (» = 0.997), which confirms
the excellent performance of the model near the source. A
noticeable dip appears at a distance of 10.1 m (» = 0.940),
indicating a decrease in accuracy at this average level.
Interestingly, the correlations at distances of 23.2 m (r =
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0.951) and 68.2 m (» = 0.952) remain relatively stable and
stronger than expected, which means that the model remains
reliable over long distances. This logarithmic trend line can be
used to approximate correlation over unmeasured distances
and to identify potential areas where model adjustments may
be useful. The high correlation coefficients (» > 0.94 for all
points) correspond to the good match achieved by simple
attenuation models in other field studies. Wu et al.?? also
reported a strong correlation (and high R? values) when fitting
logarithmic attenuation to noise measurements, indicating that
the fundamental relationship between distance and noise level
is stable under practical conditions. A slight drop in
correlation at an average distance (about 10 m) reflects minor
discrepancies noted in the analysis of Fig. 5 and suggests that
certain ranges of distances may introduce anomalies, a
phenomenon that was also hinted at in a previous empirical
study, where some average distance data did not fully match
the logarithmic trend. Nevertheless, the overall strong
correlation confirms that the model's predictions are closely
related to the actual measurements, as it was found in previous
studies in a relatively open area.??!

Fig. 7 shows a Scatter plot, Box plot, and Standard
deviation analysis of the measured and estimated values of
SPL. The Scatter plot and Box plot in Fig. 7 jointly reveal the
performance of the logarithmic model in estimating SPLs over
four distances of 1.0 m, 10.1 m, 23.2 m, and 68.2 m based on
160 readings. The Scatter plot in Fig. 7(a) shows a strong
positive correlation between measured and estimated SPLs,
with points consistently following the diagonal (red dots) at
1.0 m and 23.2 m, indicating high model accuracy at these
distances. At 10.1 m, however, estimated values
systematically fall below the diagonal, reflecting an
underestimation, while the points at 68.2 M are slightly above
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the diagonal, showing an overestimation observed in Fig. 5.
The Box plot in Fig. 7(b) confirms these trends: at 1.0 m, the
median estimated SPL is about 3.6 dB higher than the
measured median (93.4 dB vs. 89.8 dB); at 10.1 m, the
estimated median drops to 76.2 dB, while the measured
median is 83.9 dB; at 23.2 m, the medians are closely aligned
(70.1 dB estimated vs. 69.7 dB measured); and at 68.2 m, the
estimated median is 62.5 dB compared to the measured 57.3
dB. The interquartile ranges (IQR) of estimated values falling
between 5.8 dB and 7.4 dB are rather lower than measured
ones, amounting to 4.2-8.2 dB, reflecting a single difference
of roughly 2.8 dB at the distance of 10.1 m. Overall, the model
performs best at 1.0 m and 23.2 m, underestimates at 10.1 m,
and slightly overestimates at 68.2 m, confirming its overall
reliability with distance-specific deviations.

The standard deviation (STDV) curves show that the
measured SPL values vary more strongly at different distances,
reaching 6.2 dB at the distance of 23.2 m, while the estimated
SPL values remain more constant, ranging from 4.4 to 5.1 dB.
The model underestimates the variability of the real world,
especially at a distance of 23.2 m, where the STDV difference
is greatest (6.2 versus 4.5 dB). At the distance of 10.1 m, the
measured STDV is the lowest (2.8 dB), and model one is
higher (4.4 dB), which may indicate the presence of additional
noise. These results show that although the central trend is
well captured, the model smooths out some of the variability
inherent in the measured data. This behavior is usually noted
in noise modeling studies. Thus, the empirical attenuation
model by Wu et al.,”?! for example, gave a relatively narrow
predicted range compared to the fluctuations observed in real
field measurements. In our case, the calculated SPL values
obtained using the model have a smaller spread (lower IQR
and STDV) than the measured SPL, which indicates that
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Fig. 7: Scatter plot (a), Box plot (b), and Standard deviation (¢) analysis.

the model does not fully account for transient deviations that
may be caused by environmental or operational variability.
This is consistent with the understanding that single-parameter
models prone to average micro-scale influences (wind gusts,
short-term changes in machine orientation, etc.), which leads
to more uniform and smoother forecasts.??l Despite this, the
main patterns of underestimation in the middle range (i.e.,
distance) and minor overestimation in the long range reflect
the systematic errors identified earlier, confirming that the
reliability of the model as a whole is relatively high, but it may
miss subtle fluctuations that could be detected by more
advanced or multifactorial models.*’]

