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TEMATICA Y ALCANCE

La Revista Politécnica es una publicacion periddica trimestral editada por la Escuela Politécnica Nacional del Ecuador, creada en el afio
1961, siendo la primera revista cientifica ecuatoriana, cuyo objetivo es contribuir al conocimiento cientifico y tecnoldgico, mediante la
publicacién de estudios cientificos relacionados con las areas de ciencias basicas (Fisica, Quimica, Biologia y Matematica) e ingenierias
(Quimica y Agroindustria, Civil y Ambiental, Eléctrica y Electronica, Geologia y Petroleos, Mecéanica, y Sistemas). La Revista
Politécnica esta dirigida a profesionales e investigadores que trabajan en estos campos del conocimiento.
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Editorial

Soluciones tecnoldgicas para un mundo de recursos finitos

En un mundo con recursos finitos, es esencial buscar soluciones tecnoldgicas que nos ayuden a aprovechar
y administrar de manera mas eficiente los recursos disponibles. La tecnologia puede desempefiar un papel
fundamental en la conservacion de recursos naturales, la optimizacién de la produccion y el consumo, asi
como en la busqueda de fuentes de energia sostenibles.

En este nuevo nimero de la Revista Politécnica, autores de diferentes campos de estudio analizan como
pueden utilizarse las nuevas tecnologias para optimizar procesos, agilizar analisis, identificar incidentes y
limitar pérdidas. En particular, se utiliza mucho el aprendizaje automatico. Parraga Villamar y sus coautores
utilizan esta tecnologia para analizar parametros de radiofrecuencia en Quito (Ecuador), con el objetivo de
mejorar la prestacion de servicios de redes de comunicaciones moéviles. Moreno y sus coautores también
utilizan el aprendizaje automatico, pero para identificar accidentes de trafico en iméagenes de
videovigilancia. Ordofiez y Hallo pretenden aumentar la eficacia de la administracion tributaria utilizando
el aprendizaje automatico y la mineria de datos.

Los experimentos también son herramientas necesarias para optimizar el uso de los recursos. Con esta idea,
Garcia y sus coautores tratan de optimizar el uso de cenizas en el concreto mejorando su resistencia y
eliminando al mismo tiempo una fuente de contaminacion. Con la misma filosofia, Segovia y sus coautores
estudian el uso de fibras de bambl como sustituto de la fibra de vidrio en la fabricacion de piezas de
automocion. Castillo y sus coautores estudian la influencia de las condiciones de almacenamiento en las
caracteristicas de la gasolina para optimizar su consumo. En su estudio, Gallegos-Calderdn y sus coautores
utilizan desarrollos informéaticos para modelizar y optimizar el comportamiento de materiales como los
tableros de polimero reforzado con fibra de vidrio.

El tiempo es un recurso fundamental. En el articulo "Web User Interface Design of a Visual Editor for
Cloud Infrastructure Modelling", los autores proponen soluciones para ayudar graficamente a los usuarios
a construir infraestructuras en la nube. La deteccion y caracterizacion en tiempo real de los fendmenos
naturales son esenciales para proteger a las poblaciones y las infraestructuras. Utilizando redes de sensores
sismicos, Enriquez y Nazate proponen un sistema eficaz de deteccion de lahares (flujos de lodo y escombros
volcénicos) en el Cotopaxi (Ecuador). Por ultimo, en el trabajo de Cervera y sus coautores se utiliza un
sistema de informacion geogréfica para evaluar la vulnerabilidad sismica en el distrito de Lambayeque
(Peru).

En resumen, las soluciones tecnoldgicas pueden desempefiar un papel crucial en la construccién de un
mundo mejor. Agradecemos los autores que han presentado trabajos originales e innovadores y a los
revisores quienes colaboran para mantener los estandares de calidad de la Revista Politécnica. Este nimero
contiene diez articulos de investigacion, en las areas de Geologia, Sistemas, Civil, Electronica, Mecanica y
Quimica. Queremos agradecer a nuestros lectores que cada dia consideran a la Revista Politécnica como
una referencia en sus investigaciones. Estamos seguros de que el contenido de estos manuscritos lograra
cautivar el interés de investigadores, docentes y estudiantes en sus actividades propias.

El Comité Editorial de la Revista reitera el agradecimiento a la confianza de la comunidad cientifica.
Estamos comprometidos como equipo para continuar elevando los estandares de exigencia y calidad, con
el objetivo de impactar en contextos internacionales.



Editorial

Technology solutions for a world of finite resources

In a world of finite resources, it is essential to seek technological solutions that help us to make more
efficient the use and management of available resources. Technology can play a key role in conserving
natural resources, optimizing production and consumption, and finding sustainable energy sources.

In this new issue of the Revista Politécnica, authors from different research fields discuss how new
technologies can be used to optimize processes, facilitate analysis, identify incidents and limit losses. In
particular, much use is made of machine learning. Parraga Villamar and his coauthors use this technology
to analyze radio frequency parameters in Quito, Ecuador, with the aim of improving the provision of mobile
communications network services. Moreno and his coauthors also use machine learning, but to identify
traffic accidents in video surveillance images. Ordofiez and Hallo aim to increase the efficiency of tax
administration using machine learning and data mining.

Experiments are also necessary tools to optimize the use of resources. With this idea, Garcia and his
coauthors seek to optimize the use of ash in concrete by improving its strength while eliminating a source
of pollution. With the same philosophy, Segovia and his co-authors study the use of bamboo fibers as a
substitute for fiberglass in the manufacture of automotive parts. Castillo and his co-authors study the
influence of storage conditions on the characteristics of gasoline to optimize its consumption. In their study,
Gallegos-Calderdn and his coauthors use computer developments to model and optimize the behavior of
materials such as fiberglass-reinforced polymer boards.

Time is a critical resource. In the paper "Web User Interface Design of a Visual Editor for Cloud
Infrastructure Modeling,” the authors propose solutions to graphically assist users in building cloud
infrastructures. Real-time detection and characterization of natural phenomena are essential to protect
populations and infrastructures. Using seismic sensor arrays, Enriquez and Nazate propose an effective
system for detecting lahars (volcanic mud and debris flows) in Cotopaxi (Ecuador). Finally, the work of
Cervera and his co-authors uses a geographic information system to assess seismic vulnerability in the
district of Lambayeque (Peru).

In summary, technological solutions can play a crucial role in building a better world. We are grateful to
the authors who have submitted original and innovative papers and to the reviewers who are involved in
maintaining the quality standards of the Revista Politécnica. This issue contains ten research articles, in the
areas of Geology, Systems, Civil, Electronics, Mechanics and Chemistry. We want to thank our readers
who every day consider the Revista Politécnica as a reference in their research. We are sure that the content
of these manuscripts will captivate the interest of researchers, professors and students in their own activities.

The Editorial Committee of the Journal reiterates its gratitude to the trust of the scientific community. We
are committed as a team to continue raising the standards of demand and quality, with the aim of having an
impact in international contexts.
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Seismic Sensor Array for Lahar Detection at Cotopaxi Volcano Based on a Datalogger with Field Programmable Gate Arrays

Seismic Sensor Array for Lahar Detection at Cotopaxi Volcano
Based on a Datalogger with Field Programmable Gate Arrays

Enriquez, Wilson*™*'; Nazate, Paola?

!Escuela Politécnica Nacional, Instituto Geofisico, Quito, Ecuador
2Escuela Politécnica Nacional — Universidad Catdlica de Chile, Instituto Geofisico, Quito, Ecuador

Abstract: In this work, we have used several configurations of single-component seismic sensors array for the
detection and analysis of the signals produced by lahars at the Cotopaxi Volcano, Ecuador. We have developed a
compact, flexible, and reliable prototype enough to be used in volcanic monitoring that includes a new generation
Field Programmable Gate Arrays (FPGA) as the basis of the embedded system for continuous signal acquisition,
digitalization and storage.

We have used an array of twelve single-component seismic sensors in linear geometric configuration. The information
is also sent to the central base (Instituto Geofisico) located in the city of Quito through radiofrequency
communication. Subsequently, the information is analyzed by means of a mathematical model developed during the
time of execution of this research as a result, we have obtained a quick lahar detection including calculation of the
speed with which the lahar descends, providing reliable information from the moment the event arises, generating an
early warning to the affected population.

Keywords: lahar, embedded system, seismic sensor array, volcano monitoring

Disposicion de Sensores Sismicos para la Deteccion de Lahares en el
Volcan Cotopaxi Basado en un Datalogger con Field Programmable
Gate Arrays

Resumen: En este trabajo, se han utilizado varias configuraciones de disposicion de sensores sismicos de una
componente para la deteccion y el analisis de las sefiales producidas por los lahares del volcan Cotopaxi. Hemos
desarrollado un prototipo compacto, flexible y confiable para ser utilizado en el monitoreo volcénico que incluye un
Field Programmable Gate Arrays (FPGA) de nueva generacion como base del sistema embebido para la adquisicion,
digitalizacion y almacenamiento continuo de la sefial.

Hemos utilizado la disposicion de doce sensores sismicos de un componente en configuracion geométrica lineal. La
informacion también es enviada a la base central (Instituto Geofisico) ubicada en la ciudad de Quito a través de
comunicacion por radiofrecuencia. Posteriormente, la informacion es analizada por medio de un modelo matematico
desarrollado durante el tiempo de ejecucion de esta investigacion. Como resultado, hemos obtenido la deteccion del
lahar y el célculo de la velocidad con la que desciende, proporcionando informacion fiable desde el momento en que
se produce el evento y que proporcionara una alerta temprana a la poblacion afectada.

Palabras clave: lahar, sistema embebido, arreglo sensor sismico, monitoreo volcanes

1. INTRODUCTION

Cotopaxi is a stratovolcano located in the Real (eastern)
Cordillera in the Ecuadorian Andes. Its summit reaches 5897
m above sea level, and is covered with a glacier cap that can
be melted by pyroclastic flows produced during eruptions.
Cotopaxi has developed five eruptive cycles in the years 1532-

*wenriquez@igepn.edu.ec
Recibido: 06/12/2022
Aceptado: 12/06/2023
Publicado en linea: 01/08/2023
10.33333/rp.vol52n1.01
CC4.0

Revista Politécnica, Agosto

1534, 1742-1744, 1766-1768, 1853-1854 and 1877-1880.
During these cycles there have been approximately thirteen
major eruptions with the following volcanic phenomena: ash
falls, lava, pyroclastic flows and mud flows with debris or
lahars that caused one of the greatest destructions in the
country (Andrade et al., 2005).

- Octubre 2023, Vol. 52, No. 1
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Lahars are the volcanic phenomena that are the subject of our
study. These are a mixture of rocks, pumice and sand with
water coming from the melting of a glacier, from the rupture
of a crater lake or from heavy rains. Lahars travel at high
speeds reaching 100 km/h and move downhill driven by the
force of gravity following natural drainages. Lahars are the
most dangerous phenomena that can occur during an eruption
of the Cotopaxi Volcano. People trapped in lahars have very
little chance of survival, therefore, during a volcanic crisis,
evacuation of populated areas near the dangerous drains that
flow down the volcano is carried out.

Lahars have been a very common phenomena, so according to
historic records, the following information has been collected:
in November 1744 there were pyroclastic flows that melted
parts of the volcano glacier and caused lahars in the Latacunga
and Los Chillos valleys, these were larger than those of 1742.
In September 1853, there was an important increase in the
volcano activity that produced destructive lahars in the
Cutuchi River. On June 26, 1877, lahars occurred in the Pita,
Cutuchi and Tamboyacu rivers causing great destruction along
these three drainages (Andrade et al., 2005).

On August 14, 2015, after four months of premonitory signals,
two small explosions occurred in the Cotopaxi Volcano, the
first at 04h02 and the second at 04h07 (Hidalgo et al., 2018).
With this visible change in the external activity of Cotopaxi,
the population near the volcano was compromised by the risks
and threats to which it is exposed. The Cotopaxi volcano has
demonstrated, throughout its geological history, to be one of
the most dangerous volcanoes in Ecuador because of the
impacts on nearby populations caused by lahars in past
eruptions (Saalfeld et al., 2019).

The Instituto Geofisico (IG) of Escuela Politécnica Nacional,
in collaboration with other institutions, has conducted
extensive research to understand and disseminate the possible
consequences of future lahars. Since 1999, the Instituto
Geofisico has implemented the use of detectors known as
AFM  (Acoustic Flow Monitor) for monitoring and
surveillance of lahars (Andrade et al., 2005).

To date, the seismic activity of Cotopaxi volcano has shown
important changes. With this background, we present the
application of a seismic array in linear configuration to detect
and characterize lahar flows generated as a consequence of an
eruptive process in the Cotopaxi volcano. The methodology
described here, when included in the monitoring process,
provides an effective tool to decrease the time-to-react for the
communities living in the edges of the streams where the
lahars normally transit.

The electronic equipment developed in this project can be used
not only in sensor arrays but also in broadband, monitoring
devices, infrasound and others, at a much lower cost than
similar equipment available in the market (Asch, n.d). The cost
of similar equipment is eight to ten times higher than the one
presented here, making it an affordable solution to be
implemented in observatories with limited budget. Therefore,
this technology provides a gain in time to alert the
communities located on the banks of the volcano streams. This

time translates into an early warning that helps to protect many
lives in a volcanic crisis.

2. METHODOLOGY

The present work is a quantitative experimental research, in
which the main variable was the apparent speed of the seismic
waves when they cross the surface of a sensor array composed
of geophones applied to the study of the lahars in the Cotopaxi
Volcano.

2.1 Embedded system design

During the first stage of research, a prototype for the
digitization and storage of twelve channels of seismic signals
based on a new generation Field-Programmable Gate Array
(FPGA) was developed as a measurement instrument for the
variable under study. The block diagram is shown in Figure 1.

The designed and built instrument stores the seismic data
recorded by geophones when seismic events occur in a
reliable, valid and quantifiable way, without affecting the real
data (Asch, n.d; Paz et al., 2019).

In the FPGA, simultaneous programming threads control the
twelve acquisition channels and their synchronization with
Coordinated Universal Time (UTC) with an accuracy of 100
ns. As show in Figure 2.

o Technical Data
Antialiasing Ii)o\;]f:r o
ey (TDM,) files
¥ System ‘
. Analog to |
Signal Digital D
Conditioning g ata
- Converter | storage
’ EMBEBED
SYSTEM
Sensors User
interface
Time

© Ethernet
synchronization Communication

Figure 1. Block diagram of the measurement prototype
Source: authors' own elaboration

GPS |

Analog to digital
converter (ADC) 1
Ci:jl;ir“(’:g'c‘;"v First-in, first-out (FIFO)
. . 4+ Direct Memory Access —
(DMA)
Analog to digital
ris converter (ADC) 12
P! .
GPS GPS Data FPGA time

Precise Positioning —
Service (PPS)

arrive synchronization

Figure 2. Threads control of twelve acquisition channels and
synchronization with UTC. Source: authors' own elaboration

The main thread of deterministic execution and high-speed
control uses the pipelining technique to increase performance

Revista Politécnica, Agosto - Octubre 2023, Vol. 52, No. 1
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and take advantage of the parallel processing capabilities of
the FPGA (Wei etal.,, 2016). First, the analog-to-digital
converter (ADC) sampling rate is set, this can vary up to
50 ksps. Subsequently, the FPGA is synchronized with the
Real Time Subsystem, the overall control, so that there are no
gaps in sample acquisition. Next, the samples enter the
pipelined loop, which has three internal intercommunicated
sub-processes. In this loop, the main thread gets the
conditioned signals from the sensors converted into a 24-bit
digital signal.

The second sub-process writes to independent First-in, first-
out memory (FIFO memory) for each channel through Direct
Memory Access (DMA). The third sub-process measures, in
clock ticks, the time required for the longest path of the three
processes which is given by the ADC sampling rate and the
FIFO memory fill alarm (Herrera, 2017). The result is a loop
with a speed of approximately 800 clock ticks, i.e. it complies
with the ADC sampling rate of 50 ksps.

FPGA

The Trimble Global Positioning System (GPS), model 66800-
40 D, is used to synchronize in UTC time and determine the
location of the station. In this case, the FPGA internal loop
takes a new reading every second with a maximum offset of
100 ns and records the offset value for time error correction.
The information is transferred to the real-time subsystem
through a FIFO memory.

Finally, low priority processes are executed, such as: reading
the voltage in the power supply system, reading the ambient
temperature and flashing the led indicating the correct
operation of the equipment. Figure 3a shows a summary of the
processes described above developed inside the FPGA, as well
as the inputs necessary for their correct operation and the
outputs obtained in real time. Figure 3b shows a part of the
diagram design internal FPGA in LabView software.

Real time
. — : subsystem
(_onﬁgurulum? & || UTC ]1|n.e & ‘Logu interface
Synchronization || Localization Control
Deterministic
Sub-process |
Seismic process
. Sub-process 2 | Sub-process | |
Signal
| Sub-process 3 “ Sub-process 2 || Sub-process | I NC{"‘ .
- w,.,.. deterministic
— - process
Vaoltaje alimentation, Fthernet
temperature & LED communication
status

a)

00000000000 000000000
|Waitf0rGPStiminq data to arrive, |

Synchronize the FPGA Timekeeper, Time

O00000000000000000000000000000000000000000000000000000000000000000000000¢

07|65 stetus [Update the GPS and FPGA Timekeeper]

excecution: 114ms aprox

= Modl Lt
L . Modl PPS Timestamp (TA - Antenna Status ¥—F0 |antenna status
Wait for. Data Update GPS Status p Satellites Available satellites available
; Timeout Synchronize the FPGA UTC Offset i UTC offset
Timed Out L = _ Timekeeper to GPS by UTC Offset Vald % JTE|UTC offset valid
VB e giving the Timekezper PPS Timestamp (TA] PPS Timestamp (TA]
H itwo timestamps that Altitude (m) R | Altitude (m)
correlate to the GPS PPS: : Longitude (%) P—J@Longitude §]

b)

Figure 3. a) Scheme of the FPGA internal processes. b) An excerpt of the programming in LabView software. Source: authors' own elaboration

2.2 Design of geometric configuration

In the second phase, several field trips were conducted first to
search for suitable sites with uncomplicated access to monitor
the streams of the Pita, Cutuchi and Barracas rivers, which are
hydrologic features of interest in this current research work,
see jError! No se encuentra el origen de la referencia..
Finally, the prototype was installed at a recent lahar flow site
of the Pucahuayco stream in the Cotopaxi Volcano, called
Nasa.

As a strategy to choose the best spatial geometric
configuration to be used during the present investigation, the
GPMC software was used to perform the analysis using the
beamforming estimated direction method. Subsequently, the

equipment was installed on the banks of this stream in a linear
configuration, ten sensors trying to form a straight line and two
sensors on the central axis.

Once the data obtained by the sensor array was stored and
collected, a mathematical model was developed using a cross-
correlation matrix and the determination of the slowness
vector with a program developed on the Matlab platform.

An array of sensors with a common time base records wave
fronts that arrive simultaneously in different directions. It is
common for these arrays to be circular in shape to achieve
better azimuthal coverage, in our case a linear array we used.

Revista Politécnica, Agosto - Octubre 2023, Vol. 52, No. 1



Wilson Enriquez; Paola Nazate 10

Surface waves are dispersive in a heterogeneous medium,
which is formed by layers of different materials. The
phenomenon of dispersion means that each frequency forming
the wave front travels at a different speed. Figure 4 shows the
streams through which lahars would be produced in case of an
eruption of Cotopaxi volcano.

78° 30 78° 20"

i /)]
g g
0 wn
s S

78° 30"

Figure 4. Map of the streams which lahars would be produced at the
Cotopaxi Volcano. 1) Area affected by rain that could produce lahars 2) Area
affected by a rain of ash and piroclasts 3) Main rivers where primary lahars
occur. 4) Area that be covered by the debris avalanche deposit.
Source: (Andrade et al., 2005)

78° 20"

3. MATHEMATICAL MODEL

A linear array was chosen for better shaping of the wave front
beam reaching the sensors. The array is formed as follows: ten
sensors on the straight line parallel to the flow circulation and
two in perpendicular line which forming the vector precision
triangles in order to find the correlation results. The
methodology for setting up the model is as follows:

One interpretation of this vector would be the slowness with
which the wave front generated by a seismic event arrives to
the sensors array. By definition, this vector is in (1):

=g 1
S= S—wave velocity (1)
From Figure 5 a) the vector S is obtained as (2):
S= % (cos 07 + sin 8)) (2)

And we also define (3) and (4):

tc, = arrival time at sensor C;

tc, = arrival time at sensor C,
te, =7¢, *S (3)
tc, =T¢, *S (4)

The time difference between C, and C, is (5):
Atc,c, =tc, — tg, %)
Replacing (3) and (4) in (5):

., = ., =2
AtCzC]_ = rcz *S — rcl * S

— — =
Atc,c, = (e, — T¢,) *S

Atc,e, =Tepye * S
For an array Cy, C, ... Cy,, taking as reference C;, we have (6):

Atc,c, =Teyyc, * S (6)

A1:51(32 = [(rﬁx - T'sz)?-l- (7"513_;) - rCzy)j] * §
Ate,c, =Teyye, * S
etc

S. . . .

If tanf = S—y where 6 is show in Figure 5 b)jError! No se
X

encuentra el origen de la referencia.:

cos @ sin 8
Ate,c, = (Teyx — Tepx) < * (rery = Teyy) <

cos @ sin @
X = C ’ y Sy = C

C*Atec, = (Tclx - rczx) cosf + (Tcly - Tczy) sin 6

A1:(51(32 = (rC1x - rsz)Sx + (rC1y - TCzy)Sy

AtC1Cz Teox —Tex Teyy — Teopy S
— —_ X

Ate,c, | =|Tex —Tex Ty ~ Tegy (S )

Atc.c, Teyx = Tepx Toy ~Tey/ 7

Where the matrix containing the vector r corresponds to the
cross-correlation matrix. For twelve stations, we have the
following set of matrices (7) and (8):
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AtC1C2
AtC1C3
AtC1C4

AtClCu

rclx - rCzX rcly - rCzy
rclx - rC3X rcly - rC3y
Teix — Teyx Teiy —Teyy
Teyx T Teox Yoy ~ Tepay

d=

\AtC1C12/

(8)

G is deduced equal to the cross-correlation matrix in (9):

rC1x - rCzX
rclx - rC3x
Teix — Tegx

Teix — Teppx

Tery ~ Tepy
Tey ~ Tegy
Teyy — Teuy
Ty = Teroy

m is the Slowness vector in each axis in (10):

©)

(10)

And d is the variation of the arrival time to each station (11):

d=G6m

G'd=G"G *m

m is the searched vector (12):

m = (GTG)"'G"d

(11)

(12)

This model is transferred to Matlab software to process the
data and find the apparent velocity of the wave front through
the array by computing the vector S (m).

LI L Cl0
. « (9
o (4 . 08
o3 N
Wave Front * (o
« CioCllC12
' C2
* (4
/* NG
Cadl
+ (2
+ (]
0 X b)
a)

Figure 5. a) Graph of array in vectorial representation.
b) Form of the array in which the arrival of the wave front towards the
Sensors is appreciated, generated by an event. Source: authors' own
elaboration

4. RESULTS

We have obtained a robust and reliable interface, similar to the
interfaces of commercial equipment developed by
international manufacturers. The interface is user friendly and
easy to use. It receives and visualizes the monitored signals.

Table 1 shows collected and processed data obtained for an
event generated in the volcano which simulates data that could
be obtained in the case of a small lahar flow.

Figure 7 shows an example of an event in the Cotopaxi
Volcano with a linear array where the arrivals of the seismic
signals in the different sensors can be observed.

Table 2 shows the results obtained after applying the
correlation model based on the Matlab software.

Table 1. Results of the arrival of the seismic signals to the sensors

Stat. Azim. Hour Min tsec t-cal Coordinates
Cy 71,0 16 56 26,0 6,42 0°37°12,1"S
78° 28’ 8,5"W

C, 72,4 16 56 26,5 6,79 0°37°11,5"S
78°28 7, 7"W

Cs 72,5 16 56 27,1 6,80 0°37°10,8"S
78° 28 6,7"W

Cy 72,5 16 56 27,6 6,80 0°37°10,2"S
78°28° 5,9"W

Cs 72,5 16 56 28,6 6,80 0°3709,7"S

78°28° 5"W

Ce 72,4 16 56 30,4 6,81 0°378,3"S
78°28° 3,1"W

C; 72,4 16 56 315 6,82 0°37°7,7"S
78° 28’ 2,3"W

Cg 72,4 16 56 343 682 0°37°7,2"S
78°28° 1,4"W

Co 72,4 16 56 36,7 6,83 0° 37 6,6"S
78°28° 0,5"W

Cio 72,3 16 56 356 6,83 0°37°5,9"S
78° 27 59,7"W

Ciq 72,4 16 56 338 683 0°37°10,1"S
78° 28 3,6'W

Ci2 72,4 16 56 341 683 0°37°11,1"S
78°28° 2,8"W
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Figure 6. Results of the arrival of the seismic signals to the sensors.
Source: authors' own elaboration

We have analyzed the data obtained by seismic sensor lineal
to choose the processing algorithm with the less computational
time and the highest accuracy in detecting the channel through
which the lahar transits and its estimated volume.

Figure 7 shows the distribution of the resultant energy

according to color intensity in an array of sensors with linear
configuration.

0.04
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Figure 7. a) Distribution of the resultant energy. b) Concentration of the
Slowness vector in an array of sensors with linear configuration.
Source: Software CTBTO

Table 2. Results of the simulation in Matlab based on the mathematical
physical model of cross-correlation

Station Vector Slowness V app. (km/s) Time ods. ()
(s/deg)
C, 113,63 0,0088 5,5
C, 116,27 0,0086 6,7
Cs 116,27 0,0086 7,4
Cy 117,64 0,0085 8,1
Cs 120,48 0,0083 9,0
Ce 123,45 0,0081 10,5
C; 126,58 0,0079 11,6
Cy 123,45 0,0081 75
Cio 120,48 0,0083 81
Ci1 128,20 0,0078 8,4
Cy» 126,58 0,0079 8,6

As we can see in Figure 8, a linear sensor array clearly
provides a higher directivity. Therefore, it is the most suitable
configuration for the study of flows in transit through a
channel or the volcano streams.

Array cross-correlation

c 1
0
=
\

‘E‘j 0.8 .
S | -

0.6 -
; ’ .n / \
4 \
5 0.4
©
5 02
=
E o
o
= 0 50 100 150

Sensor spacing [m]

Figure 8. Results of linear sensor configuration
Source: authors' own elaboration

5. CONCLUSIONS

A configurable 12-channel FPGA-based array was designed
and built in order to detect the occurrence of lahars and their
speed.

A user-friendly interface here developed allows to graphically
view data from the sensors connected to the system with an
automatic scaled to improve the visualization of events.

A 10 Hz sensor array was used in a linear configuration. In
addition, the data acquisition system was linked to a
mathematical model based on the cross-correlation matrix, this
model is used to determine the speed of the flow wave front.

The array is adaptable and can be used in several
configurations, namely circular, linear or pentagonal, in order
to obtain different solutions according on the type of sensor
used, the type of event studied, the distance to the source, etc.

The advantage of using the proposed array is the increased
level of precision in the calculation of lahars and mud flows
speed. This information could be useful for estimating the
arrival times of large lahars to populated areas and improving
emergency response operations.
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Modelos Predictivos de Zonas de Handover en Redes LTE con
Base a Mediciones de Campo y Arboles de Decision (Caso de
Estudio Ciudad de Quito)

1

Parraga Villamar, Viviana : Rocha, Cristian ! ; Navarrete, Henry 1 ; Lupera-Morillo, Pablo L ;

! Escuela Politécnica Nacional, Departamento de Electrénica, Telecomunicaciones y Redes de Informacién DETRI, Quito, Ecuador

Resumen: Este trabajo analiza el proceso de handover en redes LTE (Long Term Evolution) en dos escenarios, detectando
las caracteristicas y el comportamiento de los pardmetros RF (Radio Frequency) mediante modelos predictivos. Los dos
escenarios recopilan datos de mediciones de los pardmetros de RF, el primero en una zona urbana de la ciudad de Quito
con la finalidad de analizar el comportamiento y establecer las caracteristicas de una zona con handovers. El segundo
escenario busca obtener un modelo predictivo de las zonas de handover fallidos; en este caso, se realizan recorridos
en una zona rural de la ciudad de Quito y se analiza la falla de handovers con fallas en llamadas VoIP, ya que en este
servicio es mas notable la pérdida de conexién en LTE. Para la recoleccién de datos se utilizan herramientas de monitoreo
instaladas en teléfonos celulares y para el andlisis de datos y la obtencién del modelo de Machine Learning se emplean
R y RStudio. Los datos recopilados fueron limpiados y transformados para obtener un DataSet tinico por cada escenario,
luego se dividi6 en un set de entrenamiento y test. El set de entrenamiento fue procesado mediante la técnica de arboles
de decision, que permitié obtener un modelo grafico del comportamiento de los pardmetros RF que generan handovers
o handovers fallidos segtin el escenario. Finalmente, con el set de test se evaluaron los modelos definiendo matrices de
confusion y se calcul6 el accuracy respectivo, teniendo 96.34 % en el escenario 1 y 95.5 % en el escenario 2.

Palabras claves: LTE, handover, Machine Learning, drbol de decisién

A Predictive Handover Approach in LTE Networks with
Measurements and Decision Tree Algorithms (Case Study City of

Quito)

Abstract: This work analyzes the handover process in LTE (Long Term Evolution) networks in two scenarios, detecting
the features and behavior of RF (Radio Frequency) parameters by means of predictive models. The two scenarios collect
measurement data of RF parameters, the first one in an urban area of Quito city, in order to analyze the behavior and
establish the features of an area with handovers. The second scenario seeks to obtain a predictive model of the failed
handover zones; in this case, we make tours in a rural area of Quito city and analyze the failure of handovers with failures
in VoIP calls, since in this service the loss of connection in LTE is more noticeable. For data collection, monitoring tools
installed in cell phones are used and for data analysis and obtaining the Machine Learning model, R and RStudio are used.
The collected data were cleaned and transformed to obtain unique DataSet for each scenario, then divided into a training
and test set. The training set was processed using the decision tree technique, which allowed obtaining a graphical model
of the behavior of the RF parameters that generate handovers or failed handovers, according to the scenario. Finally,
the models were evaluated with the test set by defining confusion matrices and calculating the respective accuracy, with
96.34 % in scenario 1 and 95.5 % in scenario 2.

