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ABSTRACT. Being an important economic and industrial hub, Arequipa is the second most populous city in
Peru, with over one million inhabitants. Within its metropolitan area, high-amplitude vibrations are generated
by heavy construction machinery as well as by urban and commercial transportation. These vibrations pose
a potential risk of damage to both urban and archaeological infrastructures. To assess possible structural
impacts, vibration measurements were collected at significant sites and analyzed according to the DIN 4150-
3 standard. Ground vibrations attenuation was evaluated using the Levenberg-Marquardt inversion method.
Regression adjustment models were developed, and the analysis of geometric and material damping coefficients
was automated with the application of neural network algorithms, in areas with lower data density. The results
indicate that vibrations caused by heavy machinery can damage sensitive or residential structures, as the peak
particle velocity (PPV) exceeded 20 mm/s in these cases. However, for sources such as vehicular traffic on
bridges and railway transport, the PPV only exceeded 10 mm/s. Attenuation analysis revealed that maximum
particle velocity decreases with increasing distance from the source, and that the strongest damping occurs in
the vertical component. Geometric damping (γ) values ranged from 0.1 to 1.65, and material damping (α)
values ranged from 0.001 to 0.03 for the various sources evaluated. In cohesive soils, wave propagation is faster,
which reduces tension in the foundations, whereas in sandy-silty soils, slower propagation increases the tension
transmitted to the foundations.
This research also aims to lay the foundation for the development of Peruvian regulations framework to assess
structural damage caused by anthropogenic vibrations, since there are no existing regulations governing these
effects on buildings. This study can help propose guidelines for the city of Arequipa.

Keywords: anthropogenic vibrations; neural networks; attenuation; standard DIN 4150-3; infrastructures

INTRODUCTION

Vibrations generated by either natural (e.g., environment and earthquakes) or anthropogenic sources (traffic,
machinery operation, building construction) are major infrastructural risks in populated cities (Yao et al.,
2019). Continuous exposure to these vibrations can reduce the strength of buildings, resulting in aging, invisible
damage, and collapse under the worst conditions. The close proximity to these vibration sources also has adverse
effects on the physical and mental health of residents (Hegde and Venkateswarlu, 2019; Jiang et al., 2020; Niu
et al., 2022). The preservation of archeological or other man-made structures, stresses the need for vibrational
impact assessment, especially in developing countries (Rodríguez and Bascompta, 2020; Dowding et al., 1996).
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Several studies in the literature have documented such impacts. Rodríguez and Bascompta (2020) analyzed
poor-quality rock mass exposed to the vibrations generated by machinery such as excavator, ripper, ripper
vibrator, hydraulic hammer, bulldozer, and vibrating roller, and proposed several empirical relations to deter-
mine maximum particle velocity and ground response intensity at various distances. The peak particle velocity
(PPV) represents the maximum intensity of ground vibration and can be used to determine the level of structural
safety by comparing it with recommended standards (Athanasopoulos and Pelekis, 2000; Ekanayake et al., 2013).
In another study, Burgemeister et al. (2011) used frequency-dependent attenuation and geometric dispersion
models to predict maximum vibrations produced by the major construction sources. Furthermore, Khandel-
wal (2012) compared conventional prediction methods with artificial neural networks for blast-induced ground
vibrations, demonstrating that neural networks provide superior accuracy in modeling vibratory response.

Auersch and Said (2010) reported that ground vibrations from various sources attenuate exponentially
with distance, with field measurements often exceeding theoretical predictions. Furthermore, Auersch (2010)
confirmed that surface wave amplitude attenuation follows a power-law function. This attenuation occurs
due to two factors: the expansion of the wavefront (geometric damping) and the dissipation of energy within
the soil itself (material damping). Geometric attenuation depends on the type of wave and the shape of
the corresponding wavefront (Amick, 1999). Material damping is generally defined as the energy loss due to
hysteresis, which is influenced by various parameters, including soil type, moisture content, and temperature
(Adam et al., 2011). In more cohesive and rigid soils, the wave propagation velocity is higher, which reduces
stresses on foundations and the direct transmission of vibrations to the building. In contrast, in less cohesive
soils, such as gravel and sand, the propagation velocity decreases, resulting in increased stress transmitted to
the building’s foundations (BS 7385-2, 1993). According to Chen et al. (2019), vibration attenuation occurs
more rapidly in coarse-grained soils than in fine-grained soils. This can be attributed to the higher porosity
and lower moisture content of coarse-grained soils. Another contributing factor is the formation of Love waves
(L-waves), which increase shear stress on the surface (Costa, 2011). These findings highlight the importance of
studying vibration propagation laws to mitigate their impact on nearby structures and the human population
(Chen et al., 2019).

Arequipa is Peru’s second-largest city by population, with 1,382,730 inhabitants according to the latest
census (INEI, 2018). Founded in 1540 AD, it is commonly known as the "White City" due to the extensive use
of sillar in its colonial constructions. This material is also found in various historic buildings in districts such
as Cerro Colorado, Cayma, Yanahuara, Socabaya, and Sachaca, where mansions, temples, and plazas serve as
important tourist attractions. However, due to their age, these structures are susceptible to structural damage
caused by anthropogenic vibrations. These anthropogenic vibrations are generated by vehicles, which, according
to Puzzilli et al. (2021), accelerate the degradation of historic structures, increasing their seismic vulnerability
and reducing their lifespan. Over the decade 2010–2019, the vehicle fleet in Arequipa has doubled PMUS (2022),
a significant factor in the analysis of vertical vibrations on vehicular bridges (Rangel, 2018). Additionally, the
railway system in Arequipa generates vibrations in nearby structures and plays a crucial role in transporting
minerals and metals, accounting for over 95% of the total cargo moved, this system connects the primary mining
centers of southern Peru to the port of Matarani, facilitating international exports (Ositran, 2017). Similarly, the
use of heavy machinery in paving projects is mandatory and regulated by national and international standards,
including those established by the Ministry of Labor and Employment Promotion (MTPE) and the MTC
(2016), which specify operational parameters such as dimensions, geometry, and mass. These vibrating machines
generate higher frequencies than explosions, amplifying vibrations in structures (Gasmi et al., 2023).