Engineered Science Publisher

Fig. 8 shows the comparison of logarithmic functions
based on the extremes identified in records No. 9 and 7 (Fig.
3), and values of record No. 20 yielding the highest R? (Fig.
4(b)). The diagram in Fig. 8 presents three models describing
noise propagation (optimal, maximal, and minimal), each
plotted against distance with their corresponding logarithmic
equations and R2. The maximal curve (along green circles) is
expressed as y = -6.5131In(x)+102.4 with R? = 0.9077,
representing the typical or most probable noise decay scenario
under loud conditions (peak amplitudes of SPL). The minimal
curve (along blue circles) has the equation y = -
6.61In(x)+86.835 and a lower R? = 0.7816, indicating greater
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Fig. 8: Models of pile-driving noise propagation at peaks and dips.

variability and weaker model fit in the quietest conditions (dip
amplitudes of SPL). In contrast, the optimal curve (along red
circles) follows y = -9.376058998In(x)+102.7728673 with a
strong R? = 0.97, reflecting the steepest decay under moderate
conditions. All three curves confirm that the noise level
decreases logarithmically with increasing distance both at
peaks and dips, while the disparity between the actual values
and forecasts emphasizes the effect of changes in the
environment or source level on the propagation pattern. This
set of models illustrates how different noise emission
scenarios (loud peaks versus quiet intervals) can change the
apparent attenuation rate, which has also been noted in
previous studies. The overall logarithmic decrease in SPL with
distance is expected from the point of view of fundamental
acoustics and corresponds to the standard propagation laws
(approximately 6 dB of loss per doubling of distance in a free
field ).} However, the variation of slope (a) between the
maximum, minimum, and optimal cases suggests that the real
factors (for example, different hammer impact energy or
background noise) affect the effective attenuation rate.

A similar variability was observed by Wu et al.,”? who
reported that the attenuation curves may differ under different
noise conditions, although the general logarithmic form
remains correct. In our results, a steeper attenuation of the

10| Eng. Sci., 2025, 35, 1562

optimal curve indicates that with moderate, constant hammer
impact, noise decreases faster, while more gentle slopes in
peak and dip cases mean steady noise levels, possibly due to
reflective or surface contributions when the source is very loud
or at low background moments. These differences are
consistent with the idea that environmental conditions and
fluctuations in the intensity of the source can cause deviations
in the propagation of noise. This effect is also hinted at by field
tests of noise from pile driving in various operating modes.!'"!
Nevertheless, the logarithmic model is preserved in all
scenarios, which confirms the stability of this attenuation
model.® even if the exact coefficients vary depending on the
conditions.

Fig. 9 uses the noise propagation function reflecting the
optimal curve in Fig. 8 to estimate the SPL values throughout
the whole study area (construction site from Figs. 1 and 2) and
shows them as a heatmap. The heatmap in Fig. 9 above
visually represents the distribution of noise levels across the
study area (construction site), with higher SPL values
concentrated near the noise source (pile-driving equipment),
decreasing outward, and ranging from 100.8 dB to 55.4 dB,
respectively. High-risk zones, where SPL is 85-100 dB, are
circled using a dashed line, indicating areas requiring hearing
protection. Such levels of noise may cause some
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inconvenience to the workers on the site, suggesting the use of
protective headphones. Such levels of noise do not reach the
inhabitants of the nearest residential building 60 meters from
a construction site's borders or 190 m from the noise source
(Fig. 1), since the estimated SPL at this location is 53.6 dB.
Notably, the calculated SPL values at the measurement points
(marked in yellow) are slightly different from the actual
measurements. This suggests a rationale for discrepancy
analysis (Fig. 10) to reveal the relative accuracy of the noise
propagation model. The spatial propagation shown in Fig. 9 is
comparable to the results of other studies on mapping
construction noise. Li et al.,’? for example, compiled real-
time noise maps for active construction sites and similarly
observed concentric zones of high SPL levels around the noise
source, which disappeared with distance, highlighting the
places where workers are most at risk. On our heat map, the
area exceeding 85 dB near the piling unit is of particular
concern since it is known that prolonged exposure to noise
above ~85 dB can lead to hearing damage.!>] This is consistent
with epidemiological data showing high levels of hearing loss
among construction workers who are regularly exposed to
such levels and field studies on Beijing construction sites,