Keywords: LTE, handover, Machine Learning, decision tree

1. INTRODUCCION se indica que debido a la gran dimensionalidad de los datos que
pueden ser recolectados de la red, se concluye que la aplicacién

. . ) ) ) ) de las técnicas del Machine Learning es til para su andlisis.
En la literatura existente, se tienen estudios previos relacionados

con la aplicacién de modelos de Machine Learning para el monito- En Casas (2018), se comparan diferentes modelos de Machine
reo y andlisis de redes inaldmbricas, por ejemplo en Casas (2018), Learning para el andlisis de las mediciones de trifico real de la
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red celular con la finalidad de detectar anomalias generadas por
las aplicaciones que se ejecutan en los smartphones y para la pre-
diccién de la QoE (Quality of Experience) para algunas aplica-
ciones populares. Los resultados de dicho trabajo indican que los
modelos basados en los drboles de decisién son los mds precisos
en el problema planteado y que los modelos colaborativos, como
los de stacking, son capaces de incrementar significativamente el
desempefio y la robustez de los andlisis.

El monitoreo, la evaluacién y la prediccién de la calidad de ex-
periencia en las redes de comunicaciones méviles también es un
problema actual y que tiene por finalidad establecer los niveles
de calidad con respecto a la provision de los servicios. En Casas
et al. (2017), este problema se lo evidencia mediante mediciones
de QoS (Quality of Service) con el uso de terminales de usuario
y mediante retroalimentaciones de los usuarios. Con base en las
mediciones realizadas con los dispositivos de usuario y la aplica-
cién de muiltiples técnicas de Machine Learning supervisado, se
logra predecir el QoE experimentado por los usuarios en aplica-
ciones populares como YouTube y Facebook. De los resultados
obtenidos se indica que el modelo propuesto basado en arboles de
decision es capaz de predecir con una exactitud de 91 % el QoE y
con un 98 % la aceptabilidad del servicio.

En Lupera-Morillo y Parra (2020), se realizé el estudio de la pro-
pagacién de las sefiales en un ambiente especifico como lo son
los tiineles del metro de la ciudad de Quito. En este estudio, me-
diante la simulacién de la propagacién de las sefiales utilizando
el modelo de trazado de rayos, se llegé a determinar que las con-
diciones de propagacién influyen en los pardmetros de cobertura
que se reflejan en el perfil de retardo de potencia y en el mapa de
calor de la intensidad de la sefial recibida. Es por esto que se debe
corroborar lo obtenido en la simulacién con mediciones de cam-
po en ambientes especificos y cuyos datos recolectados deben ser
detenidamente analizados con las técnicas modernas actualmente
disponibles con la finalidad de detectar ciertos comportamientos
como que las paredes y la polarizacién de la onda tienen una in-
fluencia en la propagacién de la sefial de radio o que existe dife-
rencia en los coeficientes de reflexion en las paredes del tiinel en
las secciones donde no hay curvaturas.

En el trabajo de Masri et al. (2021), mediante técnicas de Machine
Learning se establece el tiempo y el destino 6ptimo para el proce-
so de handover en una red 5G (Quinta Generacién). Ademas, se
menciona que el modelo aprendido se utiliza para la ejecucién del
handover con base en las condiciones de radio que se predicen.
Esta propuesta se evalud en simulacién mediante las métricas de
desempeiio del sistema.

Asimismo, en Quistial et al. (2018) se realizaron mediciones de
campo en la ciudad de Quito de los pardmetros de cobertura en la
banda de 900 MHz y se concluyé que los datos obtenidos no se
ajustan de manera exacta con los modelos conocidos de propaga-
cion debido a las particularidades existentes en este territorio, fun-
damentalmente en lo relacionado con el tipo de suelo, la estructura
fisica y los materiales utilizados en la construccion de las edifica-
ciones y a las condiciones ambientales, tipograficas y geograficas
de la ciudad de Quito. Es por esto que para realizar un andlisis de
los pardmetros de calidad y cobertura de las redes de comunica-
ciones mdviles es necesario efectuar mediciones de campo en el
lugar de interés para contar con datos reales a procesar y los cuales
se ajustan a la realidad de la zona que se estd analizando.

En Boucetta et al. (2021), se estudia la calidad de los enlaces en
redes IoT (Internet Of Things) con base en el andlisis de los pa-
rametros de la intensidad de la sefial recibida y de la tasa de erro-
res en la transmision. En este estudio, se trata de determinar las
propiedades temporales de dichos pardmetros para seleccionar los
canales apropiados para aplicaciones criticas y mejorar la QoS de
la red. Para esto, se aplican técnicas de Machine Learning a un
conjunto de datos reales recolectados en Francia.

Actualmente, de acuerdo con Almeida et al. (2019) se ha propues-
to utilizar los UAVs (Unmanned Aerial Vehicle) como puntos de
acceso Wi-Fi(Wireless Fidelity) o estaciones base celulares con
la finalidad de utilizarlos ante situaciones emergentes de comuni-
caciones o para reemplazar a determinados equipos de red. Ante
esta situacion, se ha propuesto estimar la QoS para dicha red me-
diante la aplicacién de técnicas de Machine Learning basadas en
redes neuronales convolucionales. En la investigacién mencionada
se consideran los siguientes pardmetros: posicién del UAV, ubica-
ciones de los usuarios y sus traficos ofrecidos. De acuerdo con los
investigadores, el método propuesto provee estimaciones rpidas
y exactas con una complejidad computacional reducida.

Tomando en cuenta que la etapa de recoleccién de datos es funda-
mental y serd un factor determinante para la obtencion de resulta-
dos validos, se han propuesto consideraciones para la ejecucion de
esta actividad y que se encuentran disponibles en la literatura. Por
ejemplo, en Scott y Frobenius (2008) se proporciona una revision
de los principios y terminologia basicos de pardmetros de radio-
frecuencia para teléfonos méviles y sistemas de datos inaldmbri-
cos. Mientras que Foegelle (2018) analiza los tltimos avances en
la forma de realizar pruebas de radiofrecuencia de 5G segun la
3GPP (3rd Generation Partnership Project: Proyecto Asociacion
de Tercera Generacion).

Por otra parte, se debe mencionar que existen metodologias de
creacion de modelos basados en aprendizaje automadtico, como los
presentados en Mahmoud e Ismail (2007) que presenta una revi-
sién del uso del aprendizaje automético en la gestion de datos, la
seguridad o mejora de procesos operativos en las telecomunica-
ciones. También Singh et al. (2016) y Choudhary y Gianey (2017)
presentan un andlisis detallado de los algoritmos de aprendizaje
automadtico supervisado respecto a la eficiencia de cada uno y su
aplicacion.

En la literatura no existe un modelo predictivo de zonas de han-
dover y zonas de handover fallidos que se base en mediciones de
campo de redes celulares operativas y técnicas de Machine Lear-
ning, lo cual se trata de abordar de una manera inicial en este ar-
ticulo. Ademas, se puede mencionar que los resultados obtenidos
serdn el punto de partida para proponer metodologias que permi-
tan mejorar los procesos de handover.

Este articulo se encuentra estructurado de la siguiente manera: en
la seccion II se describen los principales conceptos de Machine
Learning, la técnica de los drboles de decisién y el proceso de
handover. En la seccion 111 se describe la creacion del DataSet, el
preprocesamiento de los datos, la creacién del modelo y la evalua-
cién de este. En la seccidn IV se presentan los resultados obtenidos
de la aplicacién de la técnica de los drboles de decision sobre los
datos recolectados. Finalmente, en la seccién V se presentan las
conclusiones obtenidas.
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2. MARCO TEORICO

2.1 Machine Learning

En las dltimas décadas, el aprendizaje de maquina ha sido una
gran herramienta para trabajar con grandes cantidades de datos,
realizar andlisis, estudios y posteriores modelos que ayuden a pre-
decir el comportamiento de cualquier tipo de variable con base
en un nimero determinado de variables que se deseen comparar.
El Machine Learning ha sido aplicado en diferentes campos de
las ciencias humanas y tecnoldgicas a lo largo del tiempo, dentro
de las que se destacan la aplicacién en medicina, desarrollo tec-
nolégico, educacién, construccion, finanzas, telecomunicaciones,
entre otras, como lo presenta Choudhary y Gianey (2017).

Se pueden mencionar tres tipos de Machine Learning principa-
les utilizados para alcanzar un aprendizaje auténomo de miquina,
que se han aplicado en los sistemas de telecomunicaciones, y estos
son: aprendizaje supervisado, aprendizaje no supervisado y apren-
dizaje por refuerzo Mahmoud e Ismail (2007). El aprendizaje su-
pervisado se caracteriza por un aprendizaje basado en etiquetas
que se proveen con los datos de entrada, el aprendizaje no super-
visado por su parte realiza aprendizaje sin etiquetas, basandose en
el comportamiento de los datos, mientras que el aprendizaje por
refuerzo utiliza un sistema de estado y recompensas para retro-
alimentar el proceso de aprendizaje. Cada uno de estos tipos se
aplica de acuerdo al caso de estudio y utilizan diferentes técnicas
o algoritmos para su implementacién. Por ejemplo, en este trabajo
se utiliz6 aprendizaje supervisado usando la técnica de arboles de
decision.

2.2 Técnica de Arbol de decision

De la revision bibliografica realizada, se observa que existen algo-
ritmos o técnicas para implementar modelos de prediccion usando
Machine Learning, como édrboles de decisidn, que se caracterizan
por ser faciles de comprender y el andlisis de resultados es senci-
llo.

Para la obtencién de los modelos con arboles de decision, al ser
un aprendizaje supervisado, se requiere de una cierta cantidad de
datos etiquetados de la variable que se desea predecir Singh et
al. (2016). Ademds, esta técnica se caracteriza porque mientras
mayor sea el conjunto de datos etiquetados, el aprendizaje del al-
goritmo serd mejor. Al conjunto de datos para la generacion del
modelo se lo denomina de entrenamiento y, por lo general, se uti-
liza alrededor del ochenta por ciento del conjunto de datos total,
mientras que el restante veinte por ciento se utiliza como test para
definir la confiabilidad del modelo Singh et al. (2016). La finali-
dad de la creacion del modelo en este proyecto es que en un futuro
se pueda ingresar otro DataSet sin la necesidad de que estos estén
etiquetados, para que el modelo pueda predecir si la zona de don-
de se tomaron los datos (mediciones) es susceptible a handover
0 no y si dicha zona tiene algtn nivel de probabilidad de que se
produzcan handover fallidos.

Los éarboles de decisidn es uno de los métodos del aprendizaje
supervisado, considerado como un algoritmo de clasificacion, en
donde es posible obtener una funcién de salida de valores discretos
Singh et al. (2016), Choudhary y Gianey (2017). Este método se
caracteriza porque su andlisis e interpretacion es muy simple, ya
que cominmente se lo asocia con un diagrama de flujo, aunque

presenta varias diferencias. Un ejemplo bastante difundido de este
método es la prediccién de la ejecucion o no de una actividad con
base en ciertas condiciones de entrada.

En el 4rbol de decisién se observa una raiz que corresponde al ni-
vel mas alto, del cual empiezan a nacer ramas de criterios diferen-
ciados, estas a su vez de ser necesario entregan valores discretos
con base en la variable que se estd analizando.

2.3 Handover en redes LTE

El proceso de handover permite mantener la conexion entre la red
y el terminal mévil cuando por el movimiento del terminal exis-
te un traspaso de la conexién de una estacién base a otra. Este
proceso tiene sus particularidades cuando el terminal se encuentra
en el modo inactivo (idle mode) durante el cual el teléfono se en-
cuentra con una conexion a la red pero sin la transmision de datos
de usuario; o, en el modo conectado (connected mode) durante el
cual el usuario utiliza alguno de los servicios de la red. El proceso
de handover es controlado por la red y asistido por el UE (User
Equipment), y se basa en mediciones realizadas por el UE de in-
tensidad de sefal y calidad de sefiales de referencia especificas
del enlace de bajada tanto de la S-BS (Server-Base Station) como
también de las estaciones base vecinas Tayyab et al. (2019).

En Tayyab et al. (2019), se definen diferentes tipos de handover,
los handover intra e inter-frecuencia que se tienen cuando la S-BS
y la estacion T-BS (Target-Base Station) operan en la misma o en
diferente frecuencia de portadora, respectivamente. Los handover
también pueden ser del tipo intra-capa celular; es decir, traspasos
entre un mismo tipo de celda, en este caso, se consideran las ma-
croceldas. En cambio, cuando este proceso se ejecuta entre celdas
de la misma tecnologia y en la red de un mismo operador, se de-
nomina handover intra-tecnologia celular e intra-operador.

3. METODOLOGIA

La metodologia de este trabajo consiste en lo siguiente: creacion
del DataSet que incluye la definicion de los pardmetros a medir,
identificacién de las zonas de estudio y recoleccién de datos; pre-
procesamiento de los datos extrayendo las caracteristicas de estos
y creando un set de entrenamiento y test; creacién del modelo de
Machine Learning para la obtencién del modelo; y evaluacién con
los datos de test para validar los resultados obtenidos.

3.1 Creacion DataSet

3.1.1. Mediciones del UE

Las mediciones de los pardmetros de radiofrecuencia se realizan
con la finalidad de recolectar datos del proceso de handover en
dos escenarios; el primero en el modo inactivo y el segundo en el
modo conectado.

Existen varios pardmetros que se pueden obtener desde el dispo-
sitivo movil; la cantidad y el tipo de pardmetros medidos depen-
den de la aplicacién que se utilice. Las herramientas de medicién
de los pardmetros de RF presentan las mediciones a partir de las
funciones que el sistema operativo ofrece. En este estudio para
la recoleccion de los datos se han utilizado UEs de caracteristi-
cas similares que disponen del sistema operativo Android y las
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herramientas utilizadas son: CellMapper para el registro de las es-
taciones base localizadas en el sector de estudio, NetMonitor Cell
Signal Logging que presenta las medidas de los parametros de RF,
GPS Logger para el registro de eventos especificos y Force LTE
para forzar una conexién LTE permanente en el UE. Todas las he-
rramientas se encuentran disponibles en la Play Store de Google
en los celulares Android.

Se consideraron parametros especificos relacionados con el proce-
so de handover y ademads pardmetros generales de RF, entre ellos:

* RSSI (Received Signal Strength Indicator). El indicador de
intensidad de la sefial recibida corresponde a un valor de la
potencia de una sefial recibida por un dispositivo que incluye
el ruido y la interferencia (Tayyab et al., 2019). Comtinmente,
se lo utiliza para evaluar la potencia de las celdas en una zona
determinada; sin embargo, resulta insuficiente para explicar
todos los problemas que se pueden dar en una red celular,
ya que su valor no necesariamente estd relacionado con la
velocidad de transmisién y en general con la calidad de la
conexion.

* RSRQ (Reference Signal Received Quality). La Sefial de re-
ferencia Calidad recibida es un indicador que se utiliza para
describir la calidad de la sefial en una zona determinada como
se muestra en la Ecuacién 1 (Tayyab et al., 2019):

RSRQ = Nx RSRP/RSSI (1)

Donde N es el nimero de Resource Block transmitidos, que
corresponde a la unidad mds pequefia de informacién que se
transmite; y, RSRP (Reference Signal Received Power) es el
valor de potencia recibida promedio sin las componentes de
interferencia y ruido Tayyab et al. (2019).

* RSSNR (Reference Signal Signal to Noise Ratio). La sefial
de referencia Relacion sefial/ruido es una medida de la po-
tencia de la sefial deseada respecto al ruido, que describe el
estado de la sefial de acuerdo a las condiciones del medio
Tayyab et al. (2019).

3.1.2. Zonas de estudio

Se escogieron diferentes zonas para cada uno de los escenarios
propuestos. La primera zona para el andlisis del handover en el
modo inactivo corresponde a un sector urbano de la ciudad de
Quito, ya que se requiere de una zona en donde se produzca una
gran cantidad de handovers. Por otra parte, la segunda zona que se
emplea para el andlisis del handover en el modo conectado corres-
ponde a un sector rural de la ciudad de Quito, porque se requiere
de una zona en donde exista alta probabilidad de que se produzcan
fallas en el handover que se reflejan como interrupciones o distor-
siones en la conexidn. El tipo de conexidn que se estableci6 en el
segundo escenario es una conexién de VoIP (Voice Over Internet
Protocol).

* Zona 1 en modo inactivo: La recoleccién de datos de los
pardmetros de RF en esta zona se realiza con la ejecucion
de recorridos en tres rutas. La primera ruta se presenta en
la Figura 1 que se caracteriza por ser una de las principales

vias de transito del sector. Es una ruta que tiene una longitud
aproximada de 2 Km y en la cual se presentan varios procesos
de handover.

De los Arrieres
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Figura 1. Primera ruta para la recoleccién de datos en el modo inactivo, tomado
de Google Maps

La segunda ruta considerada y que se presenta en la Figura
2 tiene una longitud aproximada de 2.2 Km en donde se pre-
sentan conexiones con varias BS. Esta ruta se trata de una via
medianamente transitada.
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Figura 2. Trayecto de la segunda ruta para la recoleccion de datos en el modo
inactivo, tomado de Google Maps

En cambio, la tercera ruta, que tiene una longitud aproximada
de 1.7 kilémetros, se muestra en la Figura 3 y corresponde a
una via principal de conexién de alto transito en una zona

comercial.
. G
Q <o
@
9
) < =
9 Q
> i 4 Y 9
usﬂ-—‘--'u svured Callen D G Q

Figura 3. Trayecto de la tercera ruta para la recoleccién de datos en el modo
inactivo, tomado de Google Maps

e Zona 2 en modo conectado: Como se indico, la recoleccion
de datos en el modo conectado se realiza en una zona rural
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que presenta un flujo vehicular de alta velocidad. La zona que
se puede visualizar en la Figura 4 se selecciond, ya que es un
lugar donde se presentan problemas en el proceso de hando-
ver con interrupciones o distorsiones en la conexién. Durante
el proceso de recoleccion de datos se detectaron estos proble-
mas y fueron registrados. Las rutas que se recorrieron en esta
zona se pueden visualizar en la misma figura que tienen lon-
gitudes de 1.39, 2.48, 1.86, y 2.23 Km.

9

¥y

Parque central #= Pifo, .
. : o0 le .
Figura 4. Rutas recorridas para la recoleccion de datos en el modo conectado

Para los dos escenarios, el modo inactivo y conectado, se recolec-
taron los datos tomando en cuenta los objetivos del aprendizaje,
tomando los pardmetros de la Tabla 1.

Tabla 1. Parametros considerados
Descripcion
nimero de BS vecinas.
intensidad de sefial del vecino mds fuerte.

Parametros
Ite_neighbors
RSSI_strongest

RSSI potencia de una sefial recibida.
RSRQ medida de la calidad de la sefal.
RSSNR potencia de la sefial deseada respecto al ruido.
band banda de frecuencia de operacién
node_id identificacion del nodo al que estd conectado el UE.
CID identificacion de la celda a la que se conecta el UE.
velocidad UE velocidad de movimiento del UE.

latitud y longitud coordenadas de la ubicacién del UE.

En el escenario 1 con modo inactivo, se recolectaron 25 830 mues-
tras; en cambio, para el escenario 2 para el modo conectado se
inicié con 17 199 muestras que permitieron generar un DataSet
dnico para cada escenario.

3.2 Preprocesamiento de datos

Para la obtencién del modelo se realiza un preprocesamiento de
los DataSets generados, donde se filtran las variables de interés, se

eliminan los datos erréneos y se incluye variables adicionales para
el aprendizaje. Dentro de las variables adicionales se agregé una
variable para identificar los puntos geograficos donde se producen
los procesos de handover y se crearon las variables que fueron las
etiquetas para el aprendizaje supervisado con la técnica de arbol
de decisiéon como son: si existe handover para el modo inactivo
(escenario 1) y si existe falla en el handover en el modo conectado
(escenario 2). Ademads, dentro de este paso se dividié cada DataSet
en dos partes para la posterior evaluacién del modelo creado. De
esta manera se consider6 el 80 % del DataSet para el proceso de
entrenamiento y creacién del modelo y 20% para la evaluacion
del modelo entrenado.

3.3 Creacion del modelo de Machine Learning

Una vez que se dispone del set de entrenamiento se procede
a la creacién del modelo de cada escenario con la técnica de
arboles de decision usando la herramienta RStudio. Dentro de la
creacién del modelo se inicia definiendo la tarea del aprendizaje
para cada escenario. En el escenario 1, se busca identificar las
condiciones donde se produce un proceso de handover mientras
que el escenario 2 busca encontrar las condiciones donde se pro-
ducen fallas en el handover. A continuacion, dentro de RStudio
se definen las variables de entrada y la variable con la etiqueta
para la clasificaciéon de que si existe o no handover o falla en
el handover de acuerdo al escenario. Finalmente, se obtiene el
modelo con la técnica drbol de decisién de manera gréfica, donde
se presenta el comportamiento de los datos basandose en el set de
entrenamiento y la variable para la clasificacion, de esta manera
se definen las condiciones para que se produzca el handover o
falla de handover segtin el escenario. Los drboles de decisién
obtenidos como ejemplo para el escenario 1 en modo inactivo y
el escenario 2 con modo conectado se muestran en las Figuras 5y
6, respectivamente.

3.4 Evaluacion del modelo de Machine Learning

Para evaluar el modelo de Machine Learning obtenido se consi-
der6 el set de test reservado en el preprocesamiento de los datos
y el modelo resultante de la aplicacién de la técnica de drbol de
decision. De esta manera, se compar6 el comportamiento de la va-
riable definida como etiqueta de manera real y usando el modelo,
mediante la realizacion de varias pruebas con la finalidad de obte-
ner un modelo que alcance un mejor desempefio y que no presente
una complejidad alta.

Para el escenario 1 se obtuvo la matriz de confusion para cada una
de las rutas que permite identificar el nimero de falsos positivos
del modelo como lo muestra la Figura 7.

Ademds, se analizaron algunos hiperparametros para evaluar los
modelos determinando los mejores resultados en la Tabla 2.
Mientras que para el escenario 2, se obtuvo la matriz de confusién
de la Figura 8 donde de la misma manera se puede comprobar la
precision de los datos obtenidos con el modelo creado.

Como se observa, se tienen 24 falsos positivos de una DataSet pre
procesado de 2495 muestras, con 1196 muestras de entrenamiento,
499 muestras de test y un accuracy de 95.5 %.
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Figura 5. Arbol de decisién de la zona 1 en modo inactivo
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Figura 6. Arbol de decision de la zona 2 en modo conectado

Ruta 1 Ruta 2 Ruta 3
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Figura 7. Matrices confusion escenario 1

Tabla 2. Hiperparametros escenario 1

Parametros Ruta 1 Ruta 2 Ruta 3
Tamaiio DataSet preprocesado 1490 2867 1854
Tamaio entrenamiento 1192 2293 1483
Tamaiio test 298 574 371
Falsos positivos 54 21 23
Accuracy 73.98% 96.34%  93.26%
Sensibilidad 32.5% 27.6% 30.3%
4. RESULTADOS

Del andlisis de los conjuntos de datos recolectados se encontrd
que a pesar de haber depurado el conjunto de muestras, se tiene

Figura 8. Matriz de confusién escenario 2

un desbalance entre la cantidad de datos de los puntos donde no
existen procesos de handover con respecto a la cantidad de datos
que se tiene en los puntos en lo que si existe dicho proceso. Adi-
cionalmente, se debe mencionar que ciertos parimetros que fueron
considerados en el conjunto de datos no aparecen en los arboles
de decisién porque su impacto no es relevante en la definicién de
las reglas establecidas en los modelos.

El modelo ejemplo obtenido mediante el arbol de decisién para
el escenario 1 en el modo inactivo presenta las caracteristicas de
las zonas de cobertura normal de una estacién base (sin handover)
y de sus zonas de handover. Las principales condiciones que se
pueden destacar y se obtienen del arbol son las siguientes:

* La zona de cobertura normal de una estacién base se tiene en
un sector donde el RSSI es mayor a —87 dBm independiente-
mente de los valores de otros pardmetros de RF.

* Existe una alta probabilidad de que la zona de cobertura nor-
mal presente un RSSI menor a —87 dBm y mayor o igual a
—95 dBm y el RSSI_strongest mayor o igual a -94 dBm.

* Existe gran probabilidad de que en la zona de cobertura nor-
mal de una estacién base se presenten un RSSI menor a —87
dBm y el RSSI_strongest menor a -94 dBm.
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* Es posible que en una zona normal de cobertura de una esta-
cién base la cantidad de Ite_neighbors sea de 1 o0 0.

» Existe una probabilidad importante de que en una zona de
handover el lte_neighbors sea mayor o igual a 2, el RSSI ten-
ga un valor mayor o igual a —98 dBm y el RSRQ sea menor
a-16dB.

* De igual manera, se debe mencionar que en una zona de han-
dover es probable que el Ite_neighbors sea mayor o igual a 2,
el RSSI sea menor a —-98 dBm y el RSRQ se encuentre entre
los valores de —12 dB y —17 dB.

Al analizar el drbol de decision del escenario 2, que corresponde
al modo conectado, se presentan las siguientes condiciones:

« Existe una alta probabilidad de que no existan problemas en
el proceso de handover si el RSSI_strongest es mayor o igual
que —107 dBm sin importar las condiciones de los otros pa-
rametros considerados

» Existe una alta probabilidad de que no existan problemas de
handover cuando el RSSI_strongest es menor que —107 dBm,
el RSSI es mayor que —108 dBm, con un RSRQ mayor o
igual a—17 dB y una velocidad de movimiento menor a 17.17
m/s.

» Se debe considerar las zonas en donde se presenta que el RS-
SI_strongest es menor que —107 dBm, el RSSI es mayor que
—108 dBm y menor a —104 dBm, con un RSRQ mayor o igual
a—17 dB y se puede alcanzar una velocidad de movimiento
mayor o igual a 17.17 m/s, ya que existe la posibilidad de que
se produzcan problemas en el handover en dichas zonas.

* Finalmente, existe probabilidad de que se tengan problemas
de handover en las zonas en donde el RSSI_strongest es me-
nor que —107 dBm, el RSSI es mayor que —108 dBm y un
RSRQ menor a —17 dB.

De las condiciones establecidas, se puede mencionar que las zonas
de handover se caracterizan por la cantidad de BS vecinas presen-
tes, la intensidad de la sefial de la S-BS y se observa que depende
de una cantidad especifica de ruido e interferencia existente.

Por otra parte, las zonas de problemas de handover presentan de-
pendencia simultidnea de determinados valores de la intensidad de
la sefial de la T-BS y de la S-BS, de determinados valores de ruido
e interferencia y se caracterizan porque dichas zonas se manifies-
tan cuando el UE se mueve a una velocidad determinada. Estas
zonas no dependen de pardmetros como la cantidad de BS veci-
nas, como se esperaria, o de otros parametros considerados en el
andlisis.

5. CONCLUSIONES

En este articulo se presenta un método para analizar el comporta-
miento de los pardmetros de RF y de aquellos relacionados direc-
tamente con el proceso de handover. Los andlisis permiten obtener
un modelo predictivo de las zonas de handover y de aquellas zonas
de ocurrencia de problemas en el proceso handover; es decir, que
si se cuenta con un conjunto de datos de mediciones de campo de

parametros de una red LTE en una zona determinada, es posible
predecir si dichas zonas tienen algun nivel de probabilidad de ser
zonas de ejecucion de handover y de ocurrencia de problemas en
dicho proceso.

Es pertinente mencionar que la originalidad y novedad de lo
presentado en este articulo se basa en un andlisis minucioso de
los parametros de RF medidos en la ciudad de Quito mediante
técnicas de Machine Learning con la finalidad de identificar
patrones de comportamiento de los pardmetros en las redes de
comunicaciones méviles que permitan identificar manifestaciones
de la ocurrencia del proceso de handover o de problemas en su
ejecucion. Consecuentemente, y mediante un andlisis detenido de
dichas zonas, se podrian identificar causas y razones que permitan
proponer medidas para mejorar la calidad en la prestacién de los
servicios. Esto es diferente a lo realizado en trabajos similares,
como en Casas (2018) y Casas et al. (2017), en donde se evalian
y predicen los niveles de calidad de servicio, mds no la forma
de detectar la degradacién de la calidad de la conexién con base
en mediciones. En un trabajo futuro se propone utilizar otras
herramientas de recoleccién de datos para incorporar nuevos
pardmetros en el andlisis. Adicionalmente, se mejorardn los
procedimientos de recoleccion de datos y se ampliaran las con-
diciones de toma de las muestras para considerar otros factores
influyentes, como por ejemplo, la intensidad de trafico en la red.
Ademads, se utilizardn técnicas diferentes de Machine Learning
para mejorar el desempefio de los modelos y comparar con los
resultados obtenidos en este articulo
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Abstract: Around 1,35 million people worldwide die each year because of traffic incidents, and it is estimated that
another 50 million suffers serious injuries. This picture is particularly dramatic in the Andean Region where the death
toll due to traffic accidents is as high as 127 deaths per million inhabitants. In recent years the deployment of the so-
called Intelligent Transport Systems (ITS) across several developed countries has helped to reduce the number of
deaths due to traffic accidents. An integral part of an ITS is the automatic detection of traffic incidents from video
and sensor data. However, the scarcity of curated datasets, especially those that contained a reasonable number of
positive instances of traffic incidents is hampering the development of artificial intelligence applications for the
domain of traffic research. Given this scenario, we pursued answering the following research question: is it possible
to detect car crashes through supervised machine learning based on the estimated speeds of cars from video only-
data? Here we present VARVO, a novel algorithm for the detection of traffic incidents that does not rely on sensors
for cars speed detection. VARVO performs a supervised classification task based on the sequential use of
convolutional network-based object detection and bi-directional tracking. We also describe how the models
implemented in VARVO improved their classification accuracy by applying an oversampling algorithm to deal with
class imbalance. We believe that the deployment of VARVO could be linked to static traffic video cameras and could
be part of the Intelligent Transport Systems foundations in other Andean countries.