For controlling anthropogenic vibrations, regulatory standards have been established to set limits before
potential structural damage occurs. National and South American standards were analyzed, most of which are
used primarily to assess damage to exposed individuals rather than to buildings and structures. International
standards such as ÖNORM S9020, BS 7385, USBM, OSMRE, UNE 22, NP-2074-2015, and DIN 4150-3 were
also examined. Except for the latter, all of these standards are applied to more intense vibration sources, such
as those generated in blasting operations. In this investigation, the DIN 4150-3 standard was applied, which
defines three maximum permissible limits. Exceeding these thresholds indicates a potential risk of structural
damage to three types of buildings: industrial, residential, and historic.

Vibration analysis is crucial for assessing infrastructure risk in the city. Despite existing studies on the
structural analysis of bridges, trains, and machinery in Arequipa, there is a lack of research linking these
analyses to structural damage caused by anthropogenic vibration sources. The present study contributes to
filling this gap by evaluating the potential structural damage caused by vibrations from machinery such as
compaction rollers, vehicular traffic on bridges, and railway operations in the city of Arequipa. This study also
seeks to establish the basis for the formulation of a regulatory framework in Peru to evaluate structural damage
resulting from anthropogenic vibrations, given the current absence of specific standards addressing these effects
on buildings. The findings aim to contribute to the development of technical guidelines applicable to the city of
Arequipa. Figure 1a shows the data acquisition points in different districts of the city of Arequipa, with their

Braz. J. Geophys., , ,

Draft 



2 ATTENUATION AND URBAN VIBRATIONS

respective codes according to the vibration source (details are in Table 1).
The local geology of the city of Arequipa (Figure 1b) includes igneous, sedimentary, and metamorphic units,

ranging from the Precambrian to the recent Quaternary. The city’s geological diversity is characterized by the
presence of alluvial, mudflow, and pyroclastic deposits, resulting from the volcanic origin of the soil (Aguilar
and Alva, 1991). The bedrock primarily consists of thick andesitic lava layers, varying in color from dark to light
gray, which often weather to reddish or brown hues. Overlying this bedrock, mudflow deposits are prevalent
in the districts of Socabaya, Hunter, Cercado, and the western slopes of Misti. Alluvial-fluvial deposits, found
in the Arequipa peneplain and on terraces along the Chili River, are composed of gravels, sands, and silts,
filling ravines with rounded materials (IGP, 2017). The Cerro Colorado district is influenced by the Chachani
Volcanic Complex, characterized by pyroclastic flow deposits and volcanic materials. This area also features
ravines that are highly susceptible to lahars during periods of intense rainfall (INGEMMET, 2022). The study
area is mainly composed of Quaternary units, with recent deposits of alluvial, volcanic, and pyroclastic origin.
The main formations include Holocene alluvial deposits (Qh-al), late Pleistocene pyroclastic flows (Qpl-pi),
Neogene volcanic tuffs from the Añashuayco Formation (Nq-añ), units of the Pichu Pichu volcanic complex
(Nq-pi), and Lower Cretaceous gabbros (Ki-gb) (INGEMMET, sf). These geological characteristics were used
as a reference for the values of the coefficients γ and α, which represent the geometric and material damping
coefficients, respectively, and were later calculated using the Levenberg-Marquardt inversion method.

Anthropogenic vibrations generated by heavy machinery, railway transport, and vehicular traffic on bridges
in Arequipa, Peru, may exceed the peak particle velocity (PPV) limits specified in DIN 4150-3. These ex-
ceedances depend on local soil types, which influence vibration attenuation through geometric (γ) and material
(α) damping coefficients. Such propagation governs wave transmission and potential damage to urban and ar-
chaeological infrastructures. This study assesses the structural and heritage impacts of these vibrations while
modeling ground attenuation using neural networks to estimate damping coefficients. The approach is applied
across diverse urban zones in Arequipa to inform risk mitigation strategies.
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MAMANI ET AL. 3

Figure 1: A) Map of the study area showing the distribution of data acquisition points; B) Simplified local geological
map of Arequipa (adapted from GeoCatmin platform - INGEMMET). The green circle and red hexagon indicate the
locations of vibration recording points.

METHODS

Data

The database used in this study was compiled during 2021 and 2022 and includes records from three main sources
of vibration: heavy machinery (road rollers and an excavator with a hydraulic hammer), railway transport,
and vehicular traffic on bridges. The possibility of obtaining information from water reservoirs and industrial
facilities was also evaluated; however, no significant vibrations were detected in the surrounding structures, so
these sources were ruled out. The records were acquired at 2-second intervals, with a duration of 1 minute
per measurement. Two Vibracord FX seismometers, provided by the Geophysics Laboratory of the National
University of San Agustín de Arequipa (UNSA), were used for data acquisition. This equipment was calibrated
following the guidelines established in the international standard DIN 4150-3 (1993), which guarantees the
reliability and comparability of the results obtained. These devices interpret electrodynamically induced signals
from the coils of high-sensitivity triaxial geophones (operating in a range of 2–250 Hz) and generate peak particle
velocity (PPV) measurements in mm/s in their three components: vertical, longitudinal, and transverse. The
analysis focused on three sources of anthropogenic vibration: heavy machinery, vehicular traffic on bridges, and
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4 ATTENUATION AND URBAN VIBRATIONS

railway transport (Figure 1). The sensors were placed at the base of the structure, oriented toward the vibration
source, with some positioned on concrete and others on soil.