Engineered Science Publisher

where heavy equipment often brought noise to the
construction site beyond safe limits.['>!8] The allocation of an
area of 85-100 dB confirms these observations and highlights
the need for hearing protection in these areas. On the positive
side, our model shows that the noise dissipates enough to save
residents of nearby areas from dangerous effects, remaining at
the level of 53-54 dB at a distance of 190 m from the source.
This contrasts with scenarios such as the construction of oil
and gas wells, studied by Blair et al.,®) where construction
noise increased the noise level in a populated area to more
dangerous thresholds. In our case, a rapid decrease to a safe
level on the perimeter of residential areas indicates that the
open layout and distance are sufficient to protect the public,
which corresponds to the idea that attenuation of sound by 100
m can reduce the construction noise to the level of the
environment.® In general, the spatial distribution on the
heatmap corresponds to the expected distribution in an open
space and corresponds to the documented schemes of
construction noise exposure zones.!!$32]

Fig. 10 compares measured and estimated SPLs at four
distances and quantifies the model’s accuracy using percent
error. The model demonstrates excellent accuracy at a distance
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of 23.2 m with no error, where the measured and estimated
SPLs match exactly at 73.3 dB. At a distance of 1.0 m, the
error is small (1.9%), where the estimated SPL is slightly
higher than the measured value (102.8 vs. 100.9 dB). The
largest deviation is observed at a distance of 10.1 m, where the
model underestimates the noise level by 4.9% (81.1 vs. 85.3
dB). At a distance of 68.2 m, the error is 3.7%, which also
indicates a slight overestimation. Overall, the model
demonstrates high accuracy, especially at medium distances,
with an average error across all points of only 2.6%,
confirming its reliability in estimating noise propagation. This
level of accuracy (with errors usually less than 5%) is
comparable to similar models reported in the literature. In a
study by Wu et al.[??! on a different external noise environment,
the logarithmic model corresponded highly, assuming only
minor percentage differences between the observed and
predicted levels. Our conclusion that the model is practically
accurate at one distance (23.2 m) and with an accuracy of up
to several percent at others reflects the view that simple
logarithmic distance models can be quite effective for outdoor
conditions.? Although more complex models can further
improve the accuracy of the forecast,/>’ the low average error
of 2.6% in this case underlines that the fundamental
logarithmic approach can give reliable results. This is
consistent with previous studies using basic attenuation
formulas, achieving small deviations when environmental
factors were sufficiently constant.??l Thus, the analysis of
discrepancies confirms that the predictive power of our model
is comparable to the results obtained in earlier field noise
estimates, which confirms its use for practical forecasting of
construction noise. Although our measurement timeframe was
very short (only five seconds between 12:30 PM and 1:00 PM),
moderate meteorological factors could have contributed to the
remaining deviations. Historical data for Astana from June 11,

12| Eng. Sci., 2025, 35, 1562

2024 show an air temperature of ~ 22.5 °C,*Sl a relative
humidity of about 53%, north-northwesterly winds of ~ 6.5
m/s, and a constant air pressure of ~ 970.9 hPa. Such wind
speeds and directions may distort the sound propagation
asymmetrically, even over a few seconds, and slightly shift the
sound pressure measurements, especially in intermediate
ranges. Future work should combine high-speed acoustic
sampling with on-site anemometry and thermometry to
attempt isolating and correcting for these effects.

Fig. 11 shows a 3D visualization of the spherical
distribution of impulse noise sourced by pile-driving activity.
The surface diagram in Fig. 11 provides a spatial visualization
of the propagation of noise over a study area with the
resolution of 1x1 m?, effectively simulating how sound
pressure levels decrease from a central source. The highest
SPL level, exceeding 100 dB (marked red), is concentrated at
the peak point — directly above the noise source — and
decreases rapidly with radial distance, forming concentric
intensity reduction zones. At distances of 1-11 m, the SPL
falls within 80-100 dB (marked orange). The next zone is
represented by the distances of 12-96 m, with SPL falling
within 60-80 dB (marked blue). At farther distances, SPL
continues to decrease toward the periphery, dropping below
60 dB (marked green). The smooth gradient and symmetrical
shape indicate a uniform spread in an open space with minimal
obstacles or a shift in direction. This visualization clearly
illustrates the logarithmic nature of sound attenuation and may
serve as a practical tool for assessing noise impacts in spatial
areas during noise control. The concentric, spherical
distribution observed in this case is fully consistent with
theoretical expectations and has been demonstrated in other
works on noise mapping. According to the ISO 9613-2
standard for the propagation of sound outdoors,??! sound
emitted by a point source in a free field creates almost circular
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Fig. 11: 3D visualization of pile-driving noise propagation.