Keywords: Applications of Al, Computer Vision, Machine learning, Traffic incidents

VARVO: un Método Novedoso para la Deteccion Rapida de
Eventos de Choques de Vehiculos a Partir de Solo Datos de Video

Resumen: Alrededor de 1,35 millones de personas a nivel mundial mueren anualmente por incidentes de tréfico y se
estima que 50 millones sufren lesiones graves. Este panorama es particularmente dramético en la Region Andina
donde el nimero de muertes por accidentes de transito asciende a 127 muertes por millén de habitantes.
Recientemente, el despliegue de Sistemas Inteligentes de Transporte (SITs) en paises desarrollados ha ayudado a
reducir la mortalidad por accidentes de transito. Una parte integral de un SIT es la deteccion automatica de incidentes
de trafico a partir de datos de video y sensores. Sin embargo, la escasez de conjuntos de datos, especialmente de casos
positivos de incidentes de trafico, obstaculizan el desarrollo de aplicaciones de inteligencia artificial para el dominio
de la investigacién del trafico. En este contexto, presentamos la siguiente pregunta de investigacion: ¢Es posible
detectar colisiones de automéviles mediante aprendizaje automatico supervisado, basado en la velocidad estimada de
los autos a partir de datos de video? Como resultado presentamos VARVO, un algoritmo para la deteccién de
incidentes de trafico que no depende de sensores para la deteccion de la velocidad de los automoviles, el cual realiza
una clasificacion supervisada usando la deteccion de objetos basada en red convolucional y seguimiento bidireccional.
También se describe como los modelos implementados en VARVO pueden mejorar su precision de clasificacion
aplicando un algoritmo de sobremuestreo para clases desequilibradas. Creemos que el despliegue de VARVO podria
vincularse a cdmaras de video estaticas de trafico y ser parte de los SITs en la Region Andina.

Palabras claves: Aplicaciones de la 1A, Vision Computacional, Aprendizaje Automatico, Incidentes de Trafico

*mario.moreno01@epn.edu.ec
Recibido: 31/05/2022
Aceptado: 05/04/2023
Publicado en linea: 01/08/2023
10.33333/rp.vol52n1.03
CC4.0

Revista Politécnica, Agosto — Octubre 2023, Vol. 52, No. 1


mailto:*mario.moreno01@epn.edu.ec
https://doi.org/10.33333/rp.vol52n1.03
https://orcid.org/0000-0002-0217-0893
https://orcid.org/0000-0003-1376-3843
https://orcid.org/0000-0002-2998-5144

Mario Moreno; Yoo, Sang Guun; Aguilar, Wilbert 26

1. INTRODUCTION

The growth in the number of cars has caused a drastic increase
in traffic incidents worldwide mostly due to risky and
irresponsible driving behaviors (Han et al., 2018; Thomas et
al., 2017). The speed with which a vehicle is traveling is an
important factor in traffic incidents. Traveling speed directly
influences the risk of collision as well as the probability of
serious injuries and death (Vadeby & Forsman, 2018). Car
occupants traveling at speeds greater than 65 km/h have an
85% risk or more of dying in a collision between cars
(Jurewicz et al., 2016).

Around 1,35 million people worldwide die each year because
of road accidents, and it is estimated that another 50 million
suffers serious injuries. Traffic incidents generate an annual
cost to governments of approximately 3% of their Gross
Domestic Product (GDP) (Dalve & Pinto, 2015). Traffic
injuries is the second cause of death among young people in
Latin America and the Caribbean each year. It was predicted
that by 2022, there will be around 1,9 million people who will
die from traffic accidents around the world (Organizacion
Panamericana de la Salud & Organizacion Mundial de la
Salud, 2019).

According to official data from the InterAmerican
Development Bank (IDB), between 2005 and 2014 the vehicle
fleet had an annual increase of 11.7% in the Andean Region
(Colombia, Ecuador, Peru and Bolivia) which represents
around 19,19 million more units. A total of 347 018 traffic
incidents and 13 479 deaths accompanied the increase in car
units in the Andean region during the referenced period (this
represents 127 deaths per million inhabitants) (Organizacion
Panamericana de la Salud & Organizacion Mundial de la
Salud, 2019). The dramatic picture in the Andean contrasts
with the one in the European Union (EU) where the number of
deaths from traffic incidents felt to 50 deaths per million
inhabitants between 2015 and 2016. The encouraging news
come mainly thanks to the deployment of the so-called
Intelligent Transport Systems (ITS) across the EU (Festag,
2014).

The world has witnessed great advances in autonomous
technologies that form part of the ITS in the recent years.
Artificial Intelligence (Al) is a fundamental part of such
advancements since it helps controlling systems autonomously
with  minimal human intervention. The detection and
monitoring of objects that interact on the roads as well as the
automatic detection of traffic incidents are among the promises
of Al for traffic research (Kyamakya, 2006). In South
America, most high-speed highways have almost total
coverage by Closed Circuit Television (CCTV), so videos can
later be used as valuable input data for the creation of new Al
applications (Dhaya, 2020).

In the present work, we focused on the detection of traffic
incidents specifically of car collisions captured by static video
cameras. Intelligent car collision detection systems allow
transport systems to become simpler to use, more reliable and
at the same time safer (Granada, 2018). The literature reports
previous algorithms that use CCTV images for anomalies
detection (Szegedy et al., 2019). Detected anomalies in car
trajectories  trigger Comprehensive  Traffic  Incident
Management whose main objective is to respond safely and
quickly to events that occur on the roads to avoid new incidents
and to resume normal traffic conditions as fast as possible

(Owens et al., 2010). To this end, several algorithms and
machine learning techniques are being tested for the detection
of traffic incidents. A set of such techniques uses a supervised
learning approach to make decisions based on labeled data as
part of a typical classification task.

Labeled data in the context of traffic incidents detection can be
a set of video fragments where no incidents occurred (i.e. the
null class) and a set of video fragments where incidents did
occur (i.e. the positive class). Some of the most important
algorithms used in supervised learning are K Nearest
Neighbors (KNN), Logistic Regression and Support Vector
Machines (SVMs) (Géron, 2017; Haydari & Yilmaz, 2020).
An important part of the traffic incidents detection task is the
detection of objects involved in traffic, namely the cars. Today
car detection in traffic videos is being solved with deep
learning models which are based on special configurations of
a basic convolutional neural network (Szegedy et al., 2019).
One of the most used models for visual computing in open
environments is the MobileNet Single-Shot multibox
Detection (SSD) network intended to perform object detection.
The MobileNet SSD algorithm is known for its good trade-off
between latency and precision. Another lightweight
convolutional model is “You Only Look Once’ (YOLO) which
is described as extremely fast and accurate (Cheng et al., 2016;
Kurdthongmee, 2020).

Another part of the traffic incidents detection task is speed
calculation of the detected cars. Most of the available traffic
incidents detection applications obtain car speed from
dedicated sensors. The necessity for extra sensors drastically
impacts the ubiquity of traffic incidents detection applications.
Therefore, algorithmic based cars speed detection from video
only data is desired. The so-called tracking algorithms can
come to hand for the task since they are being actively used in
video surveillance. Bi-directional tracking (forward and
backward) has become a popular approach among tracking
algorithms due to a higher reliability. MedianFlow, resistance
to scale by correlation filter (MOSSE) and Kernelized
Correlation Filter (KCF) are widely used examples of bi-
directional tracking algorithms. MedianFlow, MOSSE and
KCF can handle variations of scale in complex images
sequence (Danelljan et al., 2014) and have greater robustness
with respect to occlusion and displacement of the image
contour using object centroids (Nascimento et al., 1999).

An important characteristic of transport systems is that they
operate in a domain that is not simple. Modeling factor
interactions, representing generalizations and then solving a
particular classification task (i.e. the occurrence of an incident
or not) pose many challenges. On top of that, labeled data of
incidents that occur on the road is very scarce. For these
reasons finding appropriate structures or modeling approaches
with low labeled data requirements could help to solve the
existing void in traffic incident detection (Haydari & Yilmaz,
2020).

Here we describe the creation of VARVO that stands for
Vehicle Accident Recorder from Video Only. VARVO is a
novel algorithm for the detection of traffic incidents that does
not rely on sensors for cars speed detection. VARVO performs
a supervised classification task based on the sequential use of
convolutional network-based object detection and bi-
directional tracking. VARVO is publicly available at:
https://github.com/sbrgmoreno/VARVO.We believe that the
deployment of VARVO linked to static surveillance traffic
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cameras can significantly reduce the negative impact of car

accidents in the Andean region.

2. METHODS

The diagram in Figure 1 shows the research flow followed in

the present study.

Start

End

Dataset creation
No Script to Analyze the
Look the video Save the video Are there standardize videos stanfiard\zed
more videos? to 1 Second length videos
Yes
Cutthevideo Save.mmdent . l? "
video incident?
Saveno incident
video
Detection, tracking and speed
estimation
Detection Centroids
algorithm computation of
+ the bounding
tracking boxes
Training and testing models
Estimated
speeds
Training models Laheling computation
Testing models (KNN, LOGISTIC Split Training estimated (I
5 REGRESSION, and testing set speedsin the
SVM) csv file —
Estimated
speeds matrix

Figure 1. Flow diagram showing the steps followed in the present study. The entire rationale that started with Dataset creation and that ended with training
and testing the resulting models.

2.1 Traffic videos
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Dataset (ADD) (Sultani et al., 2018) and ii) the Car Accidents
Detection and Prediction Dataset. (ADPD) (Shah et al., 2018).
Both sources contain videos from static security cameras. The
ADD contains raw surveillance videos covering 13
abnormalities such as: abuse, arrests, robbery among others
and traffic accidents. Videos in the ADD have been collected
and curated from YouTube and LiveLeak to discard manually
edited videos and those taken by cell phone cameras. The ADD
videos were downloaded from: Dr. Chen Personal Webpage
(2019).

The ADPD contains videos collected from YouTube that
report road accidents involving different vehicle types (e.g.
buses, cars, motorcycles, and others). Videos in the ADPD
were downloaded from: Shah. (2017).

2.2 Traffic videos trimming

All videos gathered from the ADD and the ADPD were
trimmed to a total duration of 1s including the traffic incident.
The remaining seconds of the video that did not include the
incident were also trimmed into multiple 1s long control
videos. As a result of the trimming step, our final dataset had
the following composition:

27 999 1s long videos that do not contain traffic incidents
(label = control class).

353 1s long videos that do contain a traffic incident (label =
positive class).

2.3 Vehicle detection

Vehicle detection on the 1s long videos was performed using
either MobileNet SSD or YOLO v3 through a custom python
script. MobileNet was run with the default parameters.
MobileNet SSD network architecture is depicted in Annex 1.
YOLO v3 was run using the settings shown in (1) to limit
object detection to cars.
—confidence = 0.5, —threshold = 0.3 and — classes =

{'2":"car'} @)

2.4 Vehicle tracking and speed estimation

For speed detection, each detected car in the video was tracked
by one of the following algorithms: centroid, scale, KCF,
MOSSE or MedianFlow. We used a custom implementation
of the centroid algorithm. The scale algorithm was executed
via the python module ‘dlib’. Implementations of
MedianFlow, KCF and MOSSE were accessed via the python
module ‘cv2’.

Tracking allowed us to obtain the coordinates that each
detected car follows in the video. Vehicle speed was calculated
by the following expression:

speed = distance/time )

as reported in (Rajib et al., 2017). The distance in expression
(2) corresponds to the Euclidian distance between two points:
(x4,v,) and (x,,y,). Since all videos used in this work have
30 frames per second and because the first frame in the video
was used as a reference, we estimated 29 speed values for each
video and per each detected vehicle in the video. This
corresponds to one estimated speed value per frame. The time

it takes to move from one frame to the next is 1s / 30 frames =
0,033 seconds and was therefore the time value used in the
expression in (2).

A set of vectors of 29 values each, corresponding to the
estimated speed values per detected vehicle was used as input
set for building a model that could classify each 1s long video
as 0 (containing no incident) or 1 (containing an incident). In
this stage each vehicle was treated as an independent instance.
At the end, if a video contained at least one vehicle classified
as involved in an incident, the video was classified as
containing an incident. Videos were classified as containing no
incident otherwise.

2.5 Model training and evaluation

Our dataset of 1s long videos containing 27 999 no traffic
incident videos and 353 traffic incident videos was partitioned
according to a 70% training / 30% validation ratio. The
proportion of labels in the original dataset was kept in the
partitions. As the reader might have noticed, our dataset shows
an important class imbalance. Class imbalance is an intrinsic
problem in the domain traffic incident detection since no
incidents are a more common way than incidents.
Model training for the detection of traffic incidents was done
using three classification algorithms, namely: K Nearest
Neighbors (KNN), Logistic Regression and Support Vector
Machines. A 10-fold cross-validation was conducted during
model training thanks to the GridSearchCV function provided
in the Scikit-learn python module. GridSearchCV s
instrumental in obtaining models with improved accuracies.
The hyperparameters used for model training in each case are
described below.
e KNN:
o Number of neighbors: 1 to 10
o Algorithm used: auto, ball_tree, kd_tree and
brute
o Distance calculation: manhattan, eculidean
and mincowski

e Logistic regression:
o Penalty: 11 and I2
o Inverse of the regularization force: 1, 10,
100 and 1000
o Solution algorithms:
liblinear, sag and saga

newton-cg, lbfgs,

e SVM:
o Kernels: Poly, RBF and Sigmoid

A balanced dataset was also generated for training by using an
over-sampling strategy via a bootstrapping algorithm available
in the Scikit-learn python module. Model training on the
balanced dataset was conducted as described above.

2.6 Model performance metrics

Classification accuracy and AUC-ROC curve were used as
model performance metrics. The AUC-ROC curve metric was
included in our analysis since it is considered the best way to
establish the classification performance of the model.
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2.7 VARVO implementation and availability

VARVO was implemented in Python. Detailed documentation
including sample datasets and outputs are available at:
https://github.com/sbrgmoreno/VARVO.

3. RESULTS
3.1 Model classification performance on imbalanced data

Figure 2 contains sample video frames that made part of the
test set. Video frames in Figure 2a were properly labeled as
positive cases by all used algorithms. Video frames in Figure
2b were properly labeled as negative cases by all used
algorithms.

Figure 2. Sample video frames employed during model testing (positive and
negative case)

Table 1 shows the values of model classification accuracy
obtained on the imbalanced dataset. As it can be seen, 0,98 was
the highest classification accuracy which was achieved by
various tools combinations.

Figure 3 shows the ROC curve that describe the performance
of the best classification model trained on imbalanced data.
AUC equals 0.96, model precision was 0.95 with a sensitivity
of 0.96.

10

08

True Positive Rate

02

0.0

00 02 04 06 08 10

False Positive Rate

Figure 3. ROC of the best performing model on imbalanced data

Table 1. Classification accuracy of models trained on the imbalanced dataset. LR: logistic regression. KNN: K Nearest Neighbors. SVM: Support Vector

Machines
YOLOv3 MobileNet SSD
KCF SCALE MOSSE MEDIAN CENTROID KCF SCALE MOSSE MEDIAN CENTROID

KNN 0,96 0,98 0,96 0,97 0,93 0,96 0,98 0,98 0,98 0,97

LR 0,96 0,98 0,96 0,97 0,8 0,96 0,97 0,97 0,98 0,97

SVM Poly 0,96 0,98 0,96 0,97 0,81 0,96 0,98 0,98 0,98 0,97
RBF 0,96 0,98 0,96 0,97 0,83 0,96 0,98 0,98 0,98 0,97

Sigmoid 0,95 0,97 0,95 0,96 0,67 0,93 0,97 0,97 0,97 0,96

Table 2 shows the values of the AUC-ROC curve metric for
each of the models trained on the imbalanced dataset. In
contrast to the data shown in Table 1, the AUC-ROC curve

data allowed us to pinpoint the YOLO v3, centroid and KNN
combination as the best performing one.

Table 2. AUC-ROC curve values for the models trained on the imbalanced dataset. LR: logistic regression. KNN: K Nearest Neighbors. SVM: Support Vector
Machines. The highest value is highlighted in bold

YOLOv3 MobileNet SSD
KCF SCALE MOSSE MEDIAN CENTROID KCF SCALE MOSSE MEDIAN CENTROID
KNN 0,77 0,83 0,73 0,8 0,91 0,78 0,8 0,76 0,79 0,81
LR 0,43 0,76 0,5 0,43 0,51 0,63 0,6 0,6 0,62 0,6
SVM Poly 0,5 0,5 0,5 0,5 0,53 0,5 05 05 05 05
RBF 0,5 0,5 0,5 0,57 0,59 0,53 0,52 0,51 0,52 0,52
Sigmoid 0,5 0,5 0,5 0,5 0,49 0,51 0,5 05 0,5 0,5
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The confusion matrix for the best model trained on the
imbalanced dataset (YOLO v3, centroid and KNN) is shown
in Figure 4.

No_Incident

Incident

No_Incident Incident

Figure 4. Confusion matrix of the model obtained from the combination of
Yolo v3, Centroid and KNN on the imbalanced dataset

3.2 Model classification performance on balanced data

As mentioned before, we created a balanced dataset to
compare the effect of class representation on model
performance. Table 3 shows the values of model classification
accuracy obtained on the balanced dataset. As it can be seen,
0,95 was the highest classification accuracy which was
achieved by four models.

Table 4 shows the values of the AUC-ROC curve metric for
each of the models trained on the balanced dataset. The best
performing model corresponded to the combination of
MobileNet SSD, MOSSE and KNN. Figure 5 shows the ROC
curve derived from this model.

True Positive Rate

False Positive Rate

Figure 5. ROC curve of the best performing model on balanced data

The confusion matrix for the best model trained on the
balanced dataset (MobileNet SSD, MOSSE and KNN) is
shown in Figure 6.

No_Incident

Incident

Mo_Incident Incident

Figure 6. Confusion matrix of the model obtained from the combination of
MobileNet SSD, MOSSE and KNN on the balanced dataset

4. DISCUSSION

The growth in the number of cars has caused a drastic increase
in traffic incidents. Intelligent Transport Systems (ITS) that
are able to mine traffic information could help local authorities
addressing traffic incidents more efficiently. However, several
challenges are associated with such systems. One of such
challenge is creating an effective classification model can be a
challenging endeavor if the data used to train the model are
imbalanced. Authors like Vallejos et al. (2021) proposed a
system to mine social networks to detect traffic incidents to
circumvent training and classification tasks. Other authors
have proposed other types of ITS for Latin-American cities
that do not rely entirely on classification models (Maldonado-
Silveria et al., 2020; Salazar-Cabrera et al., 2019)

Despite the associated challenges, in the present work we
decided to deal with class imbalance which is a problem that
is common to many application domains, and it is especially
present in traffic video research for the detection of car
incidents. When examples of one class in a training dataset
vastly outnumber examples of the other class, traditional
machine learning algorithms tend to favor classifying
examples as belonging to the overrepresented class. Typically,
it is the examples of the positive class that carry the highest
cost of misclassification (Mohammed et al., 2020).
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Table 3. Classification accuracy of models trained on the balanced dataset. LR: logistic regression. KNN: K Nearest Neighbors. SVM: Support Vector

Machines
YOLO V3 MobileNet SSD
KCF SCALE MOSSE MEDIAN CENTROID KCF SCALE MOSSE MEDIAN CENTROID

KNN 0,9 0,95 0,84 0,93 0,85 0,94 0,95 0,9 0,95 0,95

LR 0,64 0,65 0,48 0,56 0,57 0,59 0,6 0,57 0,58 0,56

SVM Poly 0,55 0,77 0,53 0,56 0,56 0,66 0,68 0,64 0,64 0,64
RBF 0,64 0,77 0,58 0,68 0,65 0,73 0,75 0,72 0,72 0,72

Sigmoid 0,46 0,67 0,46 0,47 0,5 0,46 0,49 0,52 0,57 0,47

Table 4. AUC-ROC curve values for the models trained on the balanced dataset. LR: logistic regression. KNN: K Nearest Neighbors. SVM: Support Vector
Machines. The highest value is highlighted in bold

YOLO v3 MobileNet SSD
KCF SCALE MOSSE MEDIAN CENTROID | KCF SCALE MOSSE MEDIAN  CENTROID
KNN 0,92 0,96 0,84 0,955 0,8 0,95 0,96 0,97 0,95 0,95
LR 0,58 0,77 0,49 0,62 0,59 0,62 0,62 0,59 0,62 0,61
SVM Poly 0,55 0,77 0,53 0,65 0,56 0,66 0,68 0,64 0,64 0,64
RBF 0,65 0,77 0,56 0,68 0,65 0,73 0,75 0,72 0,72 0,72
Sigmoid | 0,46 0,67 0,46 0,47 0,5 0,49 0,49 0,52 0,57 0,47
Our results showed a significant decrease in the

misclassification of the positive class when a balanced dataset
was generated. The percentage of misclassification of the
positive class varied from 35,95%, shown by the best
performing model on the imbalanced dataset to only 1,74% on
the balanced dataset.

Although both under sampling and oversampling techniques
have been proposed to alleviate the problem of class
imbalance, we decided to use the oversampling approach.
Oversampling does the task by adding examples to the
minority class and therefore results in no loss of information
compared to the under sampling which consist in removing
examples from the majority class. It is worth mentioning
however that while no information is lost during
oversampling, it is not without its drawbacks.

The oversampling algorithm using in VARVO is based on the
duplation of instances from the minority class. When
oversampling is performed by duplicating examples it
increases model training times. In our case oversampling
doubled the time used for training which could pose technical
challenges depending on the infrastructure available for the
task. Despite the evident benefits we got from the
oversampling algorithm that was used in terms of
misclassification reduction, the computational costs associated
with it make us think in alternatives for future versions of
VARVO. In this direction, boosting appears to be an attractive
alternative to improve classification performance. Algorithms
like AdaBoost (Vapnik, 2013) can be tested in coming
versions of our application to investigate its application in the
domain of traffic incident detection in presence of class
imbalance.

Our results also showed that KNN was the best performing
tool for the classification task even in the presence of class
imbalance. This is a very convenient result since KNN
demands less computational power than SVM algorithms. The
classification performance of models based on Logistic
Regression or SVM pointed to the fact that these tools are
prone to over-fitting when the classifier were applied to the
imbalanced dataset as it has been previously reported (Santos
et al., 2018).

VARVO performance allowed us to properly answer the
request question that guided our research and stated that it is
in fact possible to detect car crashed accurately by means of
supervised learning methods and from video-only data.

Revista Politécnica, Agosto —

5. CONCLUSIONS

Overall VARVO appears to be an attractive and accurate
alternative for the detection of traffic incidents from video only
data which eliminate the dependency on sensors to detect
vehicle speeds. The low data requirements of VARVO makes
it amenable for practical applications in the domain of traffic
video research, a domain where data scarcity, specially of the
positive class have been extensively discussed. We believe
that the deployment of VARVO could be linked to static traffic
video cameras could be part of the foundations of Intelligent
Transport Systems in Ecuador and other Andean countries
where it is much needed.
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Abstract: One of the primary processes in tax administration is debt collection management. The objective of this
process, among others, is to recover economic resources that have been declared by taxpayers. Due to limitations in
tax administration such as staffing, tools, time, and others, tax administrations seek to recover debts in the early stages
of control where collection costs are lower than in subsequent stages. To optimize the debt collection management
process and contribute to decision-making, this study proposes a deep learning-based framework to detect atypical
behaviors of taxpayers with a high probability of non-payment. Normal and atypical behavior groups were also
analyzed to identify interesting events using association rules.

Keywords: Data mining, debt management analysis, machine learning, patterns of taxpayer behaviors

Deteccion de Comportamientos Atipicos de Contribuyentes con
Riesgo de no Pago en una Administracion Tributaria, Un Marco de
Trabajo de Mineria de Datos

Resumen: Uno de los principales procesos en la administracién tributarias es la gestién de cobranza. El objetivo de
este proceso, entre otros, es la recuperacion de los recursos econdmicos que han sido declarados por los
contribuyentes. Debido a las limitaciones de las administraciones tributarias, tales como: personal, herramientas,
tiempo, etc., las administraciones tributarias buscan la recuperacion de las deudas en las etapas tempranas de control,
donde el costo de recaudacion es menor que en las etapas posteriores. Para optimizar el proceso de gestion de cobranza
y contribuir a la toma de decisiones, este trabajo propone un marco de trabajo basado en aprendizaje profundo para
detectar comportamientos atipicos de contribuyentes con alta probabilidad de no pago. Grupos de comportamiento
normal y atipico fueron también analizados para encontrar eventos de interés usando reglas de asociacion.

Palabras clave: Mineria de datos, analisis de gestion de deuda, aprendizaje automatico, patrones de comportamiento

de contribuyentes tributarios

1. INTRODUCTION

In the process of discovering knowledge, data mining serves
as the foundation for extracting valuable insights from data.
This isaccomplished through a variety of methods, techniques,
and algorithms falling under the categories of classification,
regression, clustering (Fayyad & Piatetsky-Shapiro, 1996),
and summarization (Fayyad, Piatetsky-Shapiro, & Smyth,
1996). Tax administrations have also leveraged data mining to
analyze historical information and extract knowledge
(Orddfiez & Hallo, 2019; Rad & Shahbahrami, 2016; Gonzales
& Velasquez, 2013).

Evasion is one of the risks identified in the debt management
process of tax administration; therefore, the process seeks to
recover the debts calculated based on the declarations or based

*maria.hallo@epn.edu.ec
Recibido:26/10/2023
Aceptado: 28/05/2023
Publicado en linea: 01/08/2023
10.33333/rp.vol52n1.04
CC4.0

on legal evidence. Debt recovery is a critical aspect of tax
administration that involves the identification and mitigation
of risks such as evasion. Recovering debts can generate costs
due to the need for bank collection systems, databases, and
computer programs. The cost of managing owed values is
generally lower in the early stages of collection than in later
stages (Alink, 2000). Tax administrations are also striving for
greater efficiency in their debt management processes to
improve office performance (Huang, Yu, Hwang, Wei, &
Chen, 2017). Utilizing information technology such as data
mining can contribute to this goal by providing evidence-based
data for business analysis and decision-making (Seddon,
Constantinidis, & Tamm, 2016). In this context, tax authorities
have attempted to analyze the risk of non-payment, but thus
far have been unable to predict high-risk debtor taxpayers with
uncollectible debt (Wu, Ou, Lin, Chang, & Yen, 2012).
Additionally, a literature review does not identify any relevant
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studies that can predict tax debtors with a high risk of default
in the coming years at an appropriate time (Ordéfiez & Hallo,
2019).

The aim of this study is to carry out a data mining framework
to detect atypical behaviors of tax debtors with a high risk of
non-payment in tax administrations. This study will assist
information professionals and knowledge engineers in
identifying atypical debtor taxpayers, enabling them to build
models that predict which debtor taxpayers are likely to default
on their payments. The data mining process and developed
models may also be applicable in departments related to debt
management, or those that assess non-payment risk in tax
administrations.

The proposed data mining framework is based on an adapted
version of the Cross Industry Standard Process for Data
Mining (CRISP-DM) methodology (Chapman, et al., 2000).
The primary outcome of this study was the identification of
normal and anomalous behavior (outliers) groups among tax
debtors. A clustering algorithm was employed for this task.
The presence of a cause-and-effect relationship in the
identified outlier events rendered them events of interest,
which is a desirable characteristic for determining whether
they require further investigation for decision-making model
development. Conversely, when outliers lack this cause-and-
effect relationship, they may be removed from the analysis
database, and further analysis may be disregarded (Senator,
Goldberg & Memory, 2013).

To demonstrate the proof of concept, this study utilized data
from the payment management department of the Internal
Revenue Service of Ecuador.

This paper is structured as follows: Section 2 outlines
background information on tax administration and outlier
detection; Section 3 presents the proposed data mining
framework; Section 4 describes the results of the framework's
implementation; and, finally, Section 5 summarizes the
conclusions and future work.

2. BACKGROUND

This section provides information on tax administration,
outlier detection, and related work using machine learning
techniques.

2.1  Tax Administration

Tax administrations have several primary functions, such as
processing statements, determining taxes, controlling the
application of tax and non-fiscal legislation, conducting
inspections, managing debt, and providing services and
communication. The risk of taxpayers evading their taxes is
present in these functions, and the administration has limited
resources to control the process (Ordéfiez & Hallo, 2019;
Alink, 2000). The tax administration has two objectives:

e To provide services that meet the needs of taxpayers.

e To investigate and control only high-risk taxpayers.
One identified risk is in the debt management process, which
supports the collection of primary function and aims to recover
values based on taxpayer declarations or legal evidence.
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Additionally, the debt management process records all
financial transactions with taxpayers, providing a source of
historical information to extract knowledge using analytic
techniques. Finally, the process takes action to manage the
recovery of values when taxpayers refuse to pay voluntarily
(Alink, 2000).

2.2 Outlier Detection

Outliers are observations that significantly deviate from the
norm. Methods are used to model normal data, but deviations
from the norm are considered as outliers (Aggarwal, 2017).
Data that includes outlier observations have large gaps
between outliers and inliers (Hawkins, 1980).

Outlier analysis allows for the interpretation of results
(Aggarwal, 2017), and a relationship between the condition
and effect pair can be identified in outlier data. Furthermore,
when the condition-effect is explained, outlier data can be
transformed into events of interest (Senator, Goldberg, &
Memory, 2013).

The dataset has the following characteristics:

e Data set is not labeled.

e Some attributes in the dataset are correlated. For
example, business taxpayers have higher incomes
and generate higher taxes. These types of attributes
are called covariates.

e The dataset also includes attributes such as payment
time and the amount of the fine that are not correlated.

e The statistical distribution of the dataset is unknown.

Given the features of the dataset in the debt management
process, a method that reduces the number of variables and
evaluates reconstruction error was chosen. The method is
named a replicator or autoencoder because in the first step the
data set is encoded using a function ¢ and the second part of
the data set is decoded to the data by the function y (Hawkins,
He, Williams, & Baxter, 2002). Function parameters are
estimated using a neural network, and their architecture needs
to be determined.

2.3 Outlier Analysis

The aim of outlier analysis is to convert atypical events into
events of interest. This conversion helps to identify cause-
effect relationships in anomalous data and to detect behavior
patterns that are relevant to the application domain (Senator,
Goldberg, & Memory, 2013). This process can be divided into
three steps:

a) ldentify outliers using techniques that suit the domain
problem (Mandhare & Idate, 2017; Aggarwal, 2017;
Souiden, Omri, & Brahmi, 2022; Domingues,
Filippone, & Michiar, 2018).

b) Detect events of interest in outliers using methods
that explain the findings (Senator, Goldberg, &
Memory, 2013; Mokoena, Celik, & Marivate , 2022;
Herskind Sejr & Schneider-Kamp, 2021).

c) Filter or remove outliers without patterns that are
relevant to the problem domain. Additionally, there
are algorithms sensitive to noise and outliers
(Senator, Goldberg, & Memory, 2013; Yang,
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Rahardja, & Franti, 2021; Chen, Wang, Hu, & Zheng,
2020; Ramos, Watanabe, Traina, & Traina, 2018)

In this paper, the normal and unusual behaviors (outliers) of
indebted taxpayers are analyzed and the results are interpreted
to discover events of interest for the tax administration domain
using a machine learning approach. The patterns of outlier data
are explained using natural language labels to determine which
outlier data correspond to an event of interest. In another
related study, outliers with no event of interest for the problem
domain are filtered out (Orddfez, Hallo, & Lujan-Mora,
2020).