Data processing workflow began with a quality check of the recorded information, using an optimal signal-
to-noise ratio threshold. In accordance with established standards, vibrations were classified into three groups
based on a visual analysis criterion: group A, corresponding to the records with the best response; group B,
which includes partially recoverable data but exhibits limitations due to time-shifted points; and group C,
comprising records with higher noise levels or deviations from optimal measurement criteria (see Table S2). For
the analysis, priority was given to processing group A records, while groups B and C were selectively considered
depending on source evaluation and their relevance to the study.

Data corresponding to heavy machinery accounted for 77% of total records, with frequencies ranging from 18
to 90 Hz and particle velocities between 0.5 and 55.70 mm/s. Vibrations generated by traffic on vehicular bridges
accounted for 19% of the records, characterized by lower frequencies, ranging from 0.4 to 20 Hz, and velocities
between 0.05 and 45.50 mm/s. Finally, railway transport accounted for 4% of the records, with frequencies
between 14 and 80 Hz and velocities between 0.09 and 17.43 mm/s. Table 1 summarizes the database used
in the study, detailing the sources of vibration, the type of soil, the measurement point code, their respective
geographical coordinates, and the total number of records associated with each source.

The most common source of vibrations was heavy machinery. In this study, more than 90% of the machines
were road rollers, specifically CAT CS553 models (weighing 10 tons). These machines feature a dynamic drum
capable of operating at maximum frequencies of 30 Hz and are mainly used in civil engineering projects during
road paving. Additionally, tandem vibratory rollers (weighing 3,500 kg) and an excavator with a hydraulic
hammer (weighing 36 tons) were also considered as vibration sources. Vibration signals were recorded at the
foundations of buildings (on concrete or soil in various conditions, Figure 2a) and on the roofs of some structures
(Figure 2b).

The second major source of vibration was vehicular traffic on concrete bridges. Factors influencing the
vibrations included the structural condition of the bridge as well as the weight and speeds of passing vehicles.
Data were recorded on the pedestrian sidewalks of the bridges (Figure 2c), approximately 1 meter from the
vehicles.

The third vibration source was railway transport, for which data were acquired during the initial field
campaign conducted in 2021. During this period, Arequipa remained under a state of emergency related to the
COVID-19 pandemic, and recurrent demonstrations by social groups caused interruptions to regular railway
operations. Nonetheless, a comprehensive dataset was successfully collected from sites situated within 3 meters
of the railway line, characterized by predominantly sandy soil conditions (Figure 2d).
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MAMANI ET AL. 5

Table 1: Table of vibration data by source and soil type.

Vibration
source

Soil
type Point

Coordinates N° Data
(PPV)

N° Data
(Attenuation)Long. Lat.

Heavy machinery

Sand HVS-1 229353.2 8191966.2 15

1339

Concrete

HVC-6 227128.1 8187053.1 193
HVC-1 229804.8 8181342.5
HVC-2 227347.4 8191138.1
HVC-3 227347.4 8191138.3
HVC-4 233232.1 8183953.3
HVC-5 227007.4 8186998.0
HVE-1 227050.5 8187014.3 96
HVE-2 231593.2 8183763.3

Compact soil

HVT-1 229353.2 8181844.4
HVT-2 227362.5 8191387.3 157
HVT-3 222462.2 8190456.6
HVT-4 227128.1 8187053.1

Medium compact soil

HVM-1 229817.4 8181329.1
HVM-2 231212.8 8189661.1
HVM-3 232707.3 8191453.6 102
HVM-4 229801.4 8181303.8
HVM-5 227240.1 8181515.8
HVM-6 231602.9 8183765.2

Bridge Concrete

B-1 230173.4 8178091.4

1230
B-2 230195.2 8178041.7
B-3 227144.0 8177985.0 136
B-4 223473.0 8191638.0
B-5 226081.0 8181538.0

Railway train Sand

R-1 225990.3 8180483.0

224
R-2 225984.3 8180389.1
R-3 227218.0 8183595.3 33
R-4 226827.0 8187170.0
R-5 226511.8 8188505.1

ANALYSIS OF THE IMPACT OF VIBRATIONS ON STRUCTURES

The Vibration Meter software was used to analyze the vibration records, enabling the visualization of readings
obtained by the Vibracord FX equipment (Del Castillo Martinez, 2012). The data were statistically processed
in the frequency domain to determine 50% of the energy spectrum. This method minimizes the dispersion
typically observed in frequency spectra, allowing for the analysis of the entire dataset to identify wave records
with PPV values. Figures 3a, 3b, and 3c show the vibration velocity records induced by a road roller, rail
traffic, and vehicular traffic on a bridge, respectively. The maximum velocity values are recorded when the
excitation source is at the shortest distance from the seismograph, corresponding to 1.5 m for heavy machinery
and between 1.5 and 2 m for sources associated with rail and vehicular traffic.

Table 2 presents the predominant frequencies and PPV values established by the German Standards DIN
4150-3. For the analysis, three frequency intervals were adopted: >10 Hz, 10–50 Hz, and 50–100 Hz.

ANALYSIS OF VIBRATION ATTENUATION

The decrease in wave amplitude with distance from the source is due to two main factors: geometric spreading
and material damping. Their combined effect can be described by the relationship proposed by Attewell and
Farmer (1973a):

vmax = v0

(r0
r

)γ

eα(r0−r) (1)

Equation (1) describes the level of attenuation of the maximum velocity, also referred to as peak particle
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6 ATTENUATION AND URBAN VIBRATIONS

Figure 2: Photographs showing data acquisition along different sources: A) Compactor roller; B) Similar to scenario A,
but with sensors installed on the roof of a two-story house in the district of Paucarpata; C) Vehicular traffic on bridges
in the district of Socabaya; D) Railway transport near residential areas.

Figure 3: Vibration amplitude variation recorded by two geophones. A) Road roller; B) Vehicular traffic on bridges;
C) Railway transport.

Table 2: Vibration control limits established by the German Standards DIN 4150-3 (DIN 4150, 1999).