(or spherical in 3D) contours of equal level, as shown in Fig.
11. Empirical studies on mapping construction sites, such as
the work of Lee ef al.,’?l gave similar visual patterns. The
noise intensity is maximum at the source and attenuates
relatively evenly in the absence of obstacles. The core of 80-
100 dB in our 3D model and the successive rings of 60-80 dB
and <60 dB resemble the noise zones described by Lee et al.?
in a real construction scenario, which confirms the
commonality of these zones for heavy machinery noise. The
symmetry and smooth attenuation additionally confirm that
there are no large reflective structures or relief anomalies on
the site that affect noise propagation, which corresponds to the
assumptions of many noise models and instruments that
simulate sound propagation in open areas.’?! From a practical
perspective, the close agreement between our visualization
and known propagation characteristics means that the model
can be useful for planners: it confirms that the high-noise area
is confined to the source and that standard recommendations
for protective distance (e.g., for safe exposure) are
applicable.?>32 Thus, this kind of 3D noise map is not only
consistent with the literature results, but also provides an
intuitive means to assess and compare noise impact areas,
supporting more informed noise mitigation strategies
recommended in recent studies.?33

4. Conclusion

It has been confirmed that pile driving on construction sites
generates high-intensity pulsed noise characterized by
repetitive peaks and dips. In our field measurements, sound
pressure levels fluctuated by about 17 dB over one-second
intervals, highlighting the cyclical effects of hammer blows.
The attenuation of these noise levels with distance was well
described by the logarithmic attenuation model. Most of the
recorded intervals showed a strong degree of compliance for
this attenuation model (the coefficients of determination of R?
are higher than 0.8 in almost 78% of cases), and the optimal
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model reached R? 0.97. This indicates that, under typical
conditions, a simple logarithmic function can effectively
capture a decrease in SPL from a pulsed source of construction
noise.

The model's predictions closely matched the measured
values at all measured locations, with an average discrepancy
of only a few decibels (approximately 2-3% error). We
observed small shifts depending on the distance: at an
intermediate distance (~10 m from the source), the model
tended to underestimate the noise level, while it slightly
overestimated it at the furthest measured point (~68 m).
Despite these minor deviations, the overall trend and
correlation between measured and predicted sound pressure
levels remained consistently strong, confirming the reliability
of logarithmic attenuation modeling for this context.

The integration of this logarithmic model with geospatial
analysis provides clear practical ideas for managing
construction noise. The generated noise maps (2D heatmap
and 3D visualization) illustrate the concentric decline of SPL
around the pile-driving site. A high-risk area was identified
near the hammer, where SPL ranges from about 85 dB to 100
dB. Within this immediate area (on the order of the first few
tens of meters), workers will be exposed to levels that require
hearing protection and other safety measures. Outside of this
area, noise levels are rapidly reduced to safer values.

At the boundary of the site (~60 m from the source in our
study), the predicted SPL drops to about 55-60 dB. This
indicates that the noise impact on the surrounding community
(for example, residents of the nearest building at a distance of
about 190 m) remains well below harmful or destructive
thresholds. These results are translated into practical
recommendations. Thus, construction managers can use such
modeling to identify areas of "noisy work" where protective
equipment is required and to ensure that noise around the
perimeter does not exceed regulatory limits. Overall, the study
shows that combining empirical field data with logarithmic
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propagation modeling and spatial visualization is an effective
strategy for predicting noise propagation. This comprehensive
approach helps in establishing evidence-based protection
zones on construction sites, thereby protecting workers'
hearing and minimizing the impact of noise on the nearby
population. Extending this framework with a network of
low-cost acoustic sensors feeding real-time sound-level data

into a GIS-based dashboard would allow dynamic adjustment

of these zones and automated alerts when thresholds are
exceeded. This combined methodology offers a robust,
academically grounded model for both static planning and
adaptive, real-time noise control on construction sites.

Our analysis is limited by the small number of measurement
points and the absence of real-time meteorological monitoring

during pile driving. The ground impedance and mapping of
on-site obstacles were also not considered. Therefore, future
research should deploy a denser sensor network, record
environmental parameters (wind speed/direction, temperature,
humidity) in parallel with acoustic sampling, integrate ground
and obstacles reflection factor, and explore more sophisticated
propagation models to further improve predictive accuracy.
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