3. DATA MINING FRAMEWORK

This section presents a data mining framework proposed to
detect outliers, adapted from the CRISP-DM methodology
(Chapman et al., 2000). The framework employs five phases
for conducting a data mining project, which are iteratively
performed. These phases include business domain
understanding, data understanding, data preparation,
modeling, and evaluation. The models are developed using the
Python programming language.

3.1  Business Domain Understanding

The first phase of the data mining process focuses on the
business perspective, during which the following steps are
taken:

o Identification of the types of transactions involved in
the debt management process in the tax
administration.

e Definition of the payment time range and analysis of
the statements of the debt management process.

e ldentification of the data sources of debt management
process information.

3.2  Data Understanding

The second phase involves the analysis of raw data to become
familiar with it and to resolve quality problems in the raw data.
The following steps are taken:

e Description of the type of attributes available in the
data sources.

e ldentification of the attributes that characterize the
debt management.

3.3 Data preparation
This section involves all the activities necessary to prepare the
final dataset. To achieve this objective, the following steps are

proposed:

o Define interest attributes.
o Eliminate the transactions with quality problems.

3.4 Modeling

In this phase, a deep learning approach is used to create the
clustering model. Thus, the following steps are carried out to
identify data with normal and unusual behavior using an
unsupervised approach.

e Definition of the architecture of the neural network to
detect the outliers.

e Selection of the technique to create the clusters of
outliers.

e Division of data to create, evaluate and test the
models.

e Tuning of hyper-parameters using training and
validation data.

e Evaluation of the performance of the learning process
considering the error of reconstruction.

3.5 Evaluation

In this phase, the resulting groups are analyzed using the
following steps:

e Division of outliers into groups with similar
characteristics by determining the cluster number
after applying the model step.

e Evaluation of the quality of the outlier clusters.

e ldentification of the interest events according to
concerns of tax administration.

4. RESULTS

In this section, the results of the data mining framework are
presented.

4.1 Business Understanding

The debt management database in the tax administration of the
study case consists of three types of transactions:

e Self-determined statements: Taxpayers determine the
values of tax to pay.

e Determined statements: Tax  administration
determines the values owed by a taxpayer using
administrative records.

e Suspended statements: Statements that are in an
appellate court and await a court ruling.

To characterize the debts in the tax administration according
to domain expert's criteria, attributes from three additional
databases were added to the raw dataset. These databases
include:

e Income: Database with assets, liabilities and income
of taxpayers.

o Difficulty to collect: Database with taxpayers that are
difficult to collect tax.

¢ Remission: Database with debts that have been paid
in stages where the tax administration has forgiven
fines and interest. This is an unwanted behavior, but
it allows to obtain money from old debts.
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Taxpayers were grouped in two types: a) large economic INPUTLAYER OUTPUT LAYER
groups that produce the highest collection amounts and, b) Xy .._ Xy
small taxpayers such as natural persons, small businesses,and N\~ HIDDENLAYRR
so on. The tax administration defines which taxpayers belong X R
2 . X,
to each group every year.
4.2 Data Understanding Xy X
Raw data was collected from four databases. The main X, — X,
variables are presented in Table2. 7 S/ S e e e
X; (=X,

Table 1. Attributes that characterize the problem

Database Attribute

Debt management Tax code, description of the tax class,
taxpayer status, description of the tax
state, tax group, type of tax, fiscal

month, province, region, tax year, tax

fine, and payment indicator.

Income
Collection difficulty

Income
Collection difficulty

4.3 Data Preparation

In this step correlated data were reduced. Redundant attributes
were eliminated and the values outside the possible range and
null values were reviewed to eliminate invalid transactions.
The number of days before payment was calculated for each
transaction. The type of taxes was aggregated in 4 categories
(direct, indirect, fines and others). The number of transactions
of debt management analyzed for the debts of the self-
determined statements was 2.1E+06 of which 1.9E+06 debts
were paid and 1.2E+05 were not paid.

4.4 Modeling

The dataset was analyzed to obtain data with normal and
unusual behavior. An atypical data is considered outlier;
however, they could have events of interest. The events of
interest were found using associated rules over the groups
detected.

The outliers were found using a method that reduces the
number of variables and evaluates the reconstruction error
considering the features of dataset in debt management
process. The method is named a replicator or auto-encoder
because in the first step the dataset is encoded using a function
¢ and the second step of the dataset is decoded to the data by
the function v (Hawkins, He, Williams, & Baxter, 2002).
Function parameters are estimated using neural network and
their architecture is shown in Figure 1.

OUTPUT OF THIS LAYER PROVIDES
REDUCED REPRESENTATION (CODE)

Figure 1. Auto-encoder architecture
The objective of training process is to minimize the aggregate

error of reconstruction (Aggarwal, 2017). The error of
reconstruction is evaluated using Equation (1).

. m
error of reconstruction = Zi:i(xi —x)? (D)
where
e m: input dimensions
e x;:input.

e x;:reconstructed input for ith dimension.

The library pyod.models.auto_encoder of python 3.6 was used
to obtain data with normal and unusual behavior. The
parameters used were:

hidden_neurons=[8, 2, 8]
random_state=10

epochs=15

batch_size=128
contamination=0.1
validation_size=0.3
hidden_activation: relu function
12_regularizer=0.1

The analysis produced the following results:

e 2.1E+05 records with outlier behavior.
e 1.8E+06 records with normal behavior.

The type of data found in the debt management process is
shown in the Figure 2.

45 Evaluation

The data acquired during the modeling phase, comprising both
normal and atypical behavior, underwent scrutiny for events
of interest for tax administration. These events were classified
as transactions with outstanding features, which are elaborated
upon in subsequent sections.
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Figure 2. Type of data in the identified groups

a) Groups of outliers with similar characteristics

The condition-effect relationship identified in the outlier data
was employed to interpret the results (Aggarwal, 2017). This
allowed us to transform outlier data into events of interest
(Senator, Goldberg, & Memory, 2013).

Number of clusters in outlier data

Clustering is the process of grouping data with high similarity
to define finite sets of data categories (Fayyad & Piatetsky-
Shapiro, 1996), thus enabling analysis of groups with similar
patterns or characteristics.

The k-means technique is a commonly used distance-based
clustering method. The technique is one of the most used
methods to optimize K-means algorithm (Umargono, Suseno,
& Gunawan, 2020; Shi et al., 2021). The elbow method
determines the number of clusters that provides the most
information by plotting the sum of the squared distances
between each point and the centroid in a cluster. The point at
which the metric drops suddenly guides the selection of the
best-fitting model (Han, Kamber, & Pei, 2012).

The skkearn.cluster.KMeans python library was employed to
implement the k-means technique and elbow method. The
following parameters were configured:

e Number of cluster k: 1 to 10.

e Cost for every k group: Sum of squared distances.
Figure 3Error! Reference source not found. shows
the sum of squared distances for k=1 to 10 using k-
means technique.

e  Therest of the parameters of skkearn.cluster.KMeans
were used in their default value.

The Figure 3Error! Reference source not found. also shows
two elbow point when k=2 and k = 3 added more information
as a number of cluster than the other values of k, therefore the
quality of the cluster have to be evaluated.
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Figure 3. Number of clusters in outlier data
b) Quality of the outlier clusters

Cluster quality assesses the efficacy of a cluster in terms of the
cluster separation and cohesion of each group. Cluster quality
evaluation can be accomplished using supervised or
unsupervised methods. The Silhouette coefficient, an intra-
cluster metric, is an unsupervised method that evaluates the
quality of a cluster, with its value ranging from -1 to 1, where
1 represents the best value (Han, Kamber, & Pei, 2012). The
Silhouette coefficient have been used to assess the quality of
k-means clusters because this coefficient has the advantage
that does not need a training set to evaluate the cluster
(Thinsungnoen, Kaoungku, Durongdumronchai, Kerdprasop,
& Kerdprasop, 2015; Shutaywi & Kachouie, 2021). To
compute the Silhouette coefficient, the Silhouette score from
the Python tool sklearn was used. The values obtained are
presented in Table 2.

Table 2. Quality of outlier clusters

Number of clusters (k) Sllho_u_ette
coefficient

2 0.962

3 0.911

4 0.881

5 0.851

According to Figure 3Error! Reference source not found.
and Table 2, when the number of cluster k=2, the quality
cluster is the best. Therefore, the outlier data was divided in:

e Group 0: 2.09E+05 records.
e Group 1: 1.2E+03 records.

c) ldentify the interest events
After identifying the groups, patterns in each group were

analyzed to determine the events of interest from the outliers.
The process of extracting knowledge from the database utilizes
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data mining tasks. One of the data mining rules is association
rules, which enables analysts to interact easily with data and
mining results (Hipp, Giintzer, & Nakhaeizadeh, 2002).

Format data to apply association rules

Before applying association rules to discover the most
important relationships between variables, each characteristic
of the dataset was mapped into binned categories or cut points.
The optimal cut point technique based on the entropy metric
was used. This technique divides continuous values into
multiple intervals (Fayyad & Irani, 1993) and is regarded as
one of the most important methods for discretization
(Grzymala-Busse & Mroczek, 2016).

Moreover, the binned categories were transformed into labels
using natural language, which enables analysts in tax
administration to read the results more efficiently. For
instance, if variable "debt" had three cut points, the labels were
described as follows:

o Label 1: Debts paid in less than x days.
o Label 2: Debts paid between x to y days.
o Label 3: Debts paid between z days and over.

Table 3 shows the cut points in outlier data showing the
number of categories to analyze in each variable.

Table 3. Cut points of attributes that characterize the problem in outlier data

Cut points
Attribute Units
Time needed to pay the debt days 4
Value of tax payable dollars 7
Value of fine to be paid dollars 2
Taxpayer Income dollars 1

Table 4 shows some examples of cut points applied in
variables of dataset. For instance, the cut points for the time
needed to pay the debt were 7, 13, 270 and 805.

Table 4. Cut point for time needed to pay the debts

Variable Cut point Natural language
value

Time needed to pay 7 These debts are paid in in less

the debt than 7 days

Time needed to pay 13 These debts are paid between 7

the debt to 13 days

Time needed to pay 270 These debts are paid between 13

the debt to 270 days

Time needed to pay 805 These debts are paid at 805 days

the debt and over

Value of tax payable ~ 4E+03 Tax value is less than $ 4E+03
dollars

Taxpayer Income 8.6E+07 The taxpayers have an income
less than $ 8.6E+07

Association rules technique for discovering patterns

Next, associate rules were applied to find patterns that
characterize outlier dataset for two groups of data such as the
payment frequency. Table 5 shows the outstanding patterns
identified for the first group which was named group O.

Table 5. Event of interest identified in group 0

Association
rule Item sets
support
98% These transactions are not difficult to collect, and the
taxpayers have an income less than $ 8.6E+07
83.1% These debts have not been appealed, they have not paid
in remission time, and the taxpayers have an income less
than $ 8.6E+07
81.1% Tax value is less than $ 4E+03 dollars, these debts have
not been appealed, and the taxpayers have an income less
than $ 8.6E+07
80.8% These debts have not been appealed, they are not large

economic group, these transactions are not difficult to
collect, and they have not paid in remission time

According to the domain expert, group O of outliers contains
events of interest that were identified using data mining.
Payment analysis reveals that the majority of payments are
made before day 270, after which the number of payments
made by taxpayers decreases significantly. However, most
unpaid debts exceed the 270-day default threshold. Figure 4
shows the frequency of payments using cut points. On the
other hand, group 1 of the outlier dataset does not contain any
events of interest, as indicated by the domain expert, and thus
will not be presented.

d) Data with normal behavior analysis

After identifying and isolating the outlier data, the data with
normal behavior was obtained. This data was divided into
similar groups using the k-means technique to identify
patterns. To determine the number of clusters, the elbow
method and intra-cluster metric were used. Association rules
were then applied to understand the behavior of these groups.

Number of clusters in data with normal behavior

As per the outlier analysis, there were 1.8E+06 records with
normal behavior. Similar to the outlier data, the k-means
technique and elbow method were used to select the optimal
number of clusters for the normal data. Figure 5 displays the
outcome of the elbow method, which utilized the
skkearn.cluster.KMeans Python library. Two groups were
chosen since the larger intra-cluster value was obtained with
k=2. The silhouette score for the intra-cluster value was 0.854.

. Payments
Non-payments

Percentages

805 and over

value less than 7

7to1l3 13to 270

Payment time (days)

270 to 805

Figure 4. Frequency of payment for outlier group
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Figure 5. Number of clusters in normal behavior

The data with normal behavior was divided in:

e  Group 0: 9.5E+04 records.
e Group 1: 1.7E+06 records.

The records not paid in the first were 1%, and two percent of
the records not paid in group second group were identified.
The frequency for payment is shown in Figure 6. Most debts
are paid up to 85 days.

25

i

23to 30 30to 85 85 and over

25 4 WEm Payments
Non-payments

Percentages
v s G s
0
w
-
-
o
w
,_.
®
r
@

value less than 6 6 to 7 Tto8 8to13 13to 23

Payment time (days)

Figure 6. Frequency of payment for normal behavior

The results were communicated to the authorities of tax
administration section who could use it to develop strategies
to get the payment. Additionally, these results have been used
to select data pre-processed as input of models to predict debts
with high risk of non-payment in tax administration in short
periods of time (Ordofiez, Hallo, & Lujan-Mora, 2020).

5. CONCLUSION

With the data mining framework and with the data of the tax
administration of Ecuador, a model to find atypical
comportment groups of taxpayer’s debtors with high risk of
non-payment was developed using machine learning
techniques. Given the conditions of the dataset, a technique
was applied to find the unusual and normal behaviors of debts.
The result of this analysis determined two groups with unusual

behavior. Two groups with normal behavior were also
identified.

With the time estimated by the models on the outlier group,
tax administrations can determine the debts that belong to
uncollectible debt. For example, for group 0 with unusual
behavior (Figure 4), until day 270 debts are mostly canceled.
From that threshold the probability of no payment begins to
rise. The patterns of this data were also found using associated
rules to find event of interest (Table 5). With the knowledge
generated, tax administrations can make decisions regarding
communication for the collection of obligations, guidelines to
grant payment facilities, select records that need to be audited,
among others. Additionally, tax administrations could use the
results to select data as input for other models in future works.
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Strength of Concrete Using Partial Addition of Residual Wood Ash
with Respect to Cement
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Abstract: Wood ash is a residue from the artisanal brick burning process that is produced in the poorest areas of
Peru. It is a major problem because there is no management of this type of solid waste and it contaminates large
sectors of the population. In this sense, it is important to use sustainable natural elements such as wood ashes that can
contribute to the performance of concrete. For this reason, the objective of this research was to evaluate the influence
of the incorporation of wood ash on the mechanical properties of concrete, with incorporations of 8%, 12% and 16%,
as a function of the weight of cement, for which cylindrical specimens and beams were prepared. The results with
respect to slump and unit weight were considerably reduced below their standard samples, unlike the temperature,
which had increases that ranged between 3°C. On the other hand, the combined mixture of 8% wood ash resulted in
the highest compressive strength, reaching 308,73 kg/cm? which represents an increase of 9,04% with respect to the
standard sample, while the flexural strength was 45,32 kg/cm? representing an increase of 5,96% with reference to
the standard sample. It is concluded that the addition of wood ash significantly improves the mechanical properties
of concrete with an optimum dosage of 8%, the result contributes to make it technically feasible as an addition in the
elaboration of sustainable concrete in civil construction.

Keywords: Concrete, construction, compressive, flexural, wood ash

Resistencia del Concreto Utilizando Adicion Parcial de Ceniza de
Madera Residual Respecto al Cemento

Resumen: La ceniza de madera es un residuo del proceso de quema de ladrillos artesanales que se produce en las
zonas mas pobres del Per(. Constituye un gran problema debido a que no existe una gestién de esta clase de residuos
solidos y contamina grandes sectores de la poblacion. En ese sentido, surge la importancia de emplear elementos
naturales sostenibles como las cenizas de madera que puedan aportar en el rendimiento del concreto. Es por ello que,
esta investigacién tuvo por objetivo evaluar la influencia de la incorporacion de ceniza de madera en las propiedades
mecénicas del concreto, con incorporaciones de 8%, 12% y 16%, en funcion al peso del cemento, para lo cual se
prepararon especimenes cilindricos y viguetas. Los resultados respecto al asentamiento y peso unitario se redujeron
considerablemente por debajo de sus muestras patrones, a diferencia de la temperatura que tuvo aumentos que
oscilaron entre los 3°C. Por otro lado, lamezcla combinada de 8% de ceniza de madera result6 ser la mayor resistencia
a la compresion, llegando a 308,73 kg/cm? la cual representa un incremento del 9,04% con respecto a la muestra
patron, en tanto, la resistencia a la flexion fue 45,32 kg/cm? representando un incremento del 5,96% respecto a la
muestra patrén. Se concluye que la adicién de ceniza de madera mejora significativamente las propiedades mecanicas
del concreto con una dosis éptima de 8%, el resultado contribuye a que sea técnicamente viable como adicion en la
elaboracion de concreto sustentable en la construccién civil.

Palabras clave: Concreto, construccion, compresion, flexién, ceniza de madera

1. INTRODUCTION important factors to be taken into consideration (Kumar et al.,

2022). Waste disposal contributes to greenhouse gas emissions

In the demand to decrease global warming and minimize the ~ reduction (Arunkumar et al., 2022b). Meanwhile, the
environmental impact caused by waste and disposal methods ~ combustion of wood used in cottage industries that is currently
such as wood ash, the following are some of the most used, is the effect of large masses accumulated worldwide,
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renewable energies seek to minimize dependence on fossil
fuels such as biomass with wood resulting in large amounts of
waste with polluting consequences that affect the environment
(Gabrijel et al., 2021; Santek et al., 2021). However, the
possibility of using fly ash from the combustion of woody
biomass - girasol as an admixture in concrete arises from the
need to improve the mechanical properties as such (Jura &
Ulewicz, 2021).

Therefore, the recycling of waste instead of traditional
materials has become an increasingly relevant and recurrent
topic of growing interest among researchers (Choudhary et al.,
2021). This shows the potential of waste used as construction
material in the development of pavements in developing
countries such as India, where consumption is higher and
availability of disposal space is lower (Vishnu & Singh, 2021).
Thus, scientific studies confirm that the beneficial use of wood
ash in concrete to replace Portland cement showed the greatest
potential environmental benefits (Gaudreault et al., 2020). For
this reason, it is an alternative as a cementitious material
(Chowdhury et al. 2014). Likewise, alternative concrete based
on wood ash saves almost 24,5% of CO, and fly ash saves
more than 28,5% compared to normal concrete (Shaker et al.
2020).

The use of Copaiba wood is a very popular material in the
handmade brick industry, and several publications have been
published on the reuse of this material in the structural
concrete mix. The results of these studies have allowed
obtaining optimal benefits in concrete, as in the case of wood
ash, studies mention that agricultural ashes contain a high
silica content of more than 50%, since the addition of ashes
from agricultural waste reduces concrete slump, except for
concretes mixed with ashes from palm oil fuels, wheat straw
ashes and rice straw ashes (Charita et al., 2021).

Regarding the fresh properties of concrete, authors such as
Rahul-Rollakanti et al. (2020) mentioned that it is recognized
that the workability of the concrete was diminished by the
addition of the alternative materials. This contributes due to
the capacity of biomass ash to retain part of the absorbed water
up to values of 40% during 24 hours, as mentioned by the
researchers Rodriguez-Alvaro et al. (2022).

Other studies regarding its workability indicated that there
were no significant differences in the control mix and the
mixes developed incorporating waste paper ash and wood ash,
however the results that, when adding between 25-50% of
waste paper ash or 25% of wood ash, the mechanical properties
(compressive strength, flexural strength) of the control mixes
decreased slightly, with the possibility of partially replacing
fly ash by up to 50% of wood ash or 25% in the preparation of
the concrete according to Owaid et al. (2021). But according
to what Kannan & Raja (2021) observed, the maximum
compressive strength achieved was 83 N/mm? in concrete
mixed 10% wood ash + 20% metakaolin for high strength
concretes. Other studies such as, Kanmani et al. (2021) where
they refer that steel fiber reinforced concrete in which cement
was partially replaced with wood ash between 0 to 20% with
5% increments, it was observed that for 10% wood ash
considerable benefits in compressive strength and flexural

strength were achieved. On the other hand, according to Vijay
et al. (2021), when wood ash was added to concrete at 10%,
15%, and 20% by weight of cement, they observed a maximum
improvement of 8,24% in compressive strength at 28 days of
curing by using 15% wood ash, being feasible and sustainable
to develop concrete up to 15% as a partial substitute material
for cement. Nevertheless, the studies conducted by Caldas et
al. (2021) observed that the compressive strength test as a
functional unit in the mixture containing 40% metakaolin and
10% wood ash reached values of 9,27 MPa with respect to the
reference sample of 6,65 MPa, which allowed concluding that
the substitution of Portland cement by both materials is a
promising strategy.

For the development of pavement concretes, rice husk ash
waste and wood sawdust is used as a replacement for sand to
develop low-dose concretes, with good results in
environmentally friendly rigid pavement structures in the
future (Alhazmi et al., 2021). Considering the studies of Foit
et al. (2020) mentioned that concrete mortars with biomass fly
ash reveal preservation of compressive and flexural strength
up to 30% by weight of cement replacement, on the contrary,
higher doses of ash induce a gradual decrease of mechanical
performance. In addition, the impact of wood ash stands out
with very good results in the workability of the concrete
mixture, in the resistance to compression and bending in its
hardened state, in the absorption of water, in the shrinkage due
to drying, in the carbonation and chloride permeability of
concrete (Danraka et al., 2019).

Based on the information mentioned above and as
recommended by Da Costa et al. (2022), sustainable
alternatives should be sought that achieve a better recovery of
wood ashes for the incorporation in concrete mixtures,
including in the preparation of mortars and soil stabilization;
as well as the potential it has in controlling the deterioration
induced by the alkali-silica reaction in the concrete mix (De
Souza et al., 2022).

To the best of our knowledge, Copaiba wood ash has not been
applied before in the concrete under study, only with another
variety of wood. In this context, the objective of this work was
to study the influence generated by the addition of residual
wood ash on the physical-mechanical properties of structural
concrete, in percentages of 0%, 8%, 12% and 16% by weight
of cement. This study promotes the use of waste wood ash
produced by artisanal brick kilns in the proposed area in the
city of Chiclayo, Peru. The use of residual wood ash acquired
from artisanal brick kilns can be considered sustainable and
viable. Therefore, by reducing the discarded raw material it has
a positive effect on reducing environmental pollution, and
preventing this waste product from ending up in landfills or
dumps near the city. Likewise, it contributes to the feasibility
of the use of this type of residual ashes in the physical-
mechanical behavior of structural concrete, from a waste
material from artisanal brick kilns in the production of
concrete

2. MATERIALS AND METHODS

2.1. Materials
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2.1.1 Aggregates

The stone aggregates were supplied from the Pacherrez quarry,
where the coarse aggregate was extracted, and the La Victoria
quarry, where the fine aggregate was extracted, located in the
department of Lambayeque, Peru. Considering a fineness
modulus of 2,58 and a nominal maximum size of 12,70 mm.
The main physical and mechanical properties of the fine and
coarse aggregates are summarized in Table 1.

2.1.2 Ordinary Portland cement

The cement for this research work was Portland cement Type
I of 42,5 kg, which complies with the ASTM C150 standard
for the classification, manufacture, distribution and use of
cement, with a specific weight of 3,15 gr/cm?, respectively
according to the parameters of the ASTM C188 standard, and
the specifications are shown in Table 2.

Table 1. Physical characteristics of stone aggregates

Description Stone aggregate Normative
Fine Coarse NTP ASTM
Fineness modulus 2,58 6,42 400,012 C136
Loose unit weight (gr/cmd) 1,366 1,299
Compacted unit weight 1,504 1,535 400,017 C29
(gr/cmd)
Spemfl(;rt;(l.:lrl]lq(s;iensny 2,80 2,66 400022/ C128/1
Absorption percentage (%) 3,09 04 400,021 2
Moisture content (%) 5,19 0,87 339,185 C566
Abrasion (%) - 28,00 400,019 C131

Table 2. Physical characteristics of Type | ordinary Portland cement
Chemical Properties

Element Unit  Specification Manufacturer's results
Physical Properties
Fineness cm?/gr 2600 min. 3810
Specific weight  gr/cm3®  Not specified 3,15
Mechanical properties

Compressive strength

1 day MPa  Not specified 15,8
3 day MPa 12 30,3
7 day MPa 19 37,0
28 days MPa 28 42,1
Setting time

Initial Min. < 45 min. 110
Final Min. > 375 max. 238

Table 3. Chemical properties of wood ash

Oxido Porcentaje

(%)
SiO, 40,34
Al;03 10,66
CaO 16,04
Fe.0s 9,88

K0 4,32

MgO 2,93
Alkalis 0,96
Moisture content 1,55

2.1.3 Wood ash

The wood ash (WA) was collected from artisanal brick Kilns,
at a temperature of approximately 800°C during two days of
the kilning process, with Copaiba wood as fuel. The ash
extracted is shown in Figure 1.

Additionally, WA from brick kilns in the area was obtained,
obtaining a specific weight of 0,70 gr/cm® which passed the
N°200 mesh and its absorption capacity of 4,23%. The
chemical properties of wood ash are shown in Table 3,
respectively.

2.1.4 Water

The potable water used in the investigation was clean water
intended for consumption, as specified in ASTM C1602, used
to prepare concrete and to immerse the concrete specimens in
the curing process, respectively.

They were demolded after 24 hours of processing and finally
cured by complete immersion under supervised and controlled
conditions in accordance with ASTM C192M, to be
subsequently tested.

e i G i C
Figure 2. Cylindrical and cubic specimens used in the present investigation
2.2. Mixture design

A concrete reference design (CP) was prepared with 3
experimental mixes, the design has a target strength of f'c: 280
kg/cm? and was prepared under the methodology of ACI
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211,1, Table 4 shows the mix design for each mix. The amount
of cement type I, river sand, coarse aggregate and water for all
designs. Then the incorporation of each percentage of wood
ash 0%, 8%, 12%, 16% with respect to the weight of cement
was performed and is labeled as CP, CP+8WA, CP+12WA,
CP+16WA, in order to determine the mechanical properties
under the normative parameters. After performing the particle
size tests, and determining the properties of the materials, a
water/cement (w/c) ratio of 0,45 was used and no
superplasticizer admixture was used. The experimental
concrete production of cylindrical specimens and prismatic
beams was carried out manually and cured in pools of water
after 24 hours of setting. The prepared concrete samples had a
total of 36 cylindrical molds of 150 mm in diameter and 300
mm in height for the axial compressive strength test for 7, 14
and 28 days, and the flexural strength had a total of 12
prismatic beams with dimensions of 150 mm x 150 mm x 450
mm for 28 days of rupture, as shown in Figure 2, the amounts
per m? are detailed in Table 4.

Table 4. Proportions of wood ash at 8%, 12% and 16% according to the
weight of cement

Description Dosage per m® by weight
CP CP+8W  CP+12W  CP+16W
A A A

Cement (kg) 463,52 463,52 463,52 463,52
Coarse sand (kg) 833,20 833,20 833,20 833,20
Crushed stone (kg) 882,69 882,69 882,69 882,69
Water (Lt) 194,34 194,34 194,34 194,34
Wood ash (kg) 0,00 37,08 55,62 74,16

2.3 Tests to determine the physical and mechanical properties
of concrete

Tests performed on both fresh and hardened concrete are vital
to know the characteristics of the concrete. The tests used for
the fresh state are slump, temperature and unit weight, with
reference to ASTM C143M, ASTM C1064M and ASTM
C138M, respectively. Likewise, for the hardened state, the
axial compressive strength and flexural strength tests were
performed in accordance with ASTM C39M and ASTM C78.

2.3.1 Workability, temperature and unit weight

The test to measure the workability by Abrams cone was
determined according to ASTM C143M, in order to see the
consistency of the mix for the structural element to be
designed, as shown in Figure 3. The process of measuring the
temperature of the freshly mixed concrete, according to ASTM
C1064M. The unit weight of concrete is between 2200 and
2400 kg/m® according to Shabbar et al. (2017).

2.3.2 Compressive and flexural strength

The compressive strength mentions for Xianggang et al.
(2018) is the stress generated as a result of the pressure load
per surface area, as shown in Figure 4. The bending test was
performed in a hydraulic press loading in the middle thirds of
a simply supported beam in accordance with Kett (2009), as
shown in Figure 5.

Figure 5. Tested prismaic joist
3. RESULTS AND DISCUSSIONS
3.1. Fresh properties of concrete

The workability of the concrete mixtures was characterized by
a reduction in slump as WA was added. Likewise, the Table 5
shows the slump test, which was carried out to indicate the
influence of the addition of WA in doses of 8%, 12% and 16%
with respect to the weight of the cement.
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Table 5. Testing of fresh concrete

Testing Dosage
CP CP+8W  CP+12W CP+16W
A A A
Slump (mm) 101,6 88,9 71,12 60,96
Temperature (°C) 30,00 30,20 31,50 33,50
Unit weight (kg/m?) 2392 2379 2381 2377

The results of the properties of the concrete in its fresh state
are shown in Table 5, it is observed that the slump test, as the
percentages of wood ash are added in higher percentages,
reduces the workability, this may be due to the absorption
capacity of this material and the additional volume it occupies,
therefore, it reduces the workability. This test was carried out
under ASTM C143; therefore, it was observed that as the ash
doses increased, the slump decreased proportionally with
respect to that indicated in said standard. The use of 8% WA
reduced the slump by 12,55%, for 12% WA it decreased by
30% and for 16% WA it decreased by 40%, so that according
to these obtained values it was considered that the concrete
mix was not very feasible from the doses of 12 and 16% of
wood ash, since it was designed for a good workability within
3" to 4", respectively. In this sense, Hamid & Rafiq (2020) and
Moretto (2020) state that WA substitution between
percentages higher than 10% present low workability, which
causes a decrease in slump and mechanical strength, being this
consistent according to the findings obtained in the present
research, the 8% of WA incorporated in the mixture was
optimal.