Type of structure
Vibration thresholds for structural damage, PPV (mm/s)

Short term Long term
At foundation Uppermost floor Uppermost floor

0 to 10 Hz 10 to 50 Hz 50 to 100 Hz All frequencies
Commercial/industrial 20 20 to 40 40 to 50 10
Residential 5 5 to 15 15 to 20 5
Sensitive/historic 3 3 to 8 8 to 10 2.5

velocity (PPV), according to Rodríguez and Bascompta (2020), representing the product of a hyperbolic and
an exponential function. In this formulation, vmax (mm/s) represents the PPV at a distance r from the
source, assuming that the initial velocity v0 (mm/s) at an initial distance r0 (m) is known. The coefficient
γ (dimensionless) is an empirical parameter that represents the geometric damping coefficient, while α (m−1)
represents the material damping coefficient. For the analysis, this formulation was applied to predict the
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MAMANI ET AL. 7

behavior of the maximum velocities as a function of distance, using the initial values of velocity and the
position of the machinery, as well as the surface geological characteristics of the recording environment. These
characteristics were used to determine the coefficients γ and α. These coefficients were incorporated into the
regression adjustment model using the multidimensional nonlinear least squares algorithm with the generalized
Levenberg-Marquardt inversion method. The resulting constraints for γ were between (0.1- 1.65), and for α
they ranged from (0.001- 0.03) for the objective function.

Levenberg-Marquardt Method

The Levenberg-Marquardt method was used because it incorporates a technique to address the issue of matrix
singularity in JT (x(k))J(x(k)) and is an effective algorithm for handling small residuals. In this case, the update
is given by: [

JT
(
x(k)

)
J
(
x(k)

)
+ S

(
x(k)

)
+ µ(k)I

]
δ(x) = −JT

(
x(k)

)
f
(
x(k)

)
(2)

Where J represents the jacobian matrix and S a necessary condition, x is the real vector of variables, f the
function to evaluate, and x(k) a sequence of points, where the index k indicates the number of the current
iteration. A strategy to select µ(k) (2) is shown in Appendix Figure A1 along with a LineSearch implementation
scheme (Saucedo, 2014).

The Levenberg-Marquardt (LM) curve fitting method is used to solve nonlinear least squares problems
and combines the gradient descent and Gauss-Newton (GN) methods. It addresses the confidence region sub-
problem proposed for a given data set by solving the least squares system that involves the Jacobian matrix.
This is achieved through the functions “gsl_nls” “gsl_multifit_nlinear” and “gsl_multilarge_nlinear” which are
implemented in the RStudio programming environment (Coleman and Verma, 2001).

ARTIFICIAL NEURAL NETWORKS

Artificial neural networks (ANNs) are widely employed across various applications and are particularly popular
in system modeling due to their efficiency in adaptation and learning through pattern recognition (Mia and
Dhar, 2016). Keras (Chollet et al., 2015) and TensorFlow (Abadi et al., 2016) were selected for implementation
owing to their robust support for regression tasks, as evidenced in geophysical applications (Goodfellow et al.,
2016).

The methodology was structured into five phases. In the first phase, an experimental dataset comprising
distances (meters) and peak particle velocities (PPV, in mm/s) was compiled for ANN training. In the second
phase, a set of distance values within the experimental range was selected to predict PPV in inaccessible
areas—attributable to state-mandated lockdowns, paving disruptions, strikes, or blockades—thereby avoiding
any extrapolation beyond observed maxima and ensuring reliable predictions. In the third phase, the ANN
architecture was configured with an input layer of 32 neurons (to capture complex attenuation patterns), a
hidden layer of 16 neurons (reducing dimensionality and optimizing computational efficiency), and an output
layer consisting of a single neuron with linear activation for PPV regression. This 32-16-1 configuration was
derived from established practices for small datasets, balancing expressiveness against the risk of overfitting
(Goodfellow et al., 2016; Bishop, 1995); additionally, ReLU activation was applied in the hidden layers to
effectively manage inherent nonlinearities in limited data (Glorot et al., 2011). In the fourth phase, the model
was trained using the Adam optimizer Kingma and Ba (2014) with a learning rate of 0.1, selected after evaluating
preliminary values (0.001, 0.01 and 0.1), which demonstrated minimization of validation RMSE with efficient
convergence. The data were split into 70% for training, 20% for validation, and 10% for testing, tailored to the
reduced dataset size (Hastie et al., 2009). The training process spanned 1000 epochs, achieving convergence
without notable overfitting, owing to the simplicity of the univariate regression and the moderate architecture
(Goodfellow et al., 2016). Post-training validation confirmed low RMSE values. Figure 4 shows the applied
neural network scheme, which indicates the input variable "r1" as a function of distance, the hidden layers, and
the output "PPV" as a function of peak particle velocity.
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8 ATTENUATION AND URBAN VIBRATIONS

Figure 4: Scheme of an Artificial Neural Network (ANN) used in this study.

RESULTS

VIBRATION SOURCE

The measurements correspond to the base of the dwellings; in concrete foundations (Figure 5a) and compacted
soils (Figure 5b), the propagation of vibrations generates a significant impact on buildings close to sources
of anthropogenic vibration. Maximum peak particle velocity (PPV) values exceeding 40 and 50 mm/s were
recorded, with frequencies predominantly in the range of 20 to 60 Hz (vibration frequencies of the compactor
roller). These levels exceed the three thresholds established by DIN 4150-3, applicable to sensitive and residential
buildings, indicating a potential structural risk. Vibrations of this magnitude can cause cracks to appear,
especially when heavy machinery operates in the vicinity of sensitive or historically valuable buildings, structures
that currently predominate in the historic center of Arequipa. In contrast, in loose soils (Figure 5c), the vibration
waves are considerably attenuated, with PPV values below 10 mm/s, with frequencies mainly between 30 and 40
Hz. A similar pattern is observed in the upper levels of the buildings, where the maximum peak particle velocity
(PPV) recorded reaches 40 mm/s, with predominant frequencies around 20 Hz, values due to the resonance of
the structure acting as a dynamic filter (Figure 5d). In this scenario, PPV levels also exceed the three limits
established by DIN 4150-3 for sensitive, residential, and industrial buildings.

In the vibration record obtained at the 85-meter-long Mansion Fundador bridge, a maximum peak parti-
cle velocity (PPV) value of 30 mm/s was recorded, with predominant frequencies below 20 Hz (Figure 6a).
Meanwhile, on the 115-meter-long Virgen de Los Remedios Bridge, the maximum PPV reached 45 mm/s, with
predominant frequencies below 15 Hz (Figure 6b). In both cases, the vibration levels exceed the three limits
established by DIN 4150-3, and there is a marked pattern in the vertical component (V), where the vibrations
have the highest PPV values. This behavior suggests a possible amplification due to resonance, caused when
the excitation frequency induced by vehicle traffic approaches one of the natural frequencies of the structure.
In the records of vibrations caused by railway transport, a maximum peak particle velocity (PPV) value of 18
mm/s was recorded, with predominant frequencies between 30 and 60 Hz, due to the impact of the load carried
by trains, which can exceed 20 tons (Figure 6c). These vibration levels exceed two of the three limits established
by DIN 4150-3 for residential structures and sensitive or historically valuable buildings located in proximity to
the railway line. The degree of impact of these vibrations varies depending on various factors, such as train
speed, type of load carried, soil characteristics, and the structural response of adjacent buildings.
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MAMANI ET AL. 9

Figure 5: Result of the impact of vibrations generated by the compactor roller, represented within the limits established
by the DIN 4150-3 standard (blue lines L-1, L-2 L-3): A) Buildings with cement foundations; B) Buildings with compacted
soil foundations; C) Buildings with loose soil foundations; D) Upper floors of buildings.

VIBRATION ATTENUATION AND SITE EFFECTS

The application of neural network algorithms automated the analysis of geometric and material damping co-
efficient. Figures 7a to 7d represent the PPV values obtained from the compaction roller during paving works
in the sectors of Asociación Peruarbo, Avenida Inglaterra, Avenida Cementerio, and Asociación Cesar Vallejo,
located in the districts of José Luis Bustamante and Rivero, and Cerro Colorado, respectively. Figure 7e corre-
sponds to the PPV values recorded by an excavator with a hydraulic hammer during civil works in the sector
located in Asociación José Luis Bustamante and Rivero (JBR), Cerro Colorado. The field data were compared
with those calculated through ANN training, showing root-mean-square (RMSE) values ranging from <0.01 –
0.04>, demonstrating a high degree of correlation between the compared data.

Figures 8a to 8d show the PPV values obtained from vehicular traffic on the following bridges: Añashuayco,
Mansión del Fundador, Tingo, and Socabaya, located in the districts of Cerro Colorado, Hunter, and Socabaya,
respectively. The field data were compared with values calculated through the training of artificial neural
networks, with root-mean-square-error (RMSE) results ranging between <0.003 – 0.03>, demonstrating a high
degree of correlation between the compared datasets. The lower data density observed in Figures 8a and 8c, as
well as the dispersion seen in Figures 8b and 8d, can be attributed to various factors associated with vehicular
traffic on the bridges, such as variations in vehicle speed, vehicle weight and type, load capacity, and the possible
presence of overlapping vibrations generated by multiple vehicles crossing simultaneously.

Figure 8e shows the PPV values obtained from railway transport along the route from the district of Cerro
Colorado to Sachaca. The field data were compared with values calculated using the trained neural networks,
yielding an RMSE value of 0.01, demonstrating a high degree of correlation.
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10 ATTENUATION AND URBAN VIBRATIONS

Figure 6: Result of the impact of vibrations generated by the vehicular traffic on bridges, represented within the limits
established by the DIN 4150-3 standards (blue lines): A) Mansión del Fundador Bridge; B) Virgen de Los Remedios
Bridge; C) Railway transport.

GEOMETRIC AND MATERIAL DAMPING COEFFICIENTS

The values for the coefficients γ and α are provided in Table 3. These values were compared to those reported
by various authors to establish a permitted minimum and maximum range, as detailed in Appendix Table S1.
Additionally, the greatest vibration damping results occur in the vertical component, as this type of source
produces a significantly higher proportion of the vector velocity in this direction. Furthermore, in the near field
of the vibration source, the vertical component dominates (Pistrol et al., 2013). For this reason, the results are
based on the vertical component. For further details on the results in the other components, refer to Appendix
Figures S2 to S4.

ATTENUATION GENERATED BY HEAVY MACHINERY

The theoretical regression model for predicting seismic vibration records from a large drum compactor (road
rollers) in the area corresponding to the Asociación Cesar Vallejo, located in the Cerro Colorado district,
converges to a solution with α = 0.03 and γ = 0.88, in an arrangement perpendicular to the source path.
Another area, Avenida Cementerio in the José Luis Bustamante y Rivero district, where the vibration was
generated by a small drum compactor roller (tandem vibratory rollers), converges to a solution with α = 0.03
and γ = 1.06, also in a perpendicular arrangement to the source path. Figures 9a and 9b show solutions that
yield curves based on the equation calculated with 95% confidence and prediction limits. For the prediction
of seismic vibration records generated by an excavator with a hydraulic hammer in the Asociación José Luis
Bustamante y Rivero, also in the Cerro Colorado district, the theoretical regression model converges to a solution
with α = 0.01 and γ = 0.5, in an arrangement perpendicular to the source path. This solution produces a curve
based on the equation calculated with 95% confidence and prediction limits (Figure 9c).