This effect can be contrasted with the findings of Rahul-
Rollakanti et al. (2020) where they mentioned that the
workability of concrete was recognized to be decreased by the
addition of the alternative materials. This contributes due to
the ability of biomass ash to retain part of the absorbed water
up to values of 40% for 24 hours, which leads to a direct
relationship with the required workability and strength of the
concrete mix as mentioned by the researchers Rodriguez-
Alvaro et al. (2022).

In addition, the results of the temperature of the fresh concrete
showed a non-significant increase of a maximum of 3,5°C for
the CP+16WA sample, which is considered a moderate
temperature. On the other hand, the unit weight test was
observed to be a relatively lower value than the standard
sample when the different percentages of wood ash were
added, only the CP+12%WA sample had a slight increase but
not higher than the standard sample, then its value declined
with the last dose of ash, This may be due to the appearance of
air bubbles in the surface layer of the experimental specimens
as a result of some chemical reaction upon contact with the
cement and wood ash components that cause an increase in
internal porosity, since it is also known that the specific gravity
of the ash is lower than that of the Portland cement type I used.
According to this Schmidt et al. (2020) mentioned that, on
average, no specimen reached the expected density; the
difference corresponds to the effect of the air trapped in the
mixture, which varied between 0,77% and 2,36% of the
volume.

3.2. Compressive strength

The results shown in Table 6 show that the axial compressive
strength with 12% and 16% de WA had a lower performance
than the standard sample at 7 days of the curing process; and a
better performance was obtained with 8% de WA with 5,49%
with respect to the standard. At 14 days with 8% de WA there
was an increase of 3,58%, with 12% there was a reduction of
5,56% below the standard, and with 16%de WA there was the
least reduction in capacity with 13,86% with respect to the
standard. At 28 days, with 8% de WA there was an increase of
9,04%, with 12% there was a reduction of 0,58% below the
standard, and with 16% de WA there was a reduction in
capacity of 9,31% with respect to the standard. Figure 6 shows
the values at 28 days according to Stripcharts of the study.

Table 6. Results of compressive strength in kg/cm?

Rupture (days) Dosage
CP CP+8W CP+12W  CP+16W
A A A
Rupture at 7 days 218,78 230,80 206,69 187,38
Rupture at 14 days 248,07 256,94 234,28 213,69
Rupture at 28 days 288,13 308,73 281,50 256,76
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Figure 6. Study Stripcharts: Strength of concrete using partial addition of
residual wood ash with respect to cement, according to compressive strength

In comparison with the research according to Elahi et al.
(2015), they observed that when they incorporated doses of
10%, 15% and 20% WA, what resulted was to obtain
acceptable axial compressive strength with the minimum dose
of 10%, as the lower doses had better characteristics in terms
of mechanical properties, unlike the current study that
obtained its best characteristics in terms of compressive
strength by including 8% WA, respectively.

3.3. Flexural strength

As shown in Figure 7, the results of the flexural strength tests
conducted under ASTM C78 parameters showed a maximum
increase of 5,96% with respect to the standard specimen, using
8%WA. On the contrary, with the experimental specimens of
12% de WA and 16% de WA, there was a significant reduction
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of 0,38% and 6,45% with respect to the standard specimen,
results at 28 days of rupture, respectively. This reduction in
strength may be due to the additional increase in weight of
wood ash in relation to the weight of cement, which results in
a weakening of the internal bond between aggregate, ash and
cementitious paste, being more prone to failure, and only being
optimal with the lowest addition dose.
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Figure 7. Study Stripcharts: Strength of concrete using partial addition of
residual wood ash with respect to cement, according to flexural strength

Meanwhile, the research of Dharmaraj & SivaKumar (2020)
mentioned that replacing by cement at 5, 10, 15, 20, 25 and
30% by wood ash had optimum strength values between 25%
and 30%. Likewise, according to the research conducted by
Arunkumar et al. (2022a), the results of their study showed that
replacing 30% of wood ash with fly ash resulted in better
performance in all mechanical parameters of concrete, since
from 40% to 100% substitution its strength progressively
decreased below half of its standard strength at 28 days of
rupture. However, the findings of Shaker et al. (2020) support
that wood ash can be used up to 25% in total weight of cement,
the concrete does not lose its considerable strength in 28-day
tests, as doses higher than 25% or even 50% reduced the
strength to half of the 0% replacement in 28-day tests

According to Bikoko (2021), he used eucalyptus wood ashes
where they mention that they have a negative influence on the
strength of concrete when replaced and added with respect to
the weight of cement, respectively. Finally, according to the
findings of Zhuge et al. (2021) the mechanical properties of
concrete deteriorate with high wood ash content, with the
appropriate and recommended addition being less than 10% of
cement replacement.

3.4, Statistical analysis

Based on Figure 8(a), regarding the compressive strength
variable, the one-factor analysis of variance test, reached a p-
value of significance less than 0,05 (p=7,17e-08<0,05), so we
can confirm that there is a significant difference in the average
compressive strength between at least two treatments, as well
as the Tukey's multiple comparisons test, which allowed us to

identify the CP+8WA treatment as significantly different from
the other treatments, as well as the treatment that maximized
the compressive strength, with an average sample strength of
308,73 kg/cmz2. As shown in Figure 8(b), corresponding to the
flexural strength variable, the p-significance of the single-
factor analysis of variance test, presented a value less than 0,05
(p=1,21e-06<0,05), generating the rejection of the equality of
means, in addition, the Tukey post hoc test for multiple
comparisons showed that the CP+8WA treatment presented a
significant difference with the other treatments; likewise, it
was the treatment that managed to maximize the flexural
strength variable, whose sample average recorded was 45,32
kg/cm2,
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Figure 8. One-factor Anova test and boxplot of the study: Strength of
concrete using partial addition of residual wood ash with respect to cement,
according to compressive strength and flexural strength

4. CONCLUSIONS

This study is based on the development of a concrete with
wood ash obtained from artisanal brick kilns in the area of the
city of Chiclayo, Peru, and on the analysis of its physical and
mechanical properties. The objective of the study was to
evaluate the influence of wood ash as an addition as a function
of cement weight on the physical and mechanical properties of
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structural concrete. The results allowed the following
conclusions to be drawn:

With respect to the slump test the addition of wood ash reduced
as more volume of wood ash was added, reducing between
12,50%, 30% and 40%. In addition, the unit weight test had
the tendency to reduce its value the higher the percentage of
wood ash, respectively.

The temperature of the concrete in its fresh state had a
tendency to increase its internal heat up to 3,5°C, respectively
the higher the amount of ash incorporation.

The compressive strength was influenced with the addition of
WA in doses of 8%, 12% and 16% had a percentage increase
of 9,04%, and a reduction of its strength of 0,58% and 9,31%,
respectively, with respect to the standard sample, showing
strengths below the standard sample.

The flexural strength test was influenced by the addition of
WA at doses of 8%, 12% and 16% with a percentage increase
of 5,96%, and a reduction in strength of 0,38% and 6,45%
below the standard sample.

In general, it was concluded that the present study proved that
it is feasible to use wood ash from Copaiba trees in the
preparation of concrete, being acceptable for concrete slabs,
rigid pavements, slabs, beams and columns. However, the
percentage higher than 12% of wood ash influenced the
reduction of its properties, being 8% of wood ash a suitable
percentage in the improvement of the mechanical properties of
concrete being a sustainable solution reducing the storage of
areas where this waste material is dumped, offering a better
quality of life to the rural population and a sustainable
construction environment. However, the use of WA is
recommended and further research on this waste by-product of
the WA clay brick industry is recommended.
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Resumen: Los estudios de materiales compuestos juegan un papel importante en aplicaciones de ingenieria,
metalurgia, mecénica y actualmente una alternativa en la fabricacion de piezas automotrices. Las fibras naturales
reforzadas con polimeros presentan ciertos beneficios como bajo costo, bajo peso, son renovables y son faciles de
procesar. El objetivo de este trabajo es caracterizar el material compuesto con polimeros reforzados con fibras de
bambd, para su aplicacion en la fabricacién de piezas automotrices. Para los ensayos se fabricd probetas de material
compuesto de fibra de bambu en proporciones del 75% y 60% con resina epdxica en proporciones de 25 % y 40%
dispuestas en 2 y 3 capas. Los resultados en proporcion fibra de bambut (75%) — resina epdxica (25%) mostraron un
mejor comportamiento mecanico a flexion en un 7,7 % respecto a otras fibras naturales como fibra natural larga de
cabuya con fibra de vidrio, lo que se traduce en un aumento de rigidez de los materiales caracterizados, corroborando
asi, que es un potencial refuerzo de material hibrido alternativo para aplicaciones automotrices. Los resultados de los
esfuerzos de traccion fueron validados mediante el método de elementos finitos FEM.

Palabras clave: materiales compuestos, fibra de bambu, polimeros, resina epdxica, flexion, traccion, impacto Charpy,
FEM

Study of the Mechanical Characteristics of Bamboo Fibers for the
Manufacture of Automotive Parts

Abstract: The studies of composite materials play an important role in engineering, metallurgy, mechanical
applications and currently an alternative in the manufacture of automotive parts. Natural fibers reinforced with
polymers have certain benefits such as low cost, low weight, are renewable and are easy to process. The objective of
this research was to characterize the composite material with polymers reinforced with bamboo fibers, for its
application in the manufacture of automotive parts. For the tests, specimens were made of bamboo fiber composite
material in proportions of 75% and 60% with epoxy resin in proportions of 25% and 40% arranged in 2 and 3 layers.
The results in the proportion of bamboo fiber (75%) — epoxy resin (25%) showed a better mechanical bending
behavior by 7.7% compared to other natural fibers such as natural long cabuya fiber with fiberglass, which translates
into an increase in stiffness of the characterized materials, thus corroborating that it is a potential reinforcement of
alternative hybrid material for automotive applications. The tensile stress results were validated using the FEM finite
element method.

Keywords: composite materials, bamboo fiber, polymers, epoxy resin, bending, traction, Charpy impact, FEM

1. INTRODUCCION

Hoy en dia, los materiales compuestos se han convertido en
uno de los temas de investigacion mas relevantes de la
tecnologia moderna. Sus caracteristicas los hacen altamente
adecuados para el uso en la industria, incluido el sector
automotriz. Esto debido a sus notables propiedades
estructurales y mecéanicas, como una alta relacién resistencia-
peso, resistencia a productos quimicos, fuego, corrosion y
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desgaste, ademas de ser econdémicos de fabricar (Rajak et al.,
2019).

Las partes automotrices que se pueden fabricar con materiales
compuestos son componentes no estructurales tales como:
tableros, guardabarros, espejos retrovisores, alerones y otras
partes estéticas (Bcomp, 2022). Estos materiales se
caracterizan por tener un menor peso y en su mayoria se puede
hacer que sean biodegradables. Se han realizado varios
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estudios acerca de los materiales compuestos con fibras
naturales con resultados positivos desde el punto de vista de
las caracteristicas mecanicas y fisicas (Ayala, 2021; Beltran,
2022; Martinez, 2022).

Aruchamy et al. (2020) aseguran que algunas superficies del
interior de los vehiculos se podran construir pronto a base de
una combinacion de plastico y fibras de bambu para crear
componentes fuertes y flexibles. Ademas, concluye que el
tejido de algodén/algodon tiene una diferencia del 24 % en la
resistencia a la traccién a lo largo de la direccion de la
urdimbre y la trama, pero el tejido de algodén/bambu tiene una
diferencia mucho menor, de alrededor del 15 % solamente. El
efecto del patron de tejido y la seleccion del hilo en la
direccion adecuada mejora las propiedades mecanicas del
material compuesto. EI compuesto de algodon/bambu exhibe
propiedades mecanicas mejoradas con una carga de fibra del
45% en peso en comparacion con el compuesto de
algodén/algodén. La resistencia a la traccion de los
compuestos de algodén/algodon y  algodén/bambu
generalmente aumenta hasta un 45 % en peso, comienza a
disminuir con el aumento de la carga de fibra mas alta mas alla
del 45 % en peso. La resistencia a la flexion de los laminados
compuestos de algodén/algodon y algodén/bambi aumenta
drasticamente hasta un 45% en peso y luego disminuye con el
aumento de la carga de fibra. La resistencia a la flexion del
algodén/bambi aumenté un 23,3 % en comparacion con el
compuesto de algodén/algodon.

Ferreira et al. (2019) afirman que la produccion de fibras
naturales es ilimitada en todo el mundo y ain quedan muchas
especies por descubrir. Su procesamiento se considera
beneficioso ya que las fibras naturales no provocan corrosion
ni gran desgaste de los equipos. De este modo, la fibra de
bamb se convierte en un material adecuado para el reemplazo
de fibras sintéticas en la obtencion de materiales compuestos
para la fabricacion de distintas autopartes. Ademas, concluye
que los composites con rellenos naturales (fibras naturales,
nano cristales de celulosa y nano fibrilados), han ganado gran
atencién e inversion por parte de investigadores y empresas
debido a la necesidad de materiales renovables, amigables y
con propiedades mejoradas. Las fibras naturales también han
sido ampliamente explotadas para obtener nano cristales de
celulosa y celulosa nano fibrilada, que son los cristales
porciones de celulosa. Estos rellenos naturales han sido
ampliamente utilizados en diferentes matrices poliméricas y se
han observado mejoras en sus propiedades térmicas y
mecénicas. Compuestos poliméricos reforzados con cargas
naturales con un rendimiento mejorado son una buena
alternativa para obtener materiales méas ecoldgicos para la
industria automotriz. En general, las expectativas son
optimistas, el uso de compuestos poliméricos reforzados con
fibras naturales en la industria automotriz tiene gran potencial
para reducir la enorme cantidad de residuos no biodegradables
en los vertederos y contribuir a una sociedad mas sostenible.

El polimero reforzado con bambl es un compuesto que la
industria automotriz puede usar para reemplazar el polimero
relleno de talco, relleno de CaCO3 (Carbonato de calcio) o, en
algunos casos, relleno de fibra de vidrio para fabricar varias
piezas automotrices. Las propiedades del bambu son similares
0 mejores que la mayoria de las fibras naturales. Su potencial
estd infrautilizado en la toda la industria automotriz.

El uso de bambu en la fabricacion de material para el sector
automotriz tiene un gran ramo de beneficios. Los vehiculos
comerciales estan destinados a durar una década o més, por lo
que las piezas a base de bamb( complementan bien la
duracion. Las fibras son extraidas en su totalidad
mecanicamente y no se utiliza productos quimicos, el
contenido de relleno de la fibra y otros aditivos proporciona
mayor resistencia, rigidez e impacto para la fabricacion de
piezas automotrices, sobre todo interiores o que no estén
expuestas a condiciones climaticas adversas (Vishnu, 2023).

En los dltimos afios, la utilizacion de fibras naturales como
parte de los composites, ha venido en aumento en relacion con
las fibras sintéticas, no solo por sus propiedades, sino por la
reduccion del impacto ambiental en su fabricacién y su
potencial de reciclabilidad. Entre ellas se encuentra el bamb,
que al mezclarse con resinas se logra obtener un material
resistente y asequible (Pin et al., 2019). En la tesis doctoral de
Oliver (2021), se demuestra que es posible obtener un
compuesto a partir de la fibra de bambu obteniendo excelentes
resultados de resistencia a fatiga, ademas sefiala que es apto
para la fabricacion de componentes estéticos, aerodinamicos y
estructurales del automovil.

Por otro lado, en el articulo de Taborda et al. (2017), acerca de
la resina poliéster reforzada con fibra de bambu, se concluye
que cuando se requieran materiales compuestos con alta
flexibilidad, se puede utilizar resina poliéster reforzada con
fibra de bambu. De este se obtiene un material rigido, con bajas
exigencias en cuanto a su resistencia a la traccion, lo cual
disminuye el costo de materias primas y permite el
aprovechamiento de materiales biodegradables. Las fibras
vegetales pueden ser usadas como refuerzo en materiales
compuestos de matriz poliéster en aplicaciones donde no se
requieran altas prestaciones mecanicas y se desee un alto valor
estético.

En el estudio de Estrada (2009) se sefiala que: “Extraccion y
caracterizacion de las fibras de bambi para su uso potencial
como refuerzo de materiales compuestos”, es decir que los
materiales reforzados con fibras de bambu obtienen valores de
rigidez mas altos que aquellos con otras fibras naturales. Con
esto se comprueba el potencial de estos materiales para ser
utilizados como refuerzos de polimeros. También, en el libro
de Ribeiro et al. (2021) se indica con respecto a la Fibra de
BamblU que es una nueva alternativa para compuestos
poliméricos, ademas, se sefiala que el compuesto polimérico
obtenido a partir de fibras de bamb( y resina mostré bajas
propiedades mecanicas de resistencia a traccion y méodulo de
elasticidad, pero a pesar de esto, los resultados confirman que
el uso de fibra de bambl es prometedor en la industria
automotriz.

2. MATERIALES Y METODOS

El proceso metodoldgico seguido en la presente investigacion
se muestra a continuacién en la Figura 1:
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Figura 1. Proceso metodolégico

La fibra de bambu es obtenida de una planta de tallo nodulado
de crecimiento uniforme rapido, liviano y hueco en su parte
central. Las propiedades mecanicas de la cafia guadia son
inestables debido a su densidad y su contenido de humedad
heterogéneo y anisotropico. Los cuerpos fibrosos son una gran
alternativa para reforzar los materiales compuestos, se pueden
obtener varias modificaciones por la forma en que se
entrelazan las fibras. Lo mejor seria utilizar fibras tejidas para
un mayor refuerzo por la urdimbre que se tiene, aunque en este
caso se utilizé en capas longitudinales y transversales, ya que
la materia prima de consiguié en estado natural, sin tejer
extraida en la provincia de Manabi, cantén Portoviejo, sector
Pambiche, Ecuador (Flores, 2018).

Para la fabricacion de las probetas se utilizo la fibra de bambu
en proporciones de 75% y 60%, mezclado con resina epoxica
en 25% y 40 % respectivamente, en dos capas de manera
longitudinal y transversal y tres capas agregando a 45 grados
de disposicion. Se construyeron 4 tableros de 200 mm de largo
por 115 mm de ancho, para en ellos colocar la resina epoxica
y las capas de fibra de bambd, las probetas tuvieron un espesor
entre 3,73 mmy 5,02 mm.

Las proporciones de fibra de bambl y resina epoxi para un
material compuesto pueden variar segun la aplicacion y las
especificaciones de disefio. Para uso general, se recomienda
una proporcién de 60% de fibra y 40% de resina (Jain et al.,
1992). Por tal razén se utiliz6 dicha proporcion para analizar
los resultados en aplicaciones automotrices y de igual manera
se decidi6 aumentar el porcentaje de fibra a 75% para mejorar
la resistencia al impacto (absorcién de energia). Para un
laminado de fibra de bambl y resina epoxi con mayor
resistencia, se puede aumentar la proporcion de fibra al 75% y
la resina al 25%.

Los ensayos de las probetas de traccion y flexion se realizaron
en la maquina de ensayos Universal Metrotest 1500KN
perteneciente al Centro de fomento productivo metalmecénico
carrocero de la Provincia de Tunguragua. Los ensayos de las
probetas de impacto se realizaron en la maquina tipo caida de
masas de impacto ASTM D5628-10 tipo Charpy de la
Universidad Técnica de Ambato. En la elaboracion de las

probetas con las configuraciones propuestas para los ensayos
de traccidn y flexion se emplearon las normas INEN ISO 527-
4 e INEN 1SO 14125, respectivamente (Asociacion Espafiola
de Normalizacion, 1998; 2022), mientras que para el ensayo
de impacto Charpy se utiliz6 la norma INEN ISO 179-2
(Asociacion Espafiola de Normalizacion, 2020).

El secado y curado del tablero duré aproximadamente 72 horas
a temperatura promedio de 25°C y presion atmosférica de 1
atm, una vez que el objeto estuvo completamente seco, se
cortaron las probetas con laser de acuerdo con las medidas
normalizadas. Se obtuvo un total de 48 probetas de las 2
composiciones propuestas, de las cuales 16 se ensayaron a
traccion, 16 a flexion y 16 a impacto Charpy. Las dimensiones
de las probetas antes mencionadas se muestran en la Tabla 1:

Tabla 1. Dimensiones de las probetas para ensayos de traccion, flexién e

impacto Charpy
Dimensiones
Ensayo Cantidad Espesor
Largo (mm) Ancho (mm) promedio
(mm)
Flexion 16 160 15 4,36
Traccion 16 250 25 4,92
Impacto 16 58 58 4,54
Charpy

Para el analisis del esfuerzo de flexion se utiliz6 el método de
ensayo ASTM D7264-2021, método de prueba estandar para
propiedades de flexién de materiales compuestos de matriz
polimérica. Para analizar esfuerzos a traccion se utilizd el
método de ensayo ASTM D3039/D3039M-17, método
cominmente utilizado para obtener las propiedades de
traccion de materiales compuestos de matriz polimérica. Y
segun las especificaciones sefialadas en la norma ASTM D
5628-10, para la determinacién de la energia necesaria para el
fallo de polimeros por impacto de dardo.

Se compararon los resultados obtenidos con los datos de otras
mezclas de materiales compuestos con fibras alternativas.
Posteriormente, se realiz6 la simulacion del ensayo a traccion
mediante el modelo de elementos finitos FEM, y los resultados
se los compardé con los obtenidos experimentalmente,
validando el estudio.

3. RESULTADOS
3.1 Flexion

En la Tabla 2, se presentan los resultados de las probetas luego
de ser aplicada una fuerza de flexion, con la configuracién del
material compuesto de fibra de bambu (75% y 60%) con resina
epoxica (25% y 40%). Ademas, se muestran los resultados de
los ensayos de otros materiales compuestos obtenidos por
Paredes et al. (2017). Se observa que el esfuerzo maximo es de
129,8 MPa correspondiente a la configuracién de 75% FB y
25% RE, asi como un mayor modulo de elasticidad de
6409,585 MPa.
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Tabla 2. Esfuerzos a flexidn varios materiales compuestos

Médulo
elasticidad
(MPa)

Esfuerzo
maximo
(MPa)

Espesor
promedio
(mm)

Deflexion

Ensayo - Flexion (mm)

Estudios de este trabajo

Ensayo 1: Fibra
Bambu (75%) —
Resina Epdxica
(25%)

Ensayo 2: Fibra
Bambu (60%) —
Resina Epdxica
(40%)

4,24 3,29 129,8 6409,59

4,47 9,6 97,9 8229,04

Estudios de otros autores

Ensayo 3: Fibra

larga Cabuya 40% - 3,05 75 59,3
Fibra de vidrio
Ensayo 4: Fibra
corta Cabuya 2 -
30% - Fibra de
vidrio

Ensayo 5: Fibra
larga Cabuya 30% - 3,01
fibra de vidrio
Ensayo 6: Fibra de
Cafia (40%) —
Resina Epdxica
(60%)

Ensayo 7: Fibra de
Cafia (25%) —
Resina Epdxica
(75%)

Ensayo 8: Fibra de
Cabuya (40%) —
Resina Epdxica
(60%)

Ensayo 9: Tejido
Plano 30% - fibra 2,83
de vidrio

Ensayo 10: Fibra
de Cabuya (25%) —
Resina Epdxica
(75%)

2777,89

33 14,02 114,06 8053,02

16,01 120,52 1799,08

2,99 17,7 50,4 6751,05

3,13 17,8 45,8 4486,89

5,53 18,4 118,73 4977,03

19,02 121,9 2341,6

3,65 20,04 118,8 2707,66

En la Figura 2, se aprecia que la configuracién 75% FB y 25%
RE alcanzé el mayor esfuerzo a flexion de 129,8 MPa con la
menor deformacién de 3,29 mm, superando en un 7,7% a la
fibra larga Cabuya 30% - fibra de vidrio.

Superficie de Respuesta Estimada

Deflexion (mm)
-40,0--22,0
= .22,0--4,0
-4,0-14,0
140 o 14,0-32,0
Soaes 32,0-50,0
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= g6,0-104,0

104,0-122,0

== 122,0-140,0

[

Deflexiéon (mm)

80
7 60 . L.
Ensayo - Flexion 8 g 10 40 EméxFlexion (MPa)

Figura 2. Esfuerzo maximo de flexién vs deflexion de algunos materiales
compuestos

En la Figura 3, se observa que el mayor médulo de elasticidad
se obtiene con la configuracion de 60% FB y 40% RE con un
valor de 8229 MPa, superando en un 2,19% a fibra corta
cabuya 2 -30% - fibra de vidrio, y disminuyendo la flexion en
un 45,8%.

Superficie de Respuesta Estimada

Deflexién (mm)
-2,0-1,0
= 1,0-4,0
4,0-7,0
7,0-10,0
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22,0-25,0
= 25,0-28,0
9,7

7.7 (X 1000,0)

45 37 "
8 M.Elasticidad (MPa)
Ensayo - Flexién 9 10 17

Figura 3. Médulo de elasticidad vs deflexion de varios materiales
compuestos

En la Figura 4, se evidencia que la composicion 60% FB y 40%
RE supera en un 28,39% a la configuracion 75% FB y 25% RE
en lo referente al modulo de elasticidad mientras que, en
cuestion de esfuerzo maximo el segundo material supera en un
32,9% al primero.
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Figura 4. Esfuerzo maximo de flexién vs Médulo de elasticidad de algunos
materiales compuestos

3.2 Traccion

La Tabla 3 presenta los resultados de las propiedades de la
muestra con la configuracion del material compuesto de fibra
de bambl (75% y 60%) con resina epoxica (25% y 40%),
dispuestas en 2 y 3 capas al ser sometida al esfuerzo de
traccion. De igual manera, se hace la comparacion con los
resultados de ensayos obtenidos por Paredes et al. (2017) y
Ponce (2020) de otros materiales compuestos dispuestos en
dicha tabla, obteniendo que el mayor valor de esfuerzo
méximo se alcanza con la configuracion 2 planteada en este
estudio. En el estudio de Ponce (2020), el material compuesto
gue mejor presento sus propiedades mecénicas a traccion fue
el conformado por matriz de resina epoxica y fibra de cabuya
con la configuracion de 60%matriz-40%refuerzo.
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Tabla 3. Esfuerzos a traccidn varios materiales compuestos

Médulo
elasticidad
(MPa)

Esfuerzo
maximo
(MPa)

Espesor
promedio
(mm)

Ensayo -
Traccion

Elongacioén
(%)

Estudios de este trabajo

Ensayo 1: Fibra
bambu (60%) —
Resina epdxica
(40%)
Ensayo 2: Fibra
bambu (75%) —
Resina epdxica
(25%)

4,65 2,02 70,41 3448,1

5,2 2,19 68,87 3231,88

Estudios de otros autores

Ensayo 3: Fibra de
yute (30%) —
Resina epdxica
(70%)
Ensayo 4: Fibra
cafa (25%) —
Resina epdxica
(75%)
Ensayo 5: Fibra
cafa (40%) —
Resina epdxica
(60%)
Ensayo 6: Fibra
cabuya (40%) —
Resina epdxica
(60%)
Ensayo 7: Fibra
cabuya (25%) —
Resina epdxica
(75%)

351 2,45 29,64 1209,59

3,03 5,17 24,19 479,49

3,18 5,23 24,54 469,54

3,39 6,36 63,7 987,39

3,08 6,73 52,25 784,64

En la Figura 5, se observa que la configuracién 60% FB y 40%
RE supera en un 2,25% a la composicion 75% FB y 25% RE y en
un 10,55% al material compuesto fibra cabuya (40%) — resina
epoxica (60%) en lo que respecta al esfuerzo méaximo.
mientras que en términos de elongacion se obtuvo el menor
porcentaje con el primer material, con una reduccién del 8,3%
frente al segundo material.

Superficie de Respuesta Estimada

Elongacién (%)
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mm -2,5-1,0
-1,0-0,5
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Figura 5: Esfuerzo maximo de traccién vs elongacion de algunos materiales
compuestos

En la Figura 6, se muestra que el mayor valor de modulo de
elasticidad lo obtuvo el material 60% FB y 40% RE con un valor de
3448,0955MPa superando en un 6,69% al 75% FB y 25% RE, y
una diferencia en el porcentaje de elongacion del 8,3%.

Superficie de Respuesta Estimada

Elongacion (%)
-1,0-0,8
mm 0,8-2,6
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Figura 6: Maédulo de elasticidad vs elongacion de varios materiales
compuestos

En la Figura 7, se observa que la configuracion 60% FB y 40%
RE supera en un 6,69% y en un 2,25% a la composicion 75%
FB y 25% RE en lo referente al médulo de elasticidad y
esfuerzo maximo respectivamente.

Superficie de Resp uesta Estimada
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Figura 7. Esfuerzo maximo a traccion vs Mddulo de elasticidad varios
materiales compuestos

3.3 Impacto Charpy

La Tabla 4 y Figura 8 muestran los resultados de los
parametros del ensayo de impacto Charpy del material
compuesto de fibra de bambud con la configuracion (75% y
60%) y resina epoxica (25% y 40%) dispuestas en 2 'y 3 capas.
De igual manera, se compara con otros materiales ensayados
por Paredes et al. (2017) y Ponce (2020), evidenciando que la
configuracién 75% FB y 25% RE obtiene la mayor energia de
fallo de 4,87 J a una altura media de 550 mm. El espesor de las
probetas varia entre los 9 ensayos realizados.