The vibratory behavior generated by the compaction roller in the two aforementioned areas shows that,
for the area corresponding to the Asociación Cesar Vallejo, the attenuation is approximately 31 mm/s at a
maximum recording distance of 12 meters. In the case of Avenida Cementerio, the attenuation is approximately
29 mm/s at a maximum recording distance of 10 meters. For the vibratory behavior generated by an excavator
with a hydraulic hammer in the same area, the attenuation is around 3.5 mm/s at a maximum recording
distance of 13 meters. The results obtained from the Asociación Cesar Vallejo sector show faster attenuation,
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Figure 7: Comparison of data obtained and calculated by artificial neural networks for heavy machinery: A) Asociación
Peruarbo; B) Avenida Inglaterra; C) Avenida Cementerio; D) Asociación Cesar Vallejo; E) Asociación José Luis Bus-
tamante and Rivero. The blue dashed line represents the line of agreement between the observed and calculated PPV
values. The RMSE value obtained suggests a highly accurate model.

which correlates with the data acquisition area. The coefficients suggest that the material consists of a concrete
slab that is granular and compact, with greater porosity and low moisture content. This results in a higher wave
propagation velocity, which reduces stresses in the foundations and the direct transmission to the structure.
In other words, waves with higher velocities induce less vibration in the foundations. On the other hand, in
Avenida Cementerio and the Asociación José Luis Bustamante y Rivero, the decay curve is more gradual, which
is associated with a silty-sandy geology. This indicates less cohesive soils, where wave propagation velocity is
lower, resulting in higher stress transmission to the foundation.

ATTENUATION GENERATED BY VEHICULAR TRAFFIC ON BRIDGES

The theoretical regression model for predicting seismic vibration records generated by vehicular traffic on bridges
in the area corresponding to Mansión del Fundador, Jacobo Hunter district, converges to a solution with
α = 0.02 and γ = 0.7. Figure 10 shows that the solution yields a curve based on the equation, calculated
with 95% confidence and prediction limits. The vibration behavior generated by vehicular traffic on bridges
in the aforementioned area indicates that the attenuation is approximately 27 mm/s at a maximum recording
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12 ATTENUATION AND URBAN VIBRATIONS

Figure 8: Comparison of the data obtained and calculated using artificial neural networks for vehicular traffic on
bridges: A) Añashuayco Bridge, B) Mansión del Fundador Bridge, C) Tingo Bridge, D) Socabaya Bridge; and for
railway transport: E) Railway transport records on the route from the district of Cerro Colorado to Sachaca. The blue
dashed line represents the line of agreement between the observed and calculated PPV values. The RMSE value obtained
suggests a highly accurate model.

distance of 6 meters. The results obtained at the Mansión del Fundador Bridge show faster attenuation, which
correlates with the data acquisition area. The coefficients suggest the material consists of a concrete slab that is
granular and compact, with greater porosity and low moisture content. This leads to a higher wave propagation
velocity, which reduces the stresses on the foundations and minimizes direct transmission to the structure. In
other words, waves with higher velocities induce less vibration in the foundations.

ATTENUATION GENERATED BY RAILWAY TRANSPORT

The theoretical regression model for predicting seismic vibration records generated by railway transit along
the route from the district of Cerro Colorado to Sachaca converges to a solution with α = 0.01 and γ = 0.6.
Figure 11 shows that the solution produces a curve based on the equation, calculated with 95% confidence and
prediction limits.
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Table 3: Values of α and γ for different sources

Source Site Soil type Distance (m) α (m−1) γ (m−1)
V L T V L T

Vehicular traffic

Añashuayco Volcanic tuffs 4 0.02 0.02 0.02 0.8 0.82 0.4
Mansión del Fundador Alluvial deposits and

gabbros
6 0.02 0.02 0.01 0.7 0.8 0.6

Socabaya Pichu Pichu volcanic
complex

7 0.01 0.01 0.02 0.6 0.6 0.33

Tingo Alluvial deposits 4.5 0.02 0.02 0.02 1.65 1.7 1

Railway transport Cerro Colorado and Sachaca Alluvial deposits and
pyroclastic flows.

6 0.01 0.05 0.02 1.21 0.84 0.84

Av. Inglaterra Pyroclastic flows and
andesitic deposits

9 0.03 0.03 0.03 0.9 0.8 0.7

Heavy machinery

Asoc. Cesar Vallejo Alluvial deposits and
volcanic tuffs

12 0.03 0.03 0.03 0.8 0.8 0.7

Asoc. Peruarbo Volcanic tuffs 7 0.03 0.03 0.03 0.67 0.73 0.68
Av. Cementerio Alluvial deposits and

pyroclastic flows.
10 0.02 0.02 0.02 0.65 0.6 0.7

Asoc. JBR Pyroclastic flows and
units of the Pichu
Pichu volcanic com-
plex

13 0.01 0.01 0.01 0.5 0.5 0.1

The vibratory behavior generated by railway transport in the aforementioned area shows an attenuation
of approximately 10 mm/s at a maximum recording distance of 6 meters. The results obtained from railway
transport along the route from the district of Cerro Colorado to Sachaca indicate a gradual decay curve, which
is associated with silty-sandy geology. This suggests the presence of less cohesive soils with lower porosity and
higher moisture content, where the propagation velocity decreases, thereby increasing the stress transmitted to
the foundation.
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14 ATTENUATION AND URBAN VIBRATIONS

Figure 9: Theoretical model of confidence and prediction (PPV [mm/s] vs. distance r [m]) for the records of the following
areas PPV versus r(m): A) Asociación César Vallejo; B) Avenida Cementerio; C) Asociación José Luis Bustamante y
Rivero. The turquoise-filled points represent the recorded data, while the black curve indicates the fitted model. The
gradient values extending to the blue dashed curve represent confidence intervals up to 95%, and the red dashed lines
represent prediction intervals, also up to 95%.

DISCUSSION

Regarding the impact of anthropogenic vibrations, the results obtained for the compaction roller show that this
source exceeds all the limit values established by the DIN 4150-3 standard, not only for residential buildings
but also for sensitive or historically important structures. In contrast, other anthropogenic sources considered
in this study, such as vehicular traffic on bridges and rail transport, have considerably lower vibration levels
and therefore represent a much lower potential risk of structural damage. These findings coincide with those
of Rodriguez et al. (2022), who emphasized that regulatory limits depend largely on the vulnerability of the
structure, with stricter thresholds applying to delicate or historically valuable buildings.