Superficie de Respuesta Estimada

Energia de fallo (J)
0,0-0,8
= 0,8-1,6
1,6-2,4
2,4-3,2
3,2-4,0
4,0-4,8
‘= 4856
5664
6,4-7,2
= 728,0

Energia media de fallo (J)

500
9 400 Altura media fallo (mm)

Ensayo - Impacto

Figura 8. Energia media de fallo vs altura de varios materiales compuestos
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Tabla 4. Ensayos de impacto varios materiales compuestos

Espesor Energia .
. - Altura media
Ensayo - Impacto promedio  media de fallo (mm)
(mm) fallo (J)
Estudios de este trabajo
Ensayo 1: fibra de
cafa (25%) — resina 3,04 0,78 400
epoxica (75%)
Ensayo 2: fibra de
cafa (40%) — resina 3,24 1,32 700
epoxica (60%)
Estudios de otros autores
Ensayo 3: fibra de
cabuya (40%) —
resina epdxica 3,56 131 700
(60%)
Ensayo 4: fibra de
cabuya (25%) —
resina epoxica 3,65 1,53 800
(75%)
Ensayo 5: fibra larga
de cabuya 40% — 2,87 1,54 550

fibra de vidrio

Ensayo 6: fibra larga
de cabuya 30% — 3,15 2,38 850
fibra de vidrio

Ensayo 7: fibra corta

de cabuya 30% — 3,28 2,38 850
fibra de vidrio

Ensayo 8: fibra de
bambu (60%) —

bt (60% 4,56 3,92 550
resina epdxica
(40%)
Ensayo 9: fibra de
bambi (75%) — 488 4,87 550

resina epdxica
(25%)

De esta manera, se evidencia que las dos configuraciones
propuestas de material compuesto de fibra de bambi con
resina epoxica en porcentajes de 75 y 25, asi como de 60 y 40
respectivamente, obtiene los mejores resultados de esfuerzo
méaximo, médulo de elasticidad, asi como mayor energia de
fallo en comparacidn con otros materiales compuestos y puede
ser una alternativa en la fabricacion de autopartes. Es muy
importante que el material de las autopartes sea muy flexible y
soporte impactos antes de fallar.

3.4 Simulacion del ensayo a traccion mediante el método de
elementos finitos FEM

En la Figura 9, se muestra la simulacién del ensayo a traccion
de la probeta en proporciones fibra de bambi 75% y resina
epoxica 25%, lo que da como resultado un esfuerzo maximo
de 64,256 MPa, frente a un valor de 68,869 MPa del ensayo
experimental, asi refleja un error del 6,7%, siendo un valor
aceptable.
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Figura 9. Grafico del esfuerzo maximo a traccion del material FB-75 % y
RE-25%

En la Figura 10, se evidencid un valor mé&ximo de
desplazamiento de 2,989 mm, frente a un valor experimental
de 3,061 mm, dando una diferencia de 2,41%, el cual se
encuentra dentro de lo permisible para materiales que se
utilizan en la industria automotriz.
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Figura 10. Gréfico del desplazamiento sufrido por el material FB-75 %y
RE-25%

De igual manera, en la Figura 11 se muestra la simulacion del
ensayo a traccion de la probeta en proporciones fibra de bambu
60% y resina epdxica 40%, dando como resultado un esfuerzo
maximo de 68,763 MPa, frente a un valor de 70,405 MPa del
ensayo experimental, y refleja asi un error del 2,33%, siendo
un valor aceptable.
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Figura 11. Grafico del esfuerzo maximo a traccion del material FB-60 % y
RE-40%

Ademaés, en la Figura 12 se evidencié un valor maximo de
desplazamiento de 3,103 mm frente a un valor experimental de
2,828 mm, dando una diferencia 0,275mm equivalente al
9,724% el cual se encuentra dentro de lo permisible. La norma
que se utilizé para validar los resultados obtenidos en los
ensayos fue la de pruebas de polimeros y sus compuestos
ASTM D3039.
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Figura 12. Gréfico del desplazamiento provocado en el material FB-60 % y
RE-40%

4. CONCLUSIONES

El material compuesto de fibra de bambu y resina epdxica en
las dos configuraciones estudiadas, presenta alta flexibilidad,
asi como alta resistencia a la traccion y al impacto, frente a
otras composiciones de fibras biodegradables, mostraron un
mejor comportamiento mecénico a flexion en un 7,7 %
respecto a otras fibras naturales como fibra natural larga de
cabuya con fibra de vidrio. En lo referente a la traccion existe
una mejora del 10,53 % frente al refuerzo de fibra de cabuya
con resina epdxica al 60% empleando la proporcidn fibra de
bambl (60%) — resina epdxica (40%). Para el impacto la
proporcion fibra de bambi (60%) — resina epdxica (40%)
supera en un 64,7 % a otras fibras, en la absorcion de energia
hasta el punto de ruptura.
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Se evidencio que el modulo de elasticidad obtenido en las dos
configuraciones propuestas aumentd con respecto al
compuesto de fibra de vidrio y resina poliéster, material
comunmente utilizado en la fabricacion de autopartes. Esto se
traduce en un aumento de la rigidez del material, lo cual lo
hace apto para ser utilizado en la industria automotriz.

El empleo de la norma ASTM D3039-00, que especifica la
caracterizacion de materiales poliméricos para el esfuerzo a
traccion, es aplicable también para ensayos de materiales
hibridos como el propuesto en el presente proyecto,
ajustandose sin problema al espesor seleccionado para los
efectos de estudio, el cual fue 4,92 mm.

Una vez realizada la simulacion por FEM del ensayo a traccion
de las probetas con las configuraciones de 75% y 60% fibra de
bambu y 25 % resina epdxica, asi como con 60% de fibra y
40% de resina se obtuvo una diferencia del 6,47% y del 2,33%
respectivamente frente al ensayo experimental, se evidencia
asi que los resultados obtenidos son confiables, ya que se
utilizé una base tedrica y métodos matematicos concordantes
con las caracteristicas propias de los materiales compuestos.

Del estado del arte analizado, en el campo de la automocion
no se utilizan mayoritariamente materiales biocompuestos,
esto debido a que no se ha desarrollado tecnologias para
manufacturar la cantidad necesaria en los tiempos requeridos.
Por lo mencionado, hay un gran campo de investigacion y
desarrollo de materiales hibridos biodegradables; como es la
basqueda de mejorar las propiedades mecénicas, lo que
conllevara al reemplazo de partes y piezas automotrices mas
amigables con el medio ambiente.
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Resumen: La gasolina estd compuesta por hidrocarburos liquidos volatiles e inflamables que se obtienen en el
proceso de refinacion del petréleo. Cada pais determina la calidad apropiada se sus combustibles, lo que depende de
las variaciones del clima entre otras consideraciones. El tiempo y la temperatura de almacenamiento afectan
negativamente la calidad de la gasolina. Con este estudio se establecieron las condiciones de almacenamiento 6ptimas
para contramuestras y determinar el tiempo maximo que la gasolina puede permanecer en un automotor sin ser
utilizada o en un tanque de almacenamiento de una gasolinera con baja rotacion del producto, sin que esto genere
problemas en el funcionamiento de los motores de encendido por chispa. Se estudio la influencia de las condiciones
de almacenamiento en la Presion de Vapor Reid (PVR), formacion de gomas y el NUmero de Octano Research (RON)
en la gasolina por un periodo de 160 dias con analisis cada 40 dias en muestras de gasolina de 92 y 85 RON. Ademas,
se analiz6 la concentracién de compuestos olefinicos, aromaticos y saturados en todas las condiciones de
experimentacion. Estas muestras fueron sometidas a cuatro condiciones de almacenamiento: muestras destapadas a
18 y -14 °C y muestras tapadas a 18 y -14 °C. Los parametros fisicos-quimicos de la gasolina se conservan dentro de
los valores establecidos por la norma ecuatoriana, cuando el almacenamiento de las muestras es en recipientes
cerrados a— 14 °C por un periodo de tiempo menor a 80 dias.

Palabras clave: Gasolina, Presién de Vapor Reid, Contenido de Gomas, Numero de Octano Research

Influence of Storage Conditions on Reid Vapor Pressure, Gum
Formation and Octane Number Research of Gasoline

Abstract: Gasoline is composed of volatile and flammable liquid hydrocarbons obtained in oil refining process. Each
country determines the appropriate quality of its fuels, which depends on climate variations, among other
considerations. Storage time and temperature have a negative effect on the quality of gasoline. This study seeks the
best storage conditions for counter samples and to determine the maximum time that gasoline can remain in a car
without being used or in a storage tank of a gas station with low turnover of the product, for gasoline quality
requirements in the operation of spark ignition engines. The influence of storage conditions on the Reid Vapor
Pressure (RVP), formation of gums and the Research Octane Number (RON) in gasoline was studied for a period of
160 days with analysis every 40 day in gasoline samples of 92 and 85 RON. In addition, the concentration of olefinic,
aromatic and saturated compounds were analyzed in all the experimental conditions. These samples were treated in
four storage conditions: uncapped samples at 18 and -14 °C and capped samples at 18 and -14 °C. When the samples
were stored in closed containers at -14 °C for a period of less than 80 days, the physical-chemical parameters of
gasoline were within the acceptable ranges by the Ecuadorian standard.

Keywords: Gasoline, Reid Vapor Pressure, Gum Content, Research Octane Number

1. INTRODUCCION

La gasolina es una mezcla compleja de hidrocarburos liquidos
volétiles e inflamables con temperaturas de ebullicién menores
a 200 °C, que corresponden a las fracciones mas volétiles del
petroleo después de los compuestos gaseosos, provenientes del
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proceso de polimerizacidn, alquilacion y reformado de nafta
ligera y pesada (Speight, 2014). Estd compuesta
principalmente por parafinas, cicloparafinas, olefinas vy
aromaticos, que contienen en su estructura molecular entre 4 a
12 &tomos de carbono. La gasolina generalmente contiene
alrededor de 150 compuestos, sin embargo, se pueden
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identificar hasta 1000 compuestos. La concentracion de los
compuestos que conforman la gasolina varia de acuerdo con la
fuente de petréleo, el proceso de refinacion y las
especificaciones del producto que se desea obtener, no
obstante, la proporcién estimada por Speight (2014) es la
siguiente: 4% al 8% v/v alcanos, 2% al 5% v/v alquenos, 25%
al 40% v/v iso-alcanos, 3% al 7% v/v ciclo-alcanos, 1% al 4%
v/v ciclo-alquenos y 20% al 50% v/v aromaticos.

Este tipo de combustible es utilizado en motores de encendido
por chispa. Las propiedades fisicoquimicas del combustible
deben ofrecer un buen desempefio del motor en diferentes
condiciones de operacién y generar el menor efecto negativo
en el ambiente por la generacién de gases producto de la
combustion. Entre las principales propiedades que se analizan
en la gasolina se encuentran el grado antidetonante, rango de
temperaturas de destilacion, presion de vapor, contenido de
azufre, estabilidad a la oxidacion, contenido de aromaticos,
olefinas y benceno, trazas de algunos metales como plomo,
manganeso Y hierro, entre otros (Rand y Verstuyft, 2018). Para
mejorar la calidad de la gasolina se pueden afiadir aditivos
antidetonantes, agentes antideslizantes, inhibidores de la
corrosion, antioxidantes, anticongelantes, desactivadores de
metales, colorantes, entre otros, en un rango de concentracion
de varios ppm hasta miles de ppm (Groysman, 2014;
Kaltschmitt y Deutschmann, 2012).

Para satisfacer los requisitos de calidad de la gasolina para su
uso en motores, el combustible debe cumplir con los
requerimientos y regulaciones de cada pais. Las propiedades
fisicoquimicas de las gasolinas dependen de su composicion
quimica, por ejemplo, la alta volatilidad depende de
determinados hidrocarburos de cadena corta que son
componentes de bajo punto de ebullicién (Hancsék, 2016;
Speight, 2014). En este estudio, se analizaron las propiedades
fisicoquimicas: presién de vapor, contenido de gomas y
nimero de octano Research, debido a su influencia en el
rendimiento del motor y la emision de gases de escape (Curley,
2012; Demirbas et al., 2015; Streva et al., 2011).

La presion de vapor Reid (PVR) es la presion de vapor
absoluta de una muestra confinada en una camara a 37,8 °C y
representa la volatilidad de los combustibles liquidos e
indirectamente el contenido de compuestos de bajo peso
molecular en el petréleo crudo y sus productos derivados
(Coker, 2018; Kalghatgi y Stone, 2018). La presion de vapor
debe ser suficiente para que el motor puede tener un correcto
arranque en frio, pero no demasiado alta para provocar que se
formen burbujas de vapor de gasolina antes del ingreso a la
camara de combustién. En la camara de combustién de un
motor con ciclo de Otto, una cantidad de combustible debe
estar en estado gaseoso para provocar suficiente presion de
vapor de tal manera que la mezcla de aire y combustible sea
inflamable (Hancsok, 2016; Rand y Verstuyft, 2018).

El contenido de gomas es una caracteristica importante para
medir la estabilidad de los combustibles. Las gomas son
aglomerados resinosos, poliméricos y no volatiles, cuyos
pesos moleculares estan entre 200 y 500 Da, su formacion
resulta de la lenta reaccion entre el oxigeno absorbido por la
gasolina e hidrocarburos, especialmente olefinas y diolefinas.
Los compuestos olefinicos, aportan un elevado nimero de
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octano a la gasolina, por esta razén son indispensables, sin
embargo, tienden a oxidarse y producir gomas (Lluch, 2011).
El tiempo y latemperatura de almacenamiento, la composicion
de la gasolina, la absorcion de oxigeno del aire, presencia de
trazas de metales de transicion y la adicion de solventes a la
gasolina favorecen la formacidn de gomas, las cuales afectan
al motor, al filtro de combustible, la bomba de inyeccién y los
inyectores provocando obstrucciones parciales o totales
(Alvarez et al., 2005; Gilbert, 2004; Pradelle et al., 2015).

El nimero de octano es una propiedad que indica la tendencia
que tiene la gasolina a provocar problemas de cascabeleo en el
motor (Stradling et al., 2015), esto se debe a la autoignicion
prematura del gas que produce un rapido aumento de la presién
en el cilindro provocando vibraciones estructurales y un
sonido de golpe audible (Aboul-Fotouh et al., 2019; Kalghatgi
y Stone, 2018). El grado antidetonante de la gasolina se mide
en motores estacionarios de laboratorio, mediante dos tipos de
analisis: Research Octane Number (RON) y Motor Octane
Number (MON). EI RON es el indicador de grado
antidetonante mas utilizado ya que incluye la mayoria de las
condiciones de operacion de los motores y el MON considera
mayores velocidades del motor en desplazamientos mas largos
(Rand y Verstuyft, 2018). Los compuestos aromaticos como el
benceno, tolueno y xileno aportan un alto octanaje a la gasolina
(Coker, 2018), al igual que los compuestos de cadena corta
como: el isobutano, isopentano y n-butano; sin embargo, estos
compuestos son altamente volatiles (Lluch, 2011).

Al no existir un soporte técnico que establezca las condiciones
de almacenamiento de la gasolina y explique la disminucion
del NUmero de Octano Research en el tiempo, se realiz6 esta
investigacién con el objetivo de estudiar la influencia de las
condiciones de almacenamiento en la evaporacion de
volatiles, la formacion de gomas y el nUmero de octano de
muestras de gasolina de 92 y 85 RON con diferentes periodos
de tiempo y diferentes temperaturas.

2. METODOLOGIA

En el estudio, se realiza la caracterizacion de las muestras
iniciales de gasolinas de 92 y 85 RON. Posteriormente, se
evalla el efecto de las condiciones de almacenamiento de
muestras de gasolina sobre la Presion de Vapor Reid, la
formacién de gomas, el Nimero de Octano Research y el
porcentaje en volumen de compuestos olefinicos, aromaticos
y saturados en las muestras de gasolina en cada periodo de
tiempo y temperatura establecido. Se utilizan dos tipos de
gasolinas que en este estudio se las denomina de 92 y 85 RON,
debido al valor minimo referencial que debe presentar en su
valor de Numero de Octano Research.

2.1  Caracterizacion de las muestras iniciales de gasolina

Se tomaron 5 galones de muestra de gasolina de 92 RON y 5
galones de gasolina de 85 RON. Para el muestreo, se utilizo el
procedimiento que indica la norma ASTM D 4057-19
Standard Practice for Manual Sampling of Petroleum and
Petroleum Products (2019), que establece que para muestras
de gasolina se deben utilizar botellas ambar de vidrio selladas
herméticamente a una temperatura de 0 °C a 4,5 °C debido a
gue la gasolina es sensible a la luz y para evitar la absorcion
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de aire, pérdida de vapores y contaminacion de las muestras.
Para la caracterizacion de las muestras iniciales de gasolina de
92 y 85 RON, se realizaron los siguientes analisis:

e  Presion de Vapor Reid, ASTM D 323-20a Standard
Test Method for Vapor Pressure of Petroleum
Products (Reid Method) (2020).

e Contenido de gomas, ASTM D381-19 Standard Test
Method for Gum Content in Fuels by Jet Evaporation
(2019).

e Numero de Octano Research, ASTM D 2699-19e01
Standard Test Method for Research Octane Number
of Spark-Ignition Engine Fuel (2019).

e Contenido de compuestos olefinicos, aromaticos y
saturados. ASTM D 1319-20a Standard Test Method
for Hydrocarbon Types in Liquid Petroleum Products
by Fluorescent Indicator Adsorption (2020).

2.2 Evaluacién del efecto del almacenamiento de gasolinas
sobre la presion de vapor, formacién de gomas,
Ndmero de Octano Research y contenido de
compuestos olefinicos, aromaticos y saturados

Se plante6 un disefio multi-factor categdrico para la evaluacion
del efecto del almacenamiento de gasolina sobre las
propiedades fisicoquimicas, detallado en la Tabla 1. Se colocd
900 cm? de muestra de gasolina en botellas ambar de 1 litro.
Se  establecieron las  siguientes  condiciones  de
almacenamiento: muestras tapadas y destapadas almacenadas
a-14 °Cy 18 °C. Se midié cada 40 dias, hasta los 160 dias, la
PVR, el contenido de gomas, el RON y el porcentaje de
compuestos olefinicos, aromaticos y saturados.

Tabla 1. Parametros del disefio experimental

Variable/ . Variable de Método de
A Niveles - L
Pardmetro salida evaluacion
Tipo de 92y 85 PVR
gasolina RON
Condiciones de :ZIU:S;?S ) o Contenido de
almacenamiento P y Mejor condicion gomas
destapadas de
-14+1y almacenamiento
Tem([itg;itura 18+1 de la gasolina RON
Compuestos
Tiempo (dfas) 0, 40, 80, olefinicos,
P 120y 160 aromaticos y
saturados

Las muestras de los tratamientos a 18 + 1 °C, se colocaron en
camaras cerradas con control de temperatura y las muestras a
-14 £ 1 °C se colocaron en un congelador. Se almacenaron en
total 64 botellas de muestras para los andlisis y 32 botellas para
medir el porcentaje de volumen evaporado en todas las
condiciones de almacenamiento para cada periodo de tiempo.
Las mediciones experimentales se realizaron por duplicado.
Con los resultados obtenidos se determinaron los valores
promedio y las desviaciones estandar, por lo que los resultados
mostrados corresponden al valor promedio.

3. RESULTADOS Y DISCUSION

Se presentan los resultados y discusion del andlisis de la
influencia de las condiciones de almacenamiento en la Presion

de Vapor Reid (PVR), contenido de gomas, Nimero de Octano
Research (RON) y el porcentaje volumétrico de compuestos
olefinicos, aromaticos y saturados en gasolinas denominadas
92y 85 RON

3.1  Caracterizacion inicial de las muestras de gasolina

La Tabla 2 contiene los resultados de PVR, contenido de
gomas y RON de las muestras iniciales de gasolina. Los
valores reportados para los tres parametros de estudio se
encuentran dentro de los limites establecidos en la norma NTE
INEN 935 Productos Derivados de Petroleo. Gasolina.
Requisitos (2021).

Tabla 2. Caracterizacion inicial de muestras de gasolina de 92 y 85 RON

Tipo de gasolina

, 92 RON 85 RON
Parametro
Resultado INEN 935 Regyitado 'NEN 935
analisis  pMin. Max. analisis  pMin. Max.
PVR (kPa) 48,30 - 60,00 4830 -- 60,00
Contenido de gomas
(mg/100 cm?) 0,20 - 4,00 0,40 - 3,00
RON 9240 92,00 -- 86,80 8500 --

En la Tabla 3, se observan los porcentajes de olefinas,
aromaticos y compuestos saturados determinados mediante
FTIR. La gasolina de 92 RON presenta mayor concentracion
de compuestos aromaticos y olefinicos respecto a la gasolina
de 85 RON, los cuales aportan mayor octanaje a este tipo de
gasolina (Coker, 2018; Lluch, 2011).

Tabla 3. Composicion inicial de la gasolina de 92 y 85 RON mediante

analisis FTIR
. Tipo de gasolina
Compuestos Unidades 92 RON 85 RON
Olefinas 16,3 12,9
Aromaticos % viv 23,4 20,0
Saturados 60,3 67,1

3.2 Evaluacion de la Presion de Vapor Reid (PVR)

En la Figura 1, se presentan los resultados obtenidos de la
presién de vapor Reid (PVR) de las muestras de gasolina de
92 y 85 RON expuestas a diferentes condiciones de
almacenamiento. En las muestras de gasolina expuestas al
ambiente, la temperatura de almacenamiento influye en la tasa
de disminucion de la PVR vy la velocidad de evaporacion, que
inician con un rapido descenso, pero decrecen con el paso de
los dias, mientras que, la PVR de las muestras de gasolina
tapadas decrece ligeramente debido a la temperatura de
almacenamiento.

Okamoto et al. (2009) en su investigacion establece que la tasa
de evaporacion de la gasolina presenta una relacion
proporcional con la presion de vapor debido a que los
componentes con bajo punto de ebullicidn se evaporan sin
restricciones, lo que sucede en las muestras destapadas a las
dos temperaturas experimentales. Sin embargo, en las
muestras almacenadas en botellas cerradas, se llega al
equilibrio en el espacio de cabeza lleno de aire en cada botella
y cuando se abre la botella para realizar los anélisis solo se
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liberan los compuestos del espacio libre superior de cada
muestra. Una baja PVR genera problemas en el
funcionamiento del motor porque el disefio del motor
comprende un rango de presiones de vapor para que se pueda
maniobrar correctamente. De acuerdo con Alvarez et al.
(2005) para que se produzca el arranque en frio se necesita que
el combustible tenga suficientes compuestos volatiles, al
menos 10%, con puntos de ebullicién menores a 70 °C.

En la Figura 2, se incluyen las variaciones del volumen de
gasolina de 92 y 85 RON, en los recipientes donde fueron
almacenadas, su comportamiento se asemeja al observado en
la PVR. EIl porcentaje de volumen perdido corresponde a la
evaporacién de los compuestos mas volatiles y se relaciona
con los compuestos saturados presentes en las gasolinas; esto
se verifica con las tendencias observadas en la concentracion
de saturados de la Figura 7.
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Figura 1. PVR de la gasolina respecto al tiempo a diferentes condiciones de
almacenamiento: a) 92 RON y b) 85 RON

3.3 Evaluacion del contenido de gomas

Las tendencias a la formacion de gomas en el tiempo, para las
muestras de gasolina de 92 y 85 RON, se muestran en la Figura
3. Se observa que en la gasolina expuesta al ambiente a 18 °C
existe mayor contenido de gomas, indistintamente del tipo de
gasolina. La tendencia de oxidacion de la gasolina es mayor
cuando se eleva la temperatura lo que se traduce en un
incremento del contenido de gomas durante largos periodos de
tiempo de almacenamiento (Pradelle et al., 2017).

La gasolina expuesta al ambiente presentdé un mayor
incremento en el contenido de gomas respecto a la gasolina
almacenada en recipientes cerrados en los dos tipos de
gasolina. Este fendmeno responde a que estas muestras tienen

mayor contacto con el oxigeno, por lo tanto, mayor oxidacion
(Pradelle et al., 2017). Por otra parte, la gasolina almacenada
en recipientes cerrados a las dos temperaturas experimentales
presento un leve incremento, debido a la presencia de oxigeno
en el espacio de cabeza de los recipientes (De La Puente y
Sedran, 2004).
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Figura 2. Volumen de la gasolina respecto al tiempo a diferentes
condiciones de almacenamiento: a) 92 RON y b) 85 RON

El contenido de gomas se mantuvo dentro del limite permitido
en la norma NTE INEN 935 Productos derivados de petroleo.
Gasolina. Requisitos (2021) durante el periodo de estudio, sin
embargo, la gasolina de 85 RON expuesta al ambiente a 18 °C
tuvo un valor igual al limite permitido a 160 dias de
almacenamiento, el cual, de acuerdo con la tendencia que se
presenta en la Figura 3, este valor podria continuar su
crecimiento en un mayor periodo de tiempo.

3.4  Evaluacion de Nimero de Octano Research (RON)

La Figura 4 muestra las tendencias de variacion del octanaje
en las gasolinas denominadas 92 y 85 RON. Se observa que la
gasolina expuesta al ambiente a 18 °C presenta mayor
disminucion en el octanaje en los dos tipos de gasolina durante
el periodo de 160 dias. La gasolina de 92 RON expuesta al
ambiente luego de 20 dias de almacenamiento no cumple con
el limite minimo de 92 octanos establecido en la norma NTE
INEN 935, mientras que cuando la gasolina se almacena en un
recipiente cerrado, esta no cumple con el limite permitido
luego de 80 dias de almacenamiento.
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Figura 3. Contenido de gomas en la gasolina respecto al tiempo a diferentes
condiciones de almacenamiento: a) 92 RON y b) 85 RON

Por otra parte, los valores de octanaje en la gasolina de 85
RON se encontraron dentro del limite permitido por la norma
NTE INEN 935, sin embargo, la muestra destapada a 18 °C a
160 dias de almacenamiento es inferior al valor establecido en
la norma. La disminucion del octanaje es generado por el
cambio gradual de la composicion quimica de la gasolina, pues
Okamoto et al. (2009) plantearon que la variacién en la
composicién quimica de una gasolina influye en sus
propiedades fisicoquimicas de la gasolina, principalmente por
la evaporacién de compuestos. En los analisis de las muestras
iniciales de gasolina se evidencia que la de 92 RON presenta
mayor concentracion de compuestos olefinicos respecto a la de
85 RON, los cuales aportan con un mayor octanaje a la
gasolina. En la Figura 5, se observa la disminucién de los
compuestos olefinicos, por lo que se puede atribuir la
reduccion notable del octanaje a la evaporacion de las olefinas.

3.5 Evaluacion del contenido de compuestos olefinicos,
aromaticos y saturados

Las concentraciones de compuestos olefinicos, aromaticos y
saturados, para los diferentes tratamientos, se obtuvieron
mediante andlisis FTIR, Figuras 5 6 y 7. La variacién
porcentual del volumen de compuestos olefinicos y saturados
en la gasolina influyen de forma directa en el octanaje y
presion de vapor Reid, mientras que se relaciona inversamente
con el contenido de gomas.

Los compuestos olefinicos presentan un comportamiento
similar en los dos tipos de gasolina, Figura 5, aunque difieren
en el porcentaje de volumen inicial 16,3% en la gasolina de 92
RON y 12,9% en la gasolina de 85 RON. Ademas, se observa
que en los dos tipos de gasolina se conserva un mayor volumen

de compuestos olefinicos cuando la gasolina es almacenada en
un recipiente cerrado y se presenta una mayor pérdida en
muestras destapadas. Por otra parte, la temperatura de
almacenamiento de la gasolina influye en la pérdida de
compuestos olefinicos. La gasolina almacenada en un
recipiente abierto al ambiente a 18 °C presenta la mayor
pérdida de volumen de compuestos olefinicos 62,5% en la
gasolina de 92 RON y 60,4% en la gasolina de 85 RON en 160
dias de almacenamiento; mientras que, en la gasolina
almacenada en un recipiente cerrado, el porcentaje de
compuestos olefinicos se conserva durante el periodo de
estudio independientemente de la temperatura de
almacenamiento.
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Figura 4. RON de la gasolina respecto al tiempo a diferentes condiciones de
almacenamiento: a) 92 RON y b) 85 RON

En la Figura 6, se muestra la variacion de los porcentajes de
los compuestos aromaticos en la gasolina de 92 y 85 RON,
respecto al tiempo a diferentes condiciones almacenamiento.
Debido a que los compuestos aromaticos son menos
susceptibles a evaporarse en la gasolina, se observa que su
porcentaje en volumen aumenta respecto al tiempo, esto en
términos relativos al decrecimiento de compuestos olefinicos
y saturados.

Los compuestos aromaticos presentan un comportamiento
similar en los dos tipos de gasolina, aunque difieren en el
porcentaje de volumen inicial, 23,4% en la gasolina de 92
RON y 20,0% en la gasolina de 85 RON. La gasolina que se
almacena en recipientes cerrados conserva su composicion
independientemente de la temperatura de almacenamiento,
mientras que, en la gasolina que se almacena en recipientes
abiertos, la composicion de los aromaticos incrementa con el
tiempo y la temperatura de almacenamiento. Este
comportamiento se debe a que a medida que se volatizan los
compuestos diferentes a los aromaticos, el volumen
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disminuye, por lo tanto, al mantenerse constante el nimero de
moles de los aromaticos, su concentracion aumenta.
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Figura 5. Volumen de compuestos olefinicos en la gasolina respecto al
tiempo: a) 92 RON y b) 85 RON
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Figura 6. Volumen de compuestos aromaticos en la gasolina respecto al
tiempo: a) 92 RON y b) 85 RON

Por otra parte, los compuestos saturados presentan un
comportamiento similar en los dos tipos de gasolina, aunque
difieren en el porcentaje de volumen inicial 60,3% en la
gasolina de 92 RON y 67,1% en la gasolina de 85 RON (Figura

7). Se observa que en los dos tipos de gasolina se conserva un
mayor volumen de compuestos saturados cuando la gasolina
es almacenada en recipientes cerrados a -14 °C y se presenta
una mayor pérdida cuando la gasolina es almacenada en
recipientes expuestos al ambiente a 18 °C. Ademas, en los dos
tipos de gasolina se observa un comportamiento inusual en el
periodo después de los 120 dias de almacenamiento, en el cual
la concentracion de compuestos saturados aumenta como
consecuencia de la evaporacion de otros compuestos
diferentes a los saturados.
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Figura 7. Volumen de compuestos saturados en la gasolina respecto al
tiempo: a) 92 RON y b) 85 RON

La gasolina almacenada en un recipiente expuesto al ambiente
a 18 °C presenta la mayor pérdida de volumen de compuestos
saturados 5,14% en la gasolina de 92 RON y 3,72% en la
gasolina de 85 RON en 160 dias de almacenamiento, mientras
que, en la gasolina almacenada en un recipiente cerrado, el
porcentaje de compuestos saturados se conserva durante el
periodo de estudio independiente de la temperatura de
almacenamiento.

3.6 Andlisis estadistico

Se prepararon los modelos lineales generalizados que permiten
ajustar el RON con las condiciones de almacenamiento, PVR
y contenido de gomas de las gasolinas de 92 y 85 RON.

El modelo lineal generalizado para el Nimero de Octano
Research de la gasolina de 92 RON esta dado por la Ecuacion
1:
RON = 90,8859 — 0,02988743 = I,;; — 0,0670435 (1)

% I,y + 0,420376 * Iy,

+ 0,206728 * I3, — 0,0206726

% I35 — 0,243611 * I,

+ 0,0232664 * PVR

—0,0688427 * CG
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Donde:

PVR = presion de vapor Reid en kPa

CG = contenido de gomas en mg/100 cm?®

lu=1si Tes-14°C,-1si T es 18 °C y 0 de lo contrario.

I,1 = 1 si almacenamiento es Destapado, -1 si almacenamiento
es Tapado y 0 de lo contrario.

I31 = 1 si tiempo es 0 dias, -1 si tiempo es 160 dias y 0 de lo
contrario.

I3> = 1 si tiempo es 40 dias, -1 si tiempo es 160 dias y 0 de lo
contrario.

I33= 1 si tiempo es 80 dias, -1 si tiempo es 160 dias y 0 de lo
contrario.

I3 =1 si tiempo es 120 dias, -1 si tiempo es 160 dias y 0 de lo
contrario.

Este modelo presenta un valor estadistico R-cuadrado de
97,94%, desviacion estandar de 0,1141 y un valor-P menor a
0,05 que significa que existe una relacion estadisticamente
significativa entre el RON vy las variables independientes con
95,0% de nivel de confianza.

El modelo lineal generalizado para el NUmero de Octano
Research de la gasolina de 85 RON esta dado por la Ecuacion
2:

RON = 85,1844 — 0,0102069 * I,; — 0,0133367  (2)
%1y, +0,281102 * I,
+0,285844 * I, — 0,0728823
% I35 — 0,104576 * I,
+0,0283682 % PVR
—0,0892131 % CG

El modelo lineal generalizado entrega un valor del estadistico
R-cuadrado de 98,19%, error estandar de 0,1189 y valor-P
menor a 0,05, por lo que se establece que existe una relacion
estadisticamente significativa entre el RON y las variables
independientes con un porcentaje de confianza de 95,0%.

CONCLUSIONES

Las mejores condiciones de almacenamiento de la gasolina,
correspondiente a los tratamientos propuestos para minimizar
la formacion de gomas y mantener el Nimero de Octano y la
Presion de Vapor Reid respecto a su valor inicial fueron para
la muestra de gasolina almacenada en recipientes cerrados
herméticamente a una temperatura de -14 °C en un periodo de
tiempo menor a 80 dias. De acuerdo con estas condiciones, la
Presion de Vapor Reid permanecié constante, el contenido de
gomas se incremento6 en 0,3 mg/100 cm?® en la gasolina de 92
RON y 0,2 mg/100 cm?® en la gasolina de 85 RON y el Nimero
de Octano disminuy6 en 0,4 unidades en la gasolina de 92
RON y 0,2 unidades en la gasolina de 85 RON, pardmetros que
cumplen con los valores de calidad requeridos para gasolinas
por la norma NTE INEN 935.

Las condiciones menos favorables para el almacenamiento de
la gasolina fueron muestras de gasolina almacenadas en
recipientes abiertos a 18 °C en un periodo de tiempo superior
a 80 dias, en el cual, las gasolinas de 92 y 85 RON no cumplen
con los limites minimos de RON establecidos en la norma
NTE INEN 935 para cada gasolina. De acuerdo con el valor
inicial de cada pardmetro y 160 dias de almacenamiento, la
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presion de vapor Reid disminuyd en 38,6 kPa en la gasolina de
92 RON y 42,1 kPa en la gasolina de 85 RON, el contenido de
gomas se incrementd en 1,9 mg/100 cm? en la gasolina de 92
RON y 2,6 mg/100 cm? en la gasolina de 85 RON y el nimero
de octano Research disminuy6 en 1,9 unidades en la gasolina
de 92 RON y 2,1 unidades en la gasolina de 85 RON.

La gasolina de mayor octanaje es mas susceptible a las
reducciones en el RON, por el tiempo y la temperatura de
almacenamiento, debido a la evaporacion de los compuestos
que aportan mayor octanaje como las isoparafinas de cadena
corta y las olefinas. La variacion porcentual del volumen de
compuestos olefinicos y saturados en la gasolina influyen de
forma directa en el octanaje y presion de vapor Reid, mientras
que se relaciona inversamente con el contenido de gomas.

El ndmero de octano Research presentd una relacion lineal
directa con las condiciones de almacenamiento, presion de
vapor Reid y contenido de gomas independientemente del tipo
de gasolina, cuyos modelos matematicos presentaron
coeficientes de correlacién de 97,94% y 98,19% para la
gasolina de 92 y 85 RON respectivamente.
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Influence of the Properties of a Glass Fiber Reinforced Polymer
Deck on the Dynamic Response of a Road Bridge

Gallegos-Calderoén, Christian 12+ ; Oliva-Quecedo, Javier 2 ; Pulido, M. Dolores G. '3 ; Goicolea, José M. !

Universidad Politécnica de Madrid, E.T.S.1. Caminos, Canales y Puertos, Madrid, Espaiia
2AR2V Ingenieria, Madrid, Espafia
3 Instituto de Ciencias de la Construccién Eduardo Torroja CSIC, Madrid, Espaiia

Abstract: The use of multicellular Glass Fiber Reinforced Polymer (GFRP) deck panels in the rehabilitation and cons-
truction of bridges has increased over the last 30 years due to several benefits, such as: low maintenance cost, fast ins-
tallation, corrosion resistance, and high strength-to-weight ratio. Due to the orthotropic nature of GFRP decks and their
complex cross-section geometry, expensive computational problems may be obtained when bridges that include these
elements are analyzed under traffic loads. Therefore, this paper studies the dynamic response of a GFRP-steel road brid-
ge modelling the multicellular GFRP deck as an orthotropic plate. For this purpose, a finite element model of the hybrid
structure is developed, and a sensitivity analysis is carried out to investigate the influence of the mechanical properties of
the orthotropic element on the bridge behavior. The roughness of the pavement, the degree of composite action between
the deck and the stringers, the multibody dynamic model of a truck, and the vehicle-bridge interaction phenomenon are
included in the analyses. Results indicate that the most relevant properties of the orthotropic plate on the response of the
structure are the modulus of elasticity in the longitudinal direction, the modulus of elasticity in the transverse direction,
and the shear modulus. Also, achieving a full composite action and avoiding deterioration of road are identified as key
aspects to reduce the vibration levels on the hybrid bridge.

Keywords: GFRP-steel bridge, dynamic response, road roughness, vehicle-bridge interaction

Influencia de las Propiedades de un Tablero de Polimero
Reforzado con Fibra de Vidrio en la Respuesta Dinamica de un
Puente Carretero

Resumen: El uso de tableros multicelulares de Polimero Reforzado con Fibra de Vidrio (GFRP por sus siglas en inglés)
en la rehabilitacion y construccion de puentes ha aumentado en los tltimos 30 afios por varios motivos, como: el bajo costo
de mantenimiento, rdpida instalacidn, resistencia a la corrosion, y alta relacién resistencia-peso. Debido a la naturaleza
ortotropa de los tableros de GFRP y la compleja geometria de su seccidn transversal, el andlisis dindmico de puentes que
incluyan este tipo de elementos puede representar un problema computacional costoso. Por lo tanto, este articulo estudia
la respuesta dindmica de un puente carretero de GFRP-acero cuando se modela el tablero multicelular de GFRP como
una placa ortétropa. Para ello, se desarrolla un modelo de elementos finitos del puente hibrido, y se realiza un andlisis de
sensibilidad para investigar la influencia de las propiedades mecdnicas del elemento ortétropo en el comportamiento del
puente. La rugosidad del pavimento, el grado de accién compuesta entre el tablero y los largueros, el modelo dindmico
multicuerpo de un camidn, y la interaccién vehiculo-puente se tienen en cuenta en el andlisis. Los resultados indican que
las propiedades mds relevantes de la placa ortétropa en la respuesta de la estructura son el médulo de elasticidad en la
direccidn longitudinal, el médulo de elasticidad en la direccién transversal, y el médulo de cortante. De igual manera, se
determina que lograr una accién compuesta total y evitar el deterioro de la via son aspectos importantes para reducir la
respuesta del puente hibrido.

Palabras claves: Puente de GFRP-acero, respuesta dindmica, rugosidad del pavimento, interaccién vehiculo-puente
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1. INTRODUCTION

Glass Fiber Reinforced Polymer (GFRP) decks are still considered
novel applications in Civil Engineering. Nevertheless, these ele-
ments have been increasingly used in the rehabilitation and cons-
truction of road bridges due to several benefits such as: low main-
tenance cost, dead load reduction, electromagnetic transparency,
fast installation, corrosion resistance, and high strength-to-weight
ratio. According to Mara et al. (2014), FRPs also offer sustainable
solutions in bridge projects, reducing environmental impact and
leading to potential cost savings over the life cycle of a structu-
re. For instance, it has been estimated that carbon emissions could
be reduced by 48 % if a GFRP is used instead of concrete for the
superstructure of a 12 m long road bridge (Resins, 2009). A com-
prehensive review about the structural performance of FRP decks
for road bridges can be found in Mara and Haghani (2015).
Among the different types of GFRP deck systems, pultruded pa-
nels are the most common since their manufacturing process is
automated, allowing mass production of the elements and cost sa-
vings. As a result, several road bridges around the world have in-
corporated these panels (Lee et al., 2010; Joint Research Centre,
2016; Kim, 2019). The inherent lightweight nature of GFRP pa-
nels is a major advantage over conventional concrete or steel brid-
ge decks, but it may lead to excessive vibrations induced by traffic
loading (Aluri et al., 2005; Zhang et al., 2006). In addition, the
structural response can be exacerbated by the road surface condi-
tion (Oliva et al., 2013) and the degree of composite action bet-
ween the main girders and the deck (Wan et al., 2005). Therefore,
the dynamic performance of a bridge with GFRP elements should
be properly assessed considering these parameters. Modeling and
analyzing the response of hybrid bridges that include pultruded
decks may lead to computationally expensive problems due to two
main factors. The first aspect is the complex geometry of the cross-
section, which is generally a multicellular hollow profile. Whilst
the second reason is that webs and flanges, also known as lamina-
tes, of the profiles may present different mechanical properties.
Hence, this paper investigates the response of a hybrid GFRP-steel
road bridge under the action of a vehicle when a multicellular deck
system is modelled as an orthotropic plate with equivalent elas-
tic properties. For this purpose, a Finite Element (FE) model of
the bridge described by Keelor et al. (2004) is developed, and a
sensitivity analysis is carried out to study the influence of the me-
chanical properties of the orthotropic element on the bridge beha-
vior. For the analyses, the H20-44 truck, described in AASHTO
(2012), is modeled as a multibody dynamic model to account for
the Vehicle-Bridge Interaction (VBI) phenomenon. Also, the irre-
gularities of the pavement together with the degree of composite
action between the GFRP plate and the steel stringers are conside-
red.

After this introduction, the paper is organized as follows. In Sec-
tion 2, the GFRP-steel bridge is described, and the equivalent elas-
tic properties to model the multicellular deck as an orthotropic
plate are introduced. The FE model of the road bridge and results
from a static analysis are presented in Section 3. In Section 4, mo-
deling the road surface, the multibody dynamic vehicle, and VBI
are explained. A sensitivity analysis varying the properties of the
orthotropic plate is carried out in Section 5. In Section 6, the brid-
ge dynamic response is discussed in terms of the vehicle speed, the

degree of composite action, and the road surface quality. Finally,
conclusions are drafted in Section 7.

2. GFRP-STEEL ROAD BRIDGE

In this section, the GFRP-steel bridge is described. Also, expres-
sions to obtain equivalent elastic properties to model a multicellu-
lar profile panel as an orthotropic plate are presented.

2.1 Description

The Boyer Bridge, described by Keelor et al. (2004) and analyzed
in this work, is a simply supported road bridge with a length L,
of 12.95 m and width of 7.92 m (Figure 1a). The clear span of the
bridge is 12.65 m, and the superstructure consists of GFRP pultru-
ded panels placed onto five galvanized steel stringers W610X155
Grade 345. These stringers are laterally restrained by C310x37
steel elements. The deck system, comprised of multicellular pro-
file panels, is connected to the steel stringers by shear studs. Two
studs are welded every 0.61 m along the length of the top flange
of each stringer, and grout is poured along a haunch with a depth
of 12.70 mm at the deck-girder interfaces. Finally, a 0.102 m layer
of asphalt over the GFRP panels works as a wearing surface.

2.2 Orthotropic plate

Based on the proposal by Qiao et al. (2000), a multicellular deck
system can be considered as an orthotropic plate with equivalent
elastic properties using the following expressions:

D
(Ex)p = 125(1 — Viy Vo) (1)
por
D,
(Ey)p = 1237;(1 — ViyVyx) 2
p'pP
Viy Vi
= 3
D, D, )
Dy,
(Gy)p =65 “)
tP
F,
(Gu)p = — (5)
P by
F,
(Gyz)p = # ©6)
p'p

where D, and D) are the bending stiffness of the cellular deck in
x and y direction, respectively, Fy and F, are the out-plane shear
stiffness in x and y direction, Dy, is the torsional stiffness per unit
width, #, is the thickness of the plate, b, is the width of the plate,
I, is the length of the plate, vy, is the Poisson’s ratio, n. is the total
number of cells, and b is the width of a single cell.

Equations (1)-(6) are employed considering that the GFRP panels
of the Boyer Bridge have the same geometry and mechanical pro-
perties of those used in the S655 Bridge. Information about the
deck, whose cross-section is shown in Figure 1b, can be found in
Wan et al. (2005). Additionally, for the calculation, b, = 12.95 m
and /, = 7.92 m are adopted. Table 1 presents the equivalent pro-
perties of the orthotropic plate.
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Table 1. Equivalent properties of the orthotropic plate

Parameter Symbol  Units  Value
Density Pp kg/m> 480
Thickness tp m 0.195
Modulus of elasticity in x dir. (Ex)p GPa 15.63
Modulus of elasticity in y dir. (Ey)p GPa 7.16
In-plane Poisson’s ratio Viy - 0.30
In-plane shear modulus (Gy)p GPa 6.45
Out-plane shear modulus xz (Gxz)p GPa 0.88
Out-plane shear modulus yz (Gyz)p MPa 5.02
3. NUMERICAL MODELING

In this section, the FE model of the road bridge is firstly described.
Secondly, experimental and numerical results from a static test are
compared. A modal analysis using the numerical model is thirdly
carried out to determine the modes of vibration of the structure.

3.1 Finite Element model

A FE model of the Boyer Bridge is developed in ABAQUS (SI-
MULIA, 2020), as shown in Figure 1c. Node reduced integration
shell elements (S4R) are considered for modelling the orthotro-
pic plate, girders, and cross-beams. The material for the stringers
and cross-beams is assumed isotropic with the following values:
ps = 7750 kg/m?, E; = 200 GPa and v, = 0.32. Whilst the pro-
perties of the material for the GFRP plate are stated in Table 1.
The grout haunch is not modeled, but a gap of 12.70 mm is pro-
vided between the bottom part of the deck and top flanges of the
beams to represent the real geometry of the bridge. Additionally,
a non-structural mass of 225 kg/m? is assigned over the deck to
account for the asphalt layer. To model a full composite action,
tie constraints are employed between the top flanges of the beams
and the corresponding bottom surfaces of the deck. This aims to
reproduce a total transfer of the horizontal shear loads between the
deck and stringers.

For the boundary conditions, displacements of the bottom flanges
of the stringers are constrained in the longitudinal, transversal and
vertical (x, y and z) directions at one end of the structure. Whilst,
transversal (x) and vertical (z) displacements of the bottom flanges
at the another end are constrained.

3.2 Static test

Employing the FE model, the static behavior of the bridge is as-
sessed under the action of a three axle truck. The results obtained
from this numerical model are contrasted with the experimental
measurements reported by Keelor et al. (2004). The test setup is
displayed in Figure 1d, where just the two rear axles appear since
the first axle was off the structure during the test. The weights of
the axles are 46.37 kN (P3), 41.92 kN (P4), 46.60 kN (P5), and
40.57 kN (P6), and each one acts on a surface of 0.25 m x 0.51 m
(Jiang et al., 2013). In Figures 1d-2a, the strain gauges located at
the flanges of each beam at 0.305 m from midspan are shown. The
strains obtained for the Beam 2 are presented in Figure 2b, whe-
re the neutral axis positions measured from the bottom flange are
415 mm and 427 mm considering the experimental and numerical
results, respectively.

Comparing the curvature k in each stringer, the difference bet-
ween the experimental and numerical values for Beams 1, 2, 3
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Figure 1. Boyer Bridge: (a) Plan view, (b) GFRP bridge deck, (c¢) FE model, and
(d) Static test. Units in mm

and 4 are -3 %, +9 %, +18 %, and -17 %, respectively. Since data
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for the Beam 5 was no collected during the test, no comparison
is drawn in this element. Based on the obtained results, it is assu-
med that the developed FE model predicts accurately enough the
bridge performance.

3.3 Modal analysis

The dynamic response of a bridge under traffic loads can be anti-
cipated by a simple inspection of its vibration modes, so a modal
analysis is performed. Figure 2c presents the first three numerical
vibration modes of the GFRP-steel bridge. Mode 1 is a vertical
bending mode at 8.87 Hz, Mode 2 is a torsional mode at 11.06 Hz,
and Mode 3 is a transverse flexural mode at 20.02 Hz.

Since partial composite action between the deck and the stringers
is later studied in this paper, an analysis accounting for this featu-
re is carried out. Rigid connectors are employed instead of the tie
constraints mentioned in Section 3.1. Elements type CONN3D?2,
every 0.61 m, are used to connect nodes of the beams top flanges
and the corresponding nodes of the deck in the longitudinal (y)
and vertical (z) directions. No constraints are modeled in the la-
teral (x) direction to represent the reduction in the transfer of the
horizontal shear load. The mode shapes are similar to those shown
in Figure 2c, but the natural frequencies decrease. The fundamen-
tal frequency is 8.36 Hz, whereas values of 10.39 Hz and 18.15 Hz
are computed for Modes 2 and 3, respectively.

—— 600
fe——>| —e— Experimental
130 mm 500 —-=4-- FE model
Z 400
2300 \
~ A
= N
£ 200 N
7 AN
130 mm 100 \\
\\
ala \
0 - >
mStrain Gauges —50 0 50 100
Microstrain (pe)

(a) (b

©

Figure 2. Numerical results: (a) Position of strain gauges in the cross-section of
each girder, (b) Strains of Beam 2, and (c) First three vibration modes of the
GFRP-steel bridge

4. VEHICLE-BRIDGE INTERACTION

This section presents the generation of roughness profiles to des-
cribe the road surface. In addition, the multibody dynamic model
of the vehicle is introduced, and the modeling of VBI is explained.

4.1 Road surface

Road roughness is an important source of dynamic excitation in
VBI problems, so a proper definition of the pavement irregularities
is key for the analysis. In general, road roughness can be represen-
ted by an ergodic stationary Gaussian random process described
by its Power Spectral Density (PSD). ISO (2016) proposes the
expression G(n;) = G(ng)(n/0.1)~2 for a one-sided PSD, whe-
re n is the spatial frequency in cycle/m, and G(ng) is the spectral
roughness coefficient that depends on the road quality in m3/cycle.
A hypothesis of road surface isotropy and homogeneity is assu-
med in this paper, so parallel profiles of irregularities along the
road share statistical properties but they are not the same. Based
on Sayers (1988), the profiles for left and right tires can be obtai-
ned through the following expressions:

2(y) = i \/2G(n;) A, cos(2mn;y + ¢;)

N
0 (y) =) (/26 (1) Ay cos(2mniy + 1) + ..
,» ®)

/(26 (m:) — Ge(mi)) A, cos(2mmy + )

where N is the number of discrete frequencies n; in range [0.01,
10], A, is the increment between successive frequencies, Gy (n;)
is the cross-PSD, and ¢; and 6; are random phase angles from O to
2m.

)

4.2 Vehicle

A H20-44 truck described in AASHTO (2012) is employed in this
study. Eight DOFs are assigned to the whole multibody dynamic
model, as displayed in Figure 3. The vehicle consists of individual
rigid bodies that represent the box and axles, plus a mass point
that reproduces the driver seat. The rigid bodies are connected by
linear springs and dashpots to consider the mechanical properties
of the suspensions and the behavior of the tires.

The box has 3 DOFs, vertical displacement (zp), pitch (%), and roll
(0p). Each axle is provided with 2 DOFs, vertical displacement
(zra and zy,), and roll (04, and otz,). Finally, the driver seat has 1
DOF, vertical displacement (z).

Considering Marchesiello et al. (1999), the main properties of
the vehicle are: m;, = 17000 kg, m,, = 1000 kg, m, = 600 kg,
kit = ko = 1.57 x 10° N/m, k3 = kg = 7.85 x 10° N/m, kg =
ke =3.73 x 10° N/m, kg3 = keu = 1.16 x 10° N/m, ¢;1 = ¢;o = 200
N s/m, ¢3 = ¢iq = 100 N s/m, ¢51 = ¢ = 3.50 x 10* N s/m,
cg3 = cga = 2.50 x 10* N s/m, Iy,, = 600 kg m2, Iafu =550kg m?2,
I, = 1.30 x 10* kg m?, and I, = 9.00 x 10* kg m?. For the driver
seat, my = 85 kg is assumed, whereas the values for the spring
(kg = 10.51 kN/m) and the dashpot (c; = 876 Ns/m) are based on
Zuo and Nayfeh (2007).
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4.3 Interaction

VBI is achieved by means of contact between the bottom nodes of
tire elements and the deck surface. This analysis is performed in
ABAQUS (SIMULIA, 2020), which provides capabilities to mo-
del the vehicle through a multibody system and the structure th-
rough finite elements. The vehicle, the bridge, and the interaction
phenomenon lead to a nonlinear coupled system, whose global
system of equations may be expressed as follows:

o a5 el
o et = U

where M, C,, and K, are the mass, damping and stiffness ma-
trices of the vehicle, My, Cp and K, are the mass, damping and
stiffness matrices of the bridge, F3, is the external force vector of
the vehicle due to its self-weight, F; is the force vector applied
on the vehicle as consequence of the interaction with the bridge,
Fy represents its counterpart on the structure, 4, and 4y are the
acceleration response vectors, ¥,, and 9, are the velocity response
vectors, and y,, and y, are the displacement response vectors of
the vehicle and bridge, respectively.

€))

5. SENSITIVITY ANALYSIS

A sensitivity analysis is presented in this section to identify the
most relevant mechanical properties of the orthotopic plate on the
numerical response of the GFRP-steel structure. Additionally, the
response of the hybrid road bridge is assessed when some proper-
ties of the deck are modified.

5.1 Identification of relevant properties

Focusing on the natural frequencies of the hybrid bridge, a global
sensitivity analysis aiming to identify the most relevant material
properties of the orthotropic plate is performed herein. The proper-
ties of the plate ((Ex)p. (Ey)ps Vays (Gxy)ps (Gxz)p, and (Gyz))p)
are assumed to be described by a two-parameter Weibull proba-
bility distribution based on Algam et al. (2002). Mean values for
the distribution of each property are taken from Table 1, and a
coefficient of variation of 10 % is considered. Also, the Latin Hy-
percube Method is used to generate 500 multivariate stochastic
samples of the mechanical properties. Parameters related to boun-
dary conditions, steel elements and density of the materials are not
considered in this analysis.

Figure 4 shows the results through the Spearman correlation
coefficient matrix, where values between [—0.2,40.2] are exclu-
ded for a better visualization. From the correlation matrix, it is
seen that the longitudinal modulus (Ey),, the transverse modulus
(Ey)p, and the shear modulus (G,y), of the deck are the most in-
fluential factors to obtain the natural frequencies of the FE model
of the bridge.

5.2 Variation of relevant parameters

Based on the previously obtained results, a parametric study var-
ying (Ey)p, (Ex)p, and (Gyy), is carried out hereby. The mean
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Figure 3. Side and rear view of the multibody dynamic model of an AASHTO
H20-44 truck. Units in mm
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Figure 4. Spearman correlation matrix of parameters that correspond to the
orthotropic plate in a fully composite model of the bridge

value of each property (Table 1) is modified 10 % in a range from
80% to 120 %. For the analyses, the H20-44 truck is aligned with
the center line of Beam 2 (Figure 5a), and a velocity of 60 km/h is
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Figure 5. Truck alignment: (a) Plan view, and (b) Front view

The displacement response at the midspan bottom of Beam 2
(point B2) is calculated, and the acceleration response at the deck
center (point D3) is obtained. In Figure 5b, the points where the
structural response is computed are shown. A very good quality
surface of the pavement (Class A according to ISO (2016)) is con-
sidered for the simulations. For the sake of statistical significance,
ten synthetic pairs of profiles, whose irregularities are sampled
every 2 cm, are generated. Equations (7)-(8) are used for the de-
finition of the road roughness, adopting G(n,) = 16x 107® and
2000 spatial frequencies between 0.01 m~! and 10 m~!. To ob-
tain G (n;), the procedure described by Oliva et al. (2013) is em-
ployed. To ensure that the truck presents a stable response due to
the pavement irregularities before entering the bridge, the vehicle
is considered to start traveling with its rear tires located at -50 m
of the longitudinal model coordinate (y = 0 corresponds to bridge
entrance). The calculation is also performed until the rear tires are
35 m after the exit abutment. Hence, the vehicle runs a distance
equal to 50+Ly+35 m.

Since the implications full and partial composite actions between
the deck and the stringers are also studied, 300 dynamic analy-
ses are carried out in total. To solve the system of differential
equations (Equation (9)), the HHT- implicit integration method
is used, a constant time step of 0.001 s is set, and a Rayleigh dam-
ping of 1% is adopted.

In Figure 6, the computed results are presented. The graphs show
the average of the peak responses (mean of absolute maximum va-
lues), displacement at point B2 and acceleration at point D3, when
the parameters of the orthotropic plate change. The colored bands
in the plots represent the peak responses obtained after using the
ten set of road roughness profiles. As expected, higher displace-
ments and vibration levels are obtained for the partially compo-
site model of the bridge in comparison with the fully composite
one. Table 2 presents the dynamic responses for both models of
the GFRP-steel bridge. These results are the average of the ten
peak responses obtained when the value of the analyzed property
is multiplied by 0.8 and 1.2, respectively.

By varying £20 % the relevant properties of the orthotropic plate
in the fully composite model, the average of the peak responses
changes up to:

* Displacement: 1%, 12%, and 1 % for the variation of (Ey),,
(Ey)p, and (Gyy) ), respectively.

* Acceleration: 2%, 6%, and 2% for the variation of (Ey),,
(Ey)p, and (Gyy) p, respectively.

Whilst in the partially composite bridge, modifying £20% the
equivalent properties of the deck system lead to the following va-
riations of the average the peak responses:

* Displacement: 1%, 11% and 1% for the variation of (E),,
(Ey)p and (Gyy),, respectively.

* Acceleration: 2%, 6% and 2% for the variation of (Ey),,
(Ey)p and (Gyy),, respectively.

Table 2. Bridge response when the vehicle speed is 60 km/h

Parameter  Value Full Partial
Disp. Accel. Disp. Accel.
(GPa) (mm) (m/s?) (mm) (m/s?)
(Ex)p 12.51 -3.66 1.51 -3.94 2.10
18.76  -3.63 1.64 -3.90 2.17
(Ey)p 5.73 -3.90 1.69 -4.15 2.14
8.60 -3.46 1.53 -3.73 2.16
(Gxy)p 5.16 -3.68 1.56 -3.94 2.15
7.74 -3.62 1.63 -3.90 2.15

6. DYNAMIC RESPONSE

In this section, the Dynamic Amplification Factor (DAF) of the
GFRP-steel bridge is discussed varying the truck speed and the
quality of the road surface. Also, the acceleration response of the
driver seat in the vehicle is presented.

For the numerical analyses, the considerations mentioned in the
previous section are adopted. Also, the H20-44 truck is assumed
to move at 40, 60, 80 and 100 km/h, and two road surfaces are
defined. Hence, values of G(n,) equal to 16 x 107 (road A, very
good quality) and 256 x 107 (road C, regular quality) are em-
ployed. As ten pair of profiles are again generated for statistical
significance, 160 simulations are carried out.

6.1 Dynamic amplification factor

The results at the bottom flange of the Beam 2 (point B2 in Figu-
re 5) when the vehicle runs over the bridge at 100 km/h are pre-
sented in Figures 7a-b. The colored bands shown in these graphs
represent the dispersion of response displacements obtained from
the ten set of roughness profiles. The width of this band corres-
ponds to the minimum and maximum displacements calculated.
In the plots, results for a perfectly flat surface are also represented
together with the maximum static displacement. It is clear that the
response increases by worsening the quality of the road surfaced.
Similarly, the reduction of composite action in the hybrid road
bridge impacts negatively in the structural response.
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Considering that the DAF is defined as:

DAF = Rq
R

S

(10)

where R; and R; are the maximum dynamic and static responses of
the bridge at a specific location, Figure 7¢ presents the maximum
DAF at point B2 for different truck speeds.

Maximum results among the ten set of profiles, depending on the
road class and composite action of the bridge, are shown. The DAF
for a perfectly flat surface is also represented. Generally, in the
graph, the higher the vehicle speed, the higher the maximum DAF.
As expected, a higher bridge response is also obtained when the
composite action is reduced, and the worse results are obtained
when the partially composite model is assessed considering a poor
quality of the road surface.

6.2 Driver seat

The vertical accelerations at the seat of the truck are analyzed he-
rein to study the dynamic effects on the driver. Figure 8a shows the
computed response for one set of road Class A synthetic profiles
when the vehicle runs at 100 km/h. To assess the bridge flexibility
influence, results of the truck on the bridge and on a rigid road
platform are compared under the same road surface conditions.
From this plot, it can be firstly seen that the degree of composi-
te action in the model is not relevant on the driver comfort since
similar accelerations are obtained. Additionally, the structure fle-
xibility slightly modifies the response at the driver seat but it is not
a key factor given the short span of the bridge.

In Figure 8b, the average of the peak vertical acceleration at the
driver seat for different vehicle speeds is displayed. In this graph,
acceleration when the truck runs over a pavement without irre-
gularities (perfect road) is also included. It is clear that the road
quality and the vehicle speed impact largely the peak response at
the driver seat.