According to Siskind et al. (1980), the USBM standard sets particle velocity limits in the frequency range
of 3 to 15 Hz, with a maximum of 0.75 inches/second for newer plasterboard homes and 0.50 inches/second
for older ones. The results obtained for the roller compactor clearly exceed these values, suggesting that even
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Figure 10: Theoretical model of confidence and prediction (PPV [mm/s] vs. distance r [m]) for the records of the
Mansión del Fundador bridge. The turquoise-filled points represent the recorded data, while the black curve indicates
the fitted model. The gradient values extending to the blue dashed curve represent confidence intervals up to 95%, and
the red dashed lines represent prediction intervals, also up to 95%.

Figure 11: Theoretical model of confidence and prediction (PPV [mm/s] vs. distance r [m]) for the records of the railway
transport records on the route from the district of Cerro Colorado to Sachaca. The turquoise-filled points represent the
recorded data, while the black curve indicates the fitted model. The gradient values extending to the blue dashed curve
represent confidence intervals up to 95%, and the red dashed lines represent prediction intervals, also up to 95%.

relatively resilient residential structures could be at risk. Similarly, British standards (e.g., BS 7385-2 (1993))
set a general limit of 50 mm/s, independent of frequency, for reinforced structures or heavy industrial and
commercial buildings. However, for light residential or commercial buildings, the standard specifies decreasing
limits in the low frequency range (below 40 Hz), ranging from 20 mm/s at 15 Hz to 15 mm/s at 4 Hz. The
values measured in this study for the roller compactor also exceed these thresholds, confirming its role as the
source with the greatest potential for structural damage.

In contrast, Spanish standards UNE 22381-1993 and UNE 22-383 UNE (1993) were not designed
to address vibrations generated by machinery or mechanical activities, but rather to regulate those caused by
blasting and explosions. These standards are useful in specific contexts, such as mining or controlled demolition,
where high-intensity impulsive events predominate. However, they are not appropriate for the assessment of
continuous mechanical vibrations produced by heavy machinery, vehicular traffic, or rail transport in urban and
industrial environments.

In this regard, the DIN 4150-3 standard is the most appropriate regulatory framework for assessing anthro-
pogenic vibrations. Its specific focus on vibrations induced by machinery and traffic, its ability to differentiate
between structural damage and human comfort, and the definition of thresholds according to the type and sen-
sitivity of buildings ensure an accurate and applicable assessment. Therefore, the adoption of this standard
ensures a robust analysis of the risks associated with anthropogenic vibrations and provides a solid basis for the
implementation of preventive or corrective measures in case the established limits are exceeded.
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16 ATTENUATION AND URBAN VIBRATIONS

Regarding ground vibration attenuation, the results indicate that it is influenced by two primary factors:
the expansion of the wavefront (geometric damping) and the dissipation of energy within the ground (material
damping). These factors cause the wave amplitude to decrease with distance from the source. It was also
observed that in cohesive soils, such as concrete slabs with compact granular material, high porosity, and low
humidity, the wave propagation velocity is higher. This reduces stresses in the foundations and minimizes direct
transmission to the structure. Conversely, in silty sandy soils with lower porosity and higher humidity, the wave
propagation velocity decreases, resulting in increased stress transmitted to the foundations.

To analyze these phenomena, regression adjustment models were developed using the generalized Levenberg-
Marquardt inversion method implemented in the RStudio programming language. Neural networks were also
applied to automate the analysis of geometric and material damping coefficients. This approach was particularly
effective in areas with lower data density, yielding damping coefficient values for γ ranging between (0.1–1.65)
and α between (0.001–0.03) for the evaluated sources. The stacked model of vibratory behavior generated by
various sources is illustrated in Figures 12a to 12c.

Figure 12: Stacked model of the vibratory behavior generated by various sources: A) A large drum compactor roller
at Asociación César Vallejo, a small drum compactor roller on Avenida Cementerio, and an excavator with a hydraulic
hammer at Asociación José Luis Bustamante y Rivero; B) Heavy machinery operations; C) Vehicular traffic on bridges.

The values of γ are consistent with those reported according to Kramer (1996) for alluvial soils (0.2–1.5),
although the higher values in the study (up to 1.65) for pyroclastic deposits could be attributed to their
greater granulometric heterogeneity and porosity, as suggested by Bommer et al. (2000). This variability is
explained by the presence of volcanic fragments of varying sizes and degrees of consolidation, which enhance
energy dissipation. Conversely, the values of α align with the ranges for cohesive soils (0.005–0.02) reported
according to Seed and Idriss (1970), reflecting the capacity of Arequipa’s clayey soils to dissipate seismic energy.
Furthermore, these results are consistent with BS 7385-2 (1993), which establishes that waves with higher

Braz. J. Geophys., , ,

Draft 



MAMANI ET AL. 17

propagation velocities induce lower vibrations in building foundations. This is consistent with the findings of
Chen et al. (2019), who noted that vibration attenuation is faster in coarse-grained soils compared to fine-grained
soils. This behavior can be attributed to the high porosity and low moisture content of coarse-grained soils, which
results in greater energy loss of vibration waves. Similarly, the findings agree with Auersch and Said (2010),
who studied ground vibrations caused by various sources. They analyzed vibration attenuation and propagation
characteristics, observing that ground vibration decreases exponentially with distance. Additionally, the results
are in line with Toplak et al. (2014), who emphasized the superiority of artificial neural networks and neurofuzzy
techniques in predicting vibrations, underscoring the importance of having sufficient experimental data. From
the modeled data for different sources and study areas, the damping coefficients exhibited consistent attenuation
behavior, corroborating previously published research and reflecting the influence of soil types in the recording
regions.
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18 ATTENUATION AND URBAN VIBRATIONS

To establish a robust correlation between between soil characteristics and vibratory response, the elevated
peak particle velocities (PPV) in compacted soils (>20 mm/s) were analyzed, demonstrating slower attenuation,
as evidenced by flatter decay curves and reduced damping coefficients (γ: 0.1–0.5; α: 0.001–0.01). This behavior
is attributed to the lower geometric dispersion in dense, compacted soils, which facilitates more efficient vibratory
wave propagation, as reported according to Seed and Idriss (1970). These authors indicate that cohesive and
compacted soils, owing to their high stiffness, exhibit lower values compared to unconsolidated soils, resulting in
limited energy dissipation. Similarly, Dowding (1996) emphasizes that this reduced attenuation in compacted
soils increases the stresses transferred to structures, a critical factor for assessing structural risks in seismic
regions such as Arequipa.

Although the presented results and models demonstrate robustness and align with established literature,
they exhibited limitations, primarily arising from challenges in accessing anthropogenic vibration sources, with
railway train access being the most critical, as data acquisition occurred during the COVID-19 pandemic
lockdown and amid large-scale regional strikes against mining activities in Arequipa, Peru. This curtailed in-situ
measurements and temporal data coverage, aspects that were compensated via the application of neural networks
to infer attenuation patterns in data-limited scenarios, thereby preserving the robustness of the predictive
modeling. Nevertheless, future investigations are recommended to incorporate additional geophysical assays,
facilitating result comparisons and model validation across diverse contexts.

CONCLUSIONS

Analysis of the modeled data across different vibration sources and study areas revealed that the observed
damping coefficients align well with previously published research and reflect the expected attenuation behavior
based on the soil types in the recording regions. The study was conducted to evaluate the impacts of different
urban sources of vibrations and the vulnerability of different structures. The following conclusions are drawn.

Overall, the vibration levels generated by the heavy machinery, vehicular bridge traffic, and railway transport
exceed the limits specified by DIN 4150-3 to prevent structural damage. Vibrations from compaction rollers
exhibit intermediate frequencies (20–60 Hz) with high peak particle velocities (PPV) ranging from 25–40 mm/s.
In contrast, vehicular bridge traffic produces lower frequencies (<20 Hz) with similarly high PPVs (40 mm/s),
while railway transport generates intermediate frequencies (30–60 Hz) but lower PPVs (<20 mm/s).

The attenuation of the vertical component of ground vibration amplitude with distance is influenced by
two primary factors: geometric and material damping. Consistent with previous studies, local site conditions,
such as soil type, have a direct impact on wave propagation. In cohesive soils, as well as in compact granular
materials or concrete slabs with high porosity and low moisture content, wave propagation velocities are higher.
This reduces the stress transmitted to foundations and the direct impact on structures. Conversely, in silty
sandy soils with lower porosity and higher moisture content, wave propagation velocities decrease, leading to
increased stress transmission to foundations. The greater the strength of the fill and the stiffness of the soil,
the lower the plastic deformation under tensile forces.

It is recommended to establish a specific national regulation to address the effects of anthropogenic vibrations
on buildings, as there are currently no technical standards in Peru governing this type of impact. This study can
serve as a foundation for future research incorporating additional geophysical techniques, aimed at comparing
and validating the developed models, and ultimately contributing to the establishment of a local regulatory
framework.
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SUPPLEMENTARY MATERIAL

Table 1: Summary of material and geometric attenuation coefficients reported in the literature

Authors Material Type Att. coeff. α(m−1)

Forssblad (1965) Silty gravelly sand 0.131
Richart (1962) Concrete slab over compact granular fill 0.02
Woods (1967) Silty fine sand 0.262
Dalmatov et al. (1968) Sand and silts 0.026 – 0.361

Authors Material Type Att. coeff. γ

Wiss (1967) Sands 1
Clays 1.5

Brenner and Chittikuladilok (1975) Surface sands 1.5
Sand fill over soft clays 0.8 – 1.0

Attewell and Farmer (1973b) Various soils, generally firm 1
Nichols et al. (1971) Firm soils and rock 1.4 – 1.7
Martin (1980) Clay 1.4

Silt 0.8
Amick and Ungar (1987) Clay 1.5

Note. Obtained and adapted from Amick and Gendreau (2000)

Table S2: Vibration data used in accordance with DIN 4150-3, artificial neural networks, and the theoretical
regression model employed in this study (see in Excel format).
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Figures

Figure S1: Flowchart of the Levenberg-Marquardt (LM) optimization algorithm.
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Figure S2: Theoretical model of confidence and prediction for the records obtained in the longitudinal component of
the compactor roller (A, B) and an excavator with a hydraulic hammer (C), as well as in the transversal component
of the compactor roller (D, E) and an excavator with a hydraulic hammer (F). These measurements were conducted in
Asociación César Vallejo, Avenida Cementerio, and José Luis Bustamante y Rivero, respectively.
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22 ATTENUATION AND URBAN VIBRATIONS

Figure S3: Theoretical model of confidence and prediction for the records obtained from various vibration sources.
Heavy machinery (large drum compactor roller) was analyzed on Avenida Inglaterra (A, B, C) and in the Peruarbo
Asociación (F, G, H), considering its three components: vertical, longitudinal, and transversal. Vehicular circulation on
the Mansión del Fundador bridge was evaluated in its longitudinal and transversal components (D, E). Lastly, railway
transport on the route from the district of Cerro Colorado to Sachaca was analyzed in its longitudinal and transversal
components (I, J).
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Figure S4: Theoretical model of confidence and prediction for the records obtained from vehicular traffic on three
bridges. The Añashuayco Bridge was analyzed in its vertical, longitudinal, and transversal components (A, B, C),
followed by the Socabaya Bridge (D, E, F) and the Tingo Bridge (G, H, I), each evaluated across the same three
components.
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