7. CONCLUSIONS

In this study, the dynamic behavior of a GFRP-steel road bridge
has been assessed by carrying out an analysis considering VBI.
The influence of the properties of a multicellular GFRP deck, mo-
deled as an orthotropic plate, on the bridge response has been in-
vestigated considering the degree of composite action between the
deck and the girders, the road roughness, and a multibody dynamic
model for the vehicle. Based on the obtained results, the following
conclusions may be drawn:

¢ The longitudinal modulus of elasticity (Ey),, transverse mo-
dulus of elasticity (E)p, and the shear modulus (G,y), are
the most influential properties of the orthotropic plate on the
dynamic performance of the hybrid road bridge.

* Modifying +20% the mean values of (Ey),, (Ey),, and
(Gyy)p does not lead to significant differences in the final
computed response of the GFRP-steel bridge.

* Numerical results confirmed previous observations about the
importance of achieving full composite action between the
girders and deck to control high dynamic responses in hybrid
bridges.
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Figure 7. Vertical displacement of point B2: (a) Fully composite model when the
vehicle speed is 100 km/h, (b) Partially composite model when the truck velocity
is 100 km/h, and (c) Maximum DAF for different vehicle speeds
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¢ In terms of the DAF, deterioration of road surface is more
important than reduction of composite action. Hence, a good
construction and a proper maintenance are of great importan-
ce for this kind of road bridge due to its dynamic sensitivity.

* Road roughness is more relevant than the degree of compo-
site action in regard to dynamic effects on the driver.
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Web User Interface Design of a Visual Editor for Cloud
Infrastructure Modeling

iﬁiguez-Jarrin, Carlos '* "; Sandobalin, Julio 2

VEscuela Politécnica Nacional, Facultad de Ingenieria de Sistemas, Quito, Ecuador

Abstract: Cloud computing has evolved the way IT technicians manage infrastructure resources to support software
applications. Leasing equipment and services from cloud infrastructure providers, such as Amazon Web Services, Micro-
soft Azure, etc., has replaced the traditional strategy of locally installing expensive equipment. Nowadays, IT technicians
model the infrastructure they need by writing scripts, then running these scripts in the provider web platform. However,
writing scripts becomes a complex task that involves interacting with the Command Line Interface and knowing the com-
mands each provider imposes. In this context, replacing textual with visual interaction becomes a need. The purpose is to
fesign the user interface (UI) of a visual web editor to model the cloud infrastructure resources. The User-Centered De-
sign (UCD) methodology was applied to design the UI. As part of DCU, a study of the Uls of diagramming online tools
was conducted to identify UI design patterns; those that expert designers use when designing visual editors.The results
show that a set of 11 UI patterns for designing visual editor Uls was defined. In addition, a pattern language was built
considering the relationships between patterns. By using the pattern language, the visual editor UI design was composed.
As conclusions, the pattern language provided a logical way to compose the visual editor UL In this sense, the proposed
UI together with the pattern language can become a reference point for designing Uls in this domain. In future work, the
effectiveness of the UI in reducing the complexity of defining the cloud infrastructure will be evaluated with user tests.

Keywords: Interaction Design; User Interface; User-Centered Design; Cloud Infrastructure Modeling

Diseiio de Interfaz de Usuario Web de un Editor Visual para el
Modelamiento de Infraestructura en la Nube

Resumen: La computacién en la nube ha evolucionado la forma en que los técnicos de TI administran los recursos de
infraestructura para respaldar las aplicaciones de software. El alquiler de equipos y servicios de proveedores de infra-
estructura en la nube, como Amazon Web Services, Microsoft Azure, etc., ha reemplazado la estrategia tradicional de
instalar localmente equipos costosos. Hoy en dia, los técnicos de TI modelan la infraestructura que necesitan escribiendo
scripts y luego ejecutdndolos en la plataforma del proveedor. Sin embargo, escribir scripts se convierte en una tarea com-
pleja que implica interactuar con la Interfaz de Linea de Comandos y conocer los comandos que impone cada proveedor.
En este contexto, la sustitucién de la interaccién textual por la visual se convierte en una necesidad. El objetivo de este
trabajo es disefiar la interfaz de usuario (UI) de un editor web visual para modelar los recursos de la infraestructura de la
nube. Para el disefio de la Ul se aplicé la metodologia de Disefio Centrado en el Usuario (UCD). Como parte de DCU,
se llevo a cabo un estudio de las UI de herramientas en linea de diagramacion para identificar patrones de disefio de UlI;
los que usan los disefiadores expertos al disefiar editores visuales. Los resultados demuestran que se definié un conjunto
de 11 patrones de interfaz de usuario para disefiar interfaces de usuario de editores visuales. Ademads, se construyd un
lenguaje de patrones considerando las relaciones entre patrones. Mediante el uso del lenguaje de patrones, se compuso
el disefio de la interfaz de usuario del editor visual. A manera de conclusiones, el lenguaje de patrones proporcioné una
forma l6gica de componer la interfaz de usuario del editor visual. En este sentido, la IU propuesta junto con el lenguaje de
patrones puede convertirse en un punto de referencia para el disefio de IU en este dominio. En trabajos futuros, la eficacia
de la interfaz de usuario, para reducir la complejidad de definir la infraestructura en la nube, se evaluard con pruebas de
usuario.
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1. INTRODUCTION

Cloud Computing, also known simply as cloud, is a set of techno-
logy services that allows accessing, storing, and processing of data
through the Internet. The cloud has changed the way Information
Technology (IT) technicians (e.g., IT managers, cloud architects,
software engineers, etc.) manage the IT resources (e.g., servers,
routers, load balancers, networking, etc.) to support the developing
and deploying of software applications. The traditional strategy of
buying expensive hardware and hosting them in physical space is
currently being replaced by a more versatile strategy known as
cloud infrastructure provisioning.

Cloud infrastructure provisioning consists of managing the in-
frastructure resources using services from infrastructure providers
(e.g., Amazon Web Services, Microsoft Azure, Google Compu-
ting Engine, etc.). Providers make available a wide range of vir-
tualized infrastructure resources to support IT technicians in defi-
ning (i.e., plan, create, and configure) the infrastructure resources
(RedHat, 2020).

In practice, IT technicians use a Command Line Interface (CLI)
console to write code scripts to define hardware resources to pro-
vision. There is a CLI for each provider, which means the com-
mands used for each provider are different. In some cases, the CLI
console is also available as a Web user interface. Sandobalin et al.
(2017) point out that the infrastructure provisioning process can
be time-consuming and prone to human errors due to the manual
process of defining scripts.

In this context, using the User Interface (UI) is a challenge sin-
ce the commands (in the case of CLI) or interactions (in the case
of the Web user interface) are particular for each cloud provider.
Consequently, the IT technician must learn the particular com-
mands or interactions for each cloud provider (e.g., to define a
virtual machine, the commands provided by Amazon Web Servi-
ces are different from commands provided by Microsoft Azure).
UI can be responsible for a high learning curve or the cognitive
load related to learning a lot of CLI commands, which are exclu-
sive to each infrastructure provider. Therefore, improving how IT
technicians interact with the Ul to manage infrastructure provisio-
ning becomes necessary in this domain.

The purpose of this paper is to present the design of a web visual
editor for infrastructure modeling capable of being “usable” for
the largest number of users in the domain. Usability is an attribute
of a product quality defined by ISO 9241-11:1998 as "the extent to
which a product can be used by specific users to achieve specific
objectives with effectiveness, efficiency, and satisfaction in a spe-
cific context of use.”. Considering this definition, achieving usa-
bility implies designing products based on a deep understanding
of the user goals and the tasks users want to perform to achieve
the goals. The User-Centered Design (UCD) methodology is wi-
dely used to achieve usability. In this paper, we apply UCD for
designing the visual editor.

The core of UCD philosophy focuses mainly on the users’ charac-
teristics and goals to design a UI tailored to the user interaction
needs. To do that, UCD is based on three foundational principles
(Wallach and Scholz, 2012): 1) focused on users (i.e., the users are
involved from the earliest stages of the design process), ii) empi-
rical measurement (i.e., measurement of usability using prototy-
pes), and iii) iterative (i.e., prototypes are refined continuously to

meet the user requirements).

To achieve those principles, UCD provides an iterative design pro-
cess consisting of four distinct activities described in ISO 9241-
210.2010: understanding the context of use, specifying require-
ments, solution design, and evaluation. This paper describes the
three first UCD activities for designing the web visual editor user
interface. Activity 4, Evaluation of design solutions, is not presen-
ted in this paper and is considered for future work.

e Activity 1: Understanding and specifying the Context of
Use.- This activity starts by understanding the constructs in-
volved in the cloud infrastructure modeling domain, the po-
tential users of the web visual editor, and the environment
in which the editor will be used. The information available
in books and official websites of infrastructure providers will
be useful to achieve this activity.

* Activity 2: Requirements specification.- This activity consists
of defining the goals pursued by users when modeling the
infrastructure and the tasks users perform to achieve their
goals.

* Activity 3: Production of design solutions.- This activity is
creative in deep and involves translating the goals and tasks
identified in Activity 2 into a user interface design prototype.
This UI prototype is known as a design solution since it is
a design that solves the user interaction needs (i.e., the tasks
the user wants to perform to achieve the goals). This activity
is supported by design principles and good practices such as
using UI design patterns which help designers not to reinvent
the wheel.

Task Analysis and using Ul Design Patterns are two UCD tech-
niques we apply to design the web visual editor. Task Analysis is
applied to Activity 2, whereas Design Patterns is applied in Acti-
vity 3.

Based on UCD, the proposed web visual editor design considers
visual and interactive aspects that allow the user to model the in-
frastructure. The visual editor allows users to define the infrastruc-
ture elements and their relationships while reducing the cognitive
load of remembering specific commands or codes.

The remainder of this paper is structured as follows: Section 2
highlights some related works involved in the complex domain of
provisioning infrastructure modeling. Section 3 presents the de-
sign process of the web visual editor considering the two UCD
techniques (i.e., task analysis and UI design patterns). Section 4
describes the conclusions and future work in the line of the work.

2. RELATED WORKS

This section describes the user interfaces of existing relevant tools
for modeling infrastructure. We focus on user interfaces based
on Web and standalone since they represent user-machine inter-
actions relevant to our purpose.

CloudFormation Designer is a web user interface that simplifies
the creation of infrastructure templates in the Amazon Web Ser-
vices (AWS) ecosystem (AWS, 2021a). The user interface imple-
ments the “drag and drop” mechanism, making it easy for the user
to model the infrastructure. The user selects the infrastructure ele-
ments to include in the model, drags them onto the diagram, and

Revista Politécnica, Agosto - Octubre 2023, Vol. 52, No. 1



Web User Interface Design of a Visual Editor for Cloud Infrastructure Modeling

85

connects them to establish relationships. From the graphical mo-
del, it is possible to automatically generate a template script in
declarative languages, such as JSON or YAML, that contains the
AWS infrastructure resources the IT technician has graphically
created or configured. Although this designer is considered a re-
ference in the user interfaces of this domain, it is limited to being
used in the AWS ecosystem. Moreover, though JSON is a light-
weight format and readable for machines, it is hard to understand
at the business level.

Ca 3Tera AppLogic is a platform aimed at MSP (Managed Servi-
ce Provider). An MSP is a company that provides and manages IT
services, including cloud services (IONOS, 2021). The AppLogic
editor is a web user interface that implements the “drag and drop”
mechanism that allows technicians to build a cloud infrastructure
in a graphical and easy-to-view way. The user interface contains
two main areas: i) a component catalog panel located on the left si-
de of the editor where components are grouped by their type (e.g.,
Web Servers, Databases, Filters, etc.) and ii) a canvas that covers
most of the user interface area and where the infrastructure dia-
gram is created. From the component catalog panel, components
are dragged onto the diagram, and each component on the dia-
gram allows the user to draw a connector to another component.
Configuring each component is possible through a contextual me-
nu that presents, in another browser window, a form with editable
properties of the component.

ARGON is an Eclipse Modeling Framework-based standalone
tool for modeling infrastructure in the cloud (Sandobalin et al.,
2019). Its main purpose is to abstract the complexity of learning
specific commands of each provider. To do that, ARGON consists
of i) an underlying DSL (Domain Specific Language) that provi-
des the commands and syntax necessary to define the infrastructu-
re through code, and ii) a visual editor, the ARGON user interface,
which is built on Eugenia (Kolovos et al., 2015) (Graphical Mode-
ling Framework), and which main purpose is to reduce the user’s
cognitive load related to learning the DSL commands and syntax.
Although the visual editor represents a mechanism to facilitate the
use of DSL, the authors describe several drawbacks related to the
editor:

* Problems in the maintenance of the visual editor developed
in Eugenia and Eclipse

* Limited use of ARGON due to the user interface running lo-
cally rather than on the web

¢ The interaction with the visual editor is limited to the inter-

actions provided by Eclipse

3. EDITOR USER INTERFACE DESIGN

In this section, we describe how the three UCD activities (i.e.,
context of use, requirements specification, and design of solution)
have been applied to design the visual editor user interface for
infrastructure modeling.

3.1 Context of Use

Understanding the context of use involves two main actions: i)
understanding the conditions under which the editor will be used,

and ii) understanding the concepts (constructs) involved in the do-
main.

Regarding the first action, we have identified three relevant condi-
tions related to the use of the editor:

e Web access.- A concern described in the related works sec-
tion is the “limitation of use” of existing editors that work
locally (i.e., the editor is installed on the user’s computer). In
this sense, an imminent need is to access the editor through
the web, extending the use of the editor to a large number
of users. In addition, users do not want to deal with installa-
tion and configuration difficulties, which do not happen on
the web platform.

» Familiarity with the use of visual tools.- Users of this domain
are familiar with graphical tools for software modeling. The-
se tools allow users to create a variety of diagrams, from con-
cept maps to complex diagrams in UML (Unified Modeling
Language). The benefit of creating diagrams is to provide a
graphical model to better understand the complexity of a do-
main. The model provides an organized visualization of the
elements of the domain and their relationships.

* Direct manipulation as interaction style.- The Uls of these
tools are characterized by implementing direct manipulation
as an interaction style to facilitate the modeling task. The user
can quickly “drag and drop” elements to the model and esta-
blish the relationships between them, generating an easy-to-
understand schema; something very complex to achieve with
interaction styles such as CLI or forms.

Concerning the second action, we have analyzed the existing lite-
rature published on the official websites of infrastructure providers
to define the concepts involved in the domain. We found that every
provider uses different commands to explain how to configure in-
frastructure resources within their infrastructure environment. For
instance, a server in the cloud is defined as an EC2 instance in
AWS, whereas the same server is defined as virtual machine in
Microsoft Azure (Wickham, 2018).

To avoid this terminology difference, we considered a previous
work (Sandobalin, 2017) where an infrastructure metamodel is
presented to generalize the terminology. This metamodel (Figure
1) defines the main concepts or constructs involved in the infras-
tructure provisioning domain.

It is important to note that the metamodel represents a static view
of the domain. That is, the metamodel shows the concepts invol-
ved in the infrastructure and how they are related, but not how to
use them. In the next section, we supplement the metamodel static
view with “task models” that dynamically define “how” users use
the concepts defined in the metamodel. In this sense, the visual
editor conditions and domain concepts presented in this section
become relevant information for the next UCD activity: require-
ments specification.

3.2 Requirements specification

User requirements describe what the users want to do with the
visual editor. It is to say, the tasks the user needs to perform for
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Figure 1. Infrastructure metamodel (Sandobalin, 2017)

modeling and provisioning the infrastructure by using cloud vir-
tualized resources from infrastructure providers. This section fo-
cuses on defining the tasks users perform when provisioning in-
frastructure in the cloud. To do that, we use a UCD technique:
“task models”.

A task model is a design artifact in the Human-Computer Inter-
action (HCI) field commonly used to understand how activities
should be performed to obtain usable user interfaces. A task mo-
del helps understand the complexity of a domain by specifying
and representing the logical tasks and their relationships a usable
system supports or must support (Paterno, 2003). Indeed, task mo-
dels are widely used in several stages of a system. For an existing
system, task models help understand how the application works
with the advantage of improving the current interaction with the
system. For a proposed system, task models help to understand the
domain before developing the application. Moreover, task models
support effective design and usability evaluation. Task models be-
come a dynamic view of the domain since they describe the tasks
and how they are performed.

Our purpose is to use task models to specify the tasks that are
currently performed when IT technicians model the cloud infras-
tructure provisioning by using the services from cloud providers.
Task models in our domain include tasks and their temporal rela-
tionships, and they express how to use the infrastructure elements
defined in the metamodel in Figure 1.

To define the task model, we will use ConcurTaskTree (CTT) no-
tation introduced by Paterno (2003). There are several approaches
to represent task models such as hierarchical task analysis (HTA),
GOMS, user action notation (UAN), etc. However, we use CTT
notation because it provides a systematic and structured method
to describe with a graphical syntax not only the tasks in a hierar-
chical structure but also represent the relationships between tasks
through temporal operators. For instance, the concurrency opera-
tor can be used to specify that two tasks (A and B) can be si-
multaneously performed, or the enabling operator can be used to
specify that task B cannot begin until task A has been completed.
By using CTT, several potential advantages can be highlighted: i)
the models are at a level of abstraction familiar to user interface
designers/developers, ii) testing will follow the anticipated use of
the system, and iii) the cost incurred in developing is much redu-

ced (Silva et al., 2008).

To define the tasks involved in infrastructure provisioning, we stu-
died the existing literature available on the official websites of in-
frastructure providers. From this study, we define a generic task
model shown in Figure 2. This model describes the tasks related
to i) how the user defines the physical location of the data centers
that contain the infrastructure elements (e.g., servers, routers, net-
works, subnets, etc.) and ii) how these elements are included in the
infrastructure model. Considering the CTT notation, most of the-
se tasks are “abstract tasks” (those represented with the “cloud”
icon), however, they are detailed in Figure 3.

o

Configure
environment

B0 O 0> @
Select Configure Create
region Net Instance *

) | )

Create Create [Configure NACL]

VPC Subnet *

Figure 2. Generic task model for infrastructure modeling

In Figure 2, the “Select Region” interaction task means that the
IT technician defines the geographical area where the resources or
services that will be used to model the infrastructure are located.
Defining the geographic area implies defining the region and the
availability zones where the resources are located. A region is a
defined geographic area around the world where a provider’s da-
ta centers are physically located. Within a region, resources are
located in isolated physical zones, called availability zones. The
delimitation and isolation of regions and availability zones im-
prove the efficiency in managing the availability of resources and
guarantee the infrastructure resiliency (i.e., in the face of any dis-
ruption, the infrastructure services will continue to operate) (Fi-
resmith, 2019). Each provider has multiple regions and availabi-
lity zones, and the user must select in which of them to work. For
instance, for Amazon EC2 and Microsoft Azure, regions and avai-
lability zones are shown in AWS (2021b) and Microsoft (2021),
respectively.

The “Configure Net” task involves the following tasks:

e “Create VPC”.- Define a Cloud Private Network (VPC)
within the provider’s global network. Details of this task are
shown in Figure 3-a

* “Create Subnet”.- Define subnets within the VPC. The as-
terisk (*) in the task means repeatability, it is to say, the
possibility of creating one or more subnets within the VPC.
Creating subnets prevents resources from being dispersed th-
roughout the provider’s network and being exposed to mo-
difications by other users. Details of this task are shown in
Figure3-b.
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Figure 3. Detailed Model tasks from Environment Settings

* “Configure NACL”.- Define a list of access control to the net-
work. The brackets “[]” around the task label mean that this
is an optional task.

The “Create Instance” task consists of locating the virtual machi-
nes within the subnets. Virtual machines can be connected to other
virtual resources, as represented in the metamodel in Figure 1. For
example, a virtual machine can be connected to a load balancer
or attached to a security group. Since several virtual machines can
be created, this task is a repetitive task. It is to say, the user will
perform this task for each resource that wants to include in the
infrastructure model. Details of this task are shown in Figure 3-c.
The task models presented in this section represent the general
interactions that IT technicians perform when modeling the in-
frastructure. This is why these models become an important input
for designers and developers who are challenged in designing and
implementing envisioned user interfaces in the infrastructure pro-
visioning domain. For our purpose, the task models become the
entry point for designing the solution: the user interface prototype
for the infrastructure modeling visual editor.

3.3 Design of solution

This section explains how the user requirements expressed in tasks
are translated into a tangible user interface (UI). To design the UI,

we defined and used Ul design patterns; a UCD technique consi-
dered as a design best practice and a useful for UI design (Mac-
Donald, 2019). Furthermore, by considering the relationships bet-
ween the patterns, we defined a Pattern language as a suitable tool
to design the web visual editor.

3.3.1 Patterns

The pattern concept was born in the architecture field to descri-
be proven design solutions for recurring problems related to the
building of buildings, houses, roads, etc (Weigold et al., 2020).
Since the concept was born in the architecture area, the concept
has been adopted in several areas such as Software Engineering
(Weigold et al., 2020) and Human-Computer Interaction (HCI)
(Seffah, 2015), and adapted to the specifics of each area, but
without losing its essence. In the area of User Interface Design
(a subfield of HCI), the pattern also known as UI Design Patterns
are defined as reusable/recurring components which designers use
to solve common problems in user interface design (MacDonald,
2019).

According to this definition and to gather ideas about how to de-
sign the visual editor, we studied the Uls of eight web tools for
modeling or drawing software diagrams: Lucid Chart!, Visual Pa-

Uhttps://www.lucidchart.com
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Table 1. UI design patterns
Patterns Tool
Code Pattern name LucidChart Visual Paradigm Moqup GitMind Miro Creately CloudFormation CA Applogic
P1 Editor X X X X X X X X
P2 Canvas X X X X X X X X
P3 Property explorer X X X X X
P4 Toolbar X X X X X
P5 Execution results X
P6 Model name X X X X X X
P7 User account X X X X X
P8 Project actions X X X X
P9 Element hierarchy X
P10 Modeling display actions X X X X X X X
P11 Element arrangement X X
radigm?, Moqup?, GitMind*, Miro®, Creately®, CloudFormation Table 2. Patterns addressing the tasks
Designer’, CA Applogic®. Task models
Though the list of tools could be too long, we selected them be- Configure Create Create Create
) th 1 d in th ft d 1 Pattern environment VPC subnet instance
cause i) ’t ey are commonly used in the software deve opment (Figure2)  (Figure 3-a)  (Figure 3-b) _ (Figure 3-c)
community and ii) their user interfaces are web editors that allow Pl X
users to model software engineering artifacts (e.g., the architectu- g% ))g § §
re or infrastructure of a software application); something similar P4 X X X
to what we pursue with our web editor. P5 X
. . . . . P6 X
The main purpose of this study was to identify user interface de- P7 X
sign patterns. That is, identify UI design solutions that expert de- P8 X
signers have reused over and over again to solve interaction pro- 15190 ))g § §
blems in the software modeling domain. As a result of this study, P11 X X X
we identified eleven patterns as shown in Table 1 where “X” in-
dicates in which tool the pattern was identified. Figure 4 shows
an example of the pattern identification task performed on user Table 3. Toolbar Pattern
interfaces of Moqup and CloudFormation tools. 1(\1:‘(‘)1\[’)[}1;: IEZOHM
Once the patterns were identified, we documented them. There are WHAT: List the range of elements that can be included in the mo-
several templates for documenting patterns, each tailored to the del.
d . . . . WHEN: Modeling involves specifying elements with their rela-
ocumentation needs of each domain. To document the identified S S
. . tionships. The user needs to clearly identify the range of
patterns, we have adapted the Tidwell template (Tidwell, 2010) elements available to model.
by defining four parts: WHAT (what the pattern solves, i.e. the HOW: Show a window with the set of elements available for the
problem it solves), WHEN (when the pattern is used or should be model. The elements must be represented as icons that are
d h h be impl d familiar to the user and that are clearly identifiable. The
used), HOW ( 0“.] the pattern F:an e implemented), EXAMP LE window is generally located on the sides of the editor, pre-
(one or more Ul images showing how the pattern has been im- ferably on the left side. The window must be collapsible
plemented). For instance, Table 3 shows the definition of Toolbar to provide greater visibility of the canvas.
EXAMPLE: P4 in Figure 4

Pattern (P4) based on the four-part template. The rest of the pat-
terns are described in Appendix A, in the same style as the Toolbar
pattern.

Although, the defined patterns describe general solutions to inter-
action problems in the modeling software domain, these patterns
can be perfectly adapted to solve interaction problems in the in-
frastructure provisioning domain. Indeed, the idea is to relate the
defined patterns so far with the interactions defined in task models
(see Section 3.2). For instance, Canvas (P2), Property explorer
(P3), and ToolBar (P4) patterns are related to the interactions de-
fined in Create VPC task model (see Figure 3-a) since: from the
toolbar (P4), the user can select an element that represents a VPC,
drag and drop it onto the canvas (P2), and then define the VPC

Zhttps://online.visual-paradigm.com
3https://app.moqups.com
“https://gitmind.com

Shttps:/miro.com

Shttps://app.creately.com
"https://aws.amazon.com/es/cloudformation/
8http://inunison.com/products/ca-applogic/
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properties (P3). In this sense, Table 2 shows the relationships bet-
ween patterns and task models. The “X” in the table must be read
as “The pattern P is related to the interactions of the task model
M.

3.3.2 A Pattern Language

Patterns are not isolated entities, but rather there are relationships
between them. For instance, considering the HOW part of the des-
cription template of Toolbar pattern (P4) (Table 3): “The window
is generally located on the sides (right of left) of the editor, prefe-
rably on the left side. The window must be collapsible to provide
greater visibility of the canvas.”, we identified that Toolbar pattern
(P4) is related to two patterns: Editor Pattern (P1) and Canvas pat-
tern (P2).

The set of patterns and their relationships is commonly named

Octubre 2023, Vol. 52, No. 1
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Figure 4. Patterns identified in Moqup and CloudFormation user interfaces

by HCI community as Pattern Language (Van Welie and Van der
Veer, 2003). Indeed, Van Welie and Van der Veer (2003) establish
three main relationships between patterns:

e Specialization.- Some patterns are specializations of other
patterns. It is to say, a Pattern B inherits the basic idea of
a Pattern A.

* Association.- A pattern can be related to other patterns be-
cause they occur in a same context of the design.

* Aggregation.- A pattern aggregates several other patterns.

Considering these relationships, Pattern language in Figure 5 re-
sumes the relationships between the patterns defined in this paper.
For instance, Toolbar pattern has i) an aggregation relationship
with Editor pattern since Editor contains or aggregates the tool-
bar ii) an association relationship with Canvas pattern since they
occur in the same context of the design: the elements located in
Canvas are provided by Toolbar pattern.

The Pattern language becomes a point of reference for designing
the web editor UI since we design the UI by considering the pat-
terns and their relationships.

P1. Editor

P9. Element
hierarchy

I P6. Model name
P3. Property

explorer

P2. Canvas

P4. Toolbar P7. User account

P5. Execution
results

P8. Project actions

P11. Element

P10. Modeling
display actions

Figure 5. Patterns Language

3.3.3 Editor

The UI design of the web visual editor, which we have called “In-
frastructure Modeler”, is composed of 5 areas (Al, A2, A3, and
A4, AS) which are delimited with dashed lines in Figure 6. Each
area implements patterns and each pattern is indicated by its pat-
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Figure 6. Web Editor Wireframe

tern code. For example, area 3 contains patterns P2 and P10.
Area 1.- This area contains the project general information and
operations related to the model. This area implements the P6, P7,
P8, and P11 patterns:

e The Project actions pattern (P8) is applied in this area to
show the model managing and execution tools. Model mana-
ging tools allow to create a new infrastructure model (New
button) or open an existing one (Open button). Modeling
execution tools allow to save changes to the current model
(Save button), transform the visual model into a code script
(View Script button), and run the script on a specific infras-
tructure provider (Run button).

» The Elements arrangement pattern (P11) was applied to help
users organize the elements in the canvas. The user first se-
lects two or more elements on the canvas and then applies
one of six available options to align or arrange the elements.

* The Model name (P6) and User account (P7) patterns we-
re applied to display the name of the project model and the
registered user, respectively.

In addition, in this area, we have located a selectable list on the

Revista Politécnica, Agosto -

right side of the area to allow the user to establish the provider
region from which the infrastructure resources will be used.

Area 2.- This area, located on the left side of the editor, imple-
ments the P4 and P9 patterns.

e The Toolbar pattern (P4) was applied to create the toolbox
section which contains the set of icons representing both the
infrastructure elements and the connectors to establish rela-
tionships between the elements. The user can easily drag and
drop the icons on the canvas.

* The Element Hierarchy pattern (P9) is applied to display
the Project Browser section which displays the infrastructu-
re elements drawn on the canvas, arranged in a hierarchical
structure where the user can easily infer which element con-
tains another.

Moreover, the design of this area is intended to be flexible in ca-
se of increasing the number of options, this is why the Accordion
design pattern has been applied to every section of this area (Tid-
well, 2010). Accordion pattern is recommended to use when there
is a lot of heterogeneous content that must fit into a small space
in the user interface. Indeed, the design solution proposed by this
pattern is placing content modules in a collinear stack of panels
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that can be opened or closed in an independent way. By applying
this solution to the editor, all infrastructure elements can be orga-
nized into different categories (panels) that can be independently
opened o closed in accordance with the user’s need.

Area 3 .- This area represents the canvas where the user will model
the infrastructure by using infrastructure elements and connectors
from toolbox in Area 2. This area implements the P2 and P10
patterns.

* The Canvas pattern (P2) is applied to allow users to drag
infrastructure elements available in the toolbox (in Area 2)
and drop them on the canvas. Once the elements are in the
canvas, they can be connected by using connectors from the
Connectors category (in Area 2). The canvas behaves like a
large workspace whose dimensions (width and height) dyna-
mically grow to embrace all elements drawn on it.

* The Modeling display actions pattern (P10) is applied to im-
prove the navigation and visualization of the canvas. Users
can navigate through the entire workspace and visualize the
infrastructure diagram elements in detail.

Area 4 .- This area defines a form containing the fields related
to the properties of the selected element in the canvas. Property
explorer pattern (P3) was applied in this area. Each element has
its properties and the form adjusts to the number of properties of
each element.

Area 5.- This area displays the infrastructure code resulting from
running the infrastructure model in Area 3. Excution results pat-
tern (P5) was implemented in this area. The code is produced once
the user has pressed the “View Script” or the “Run” buttons loca-
ted in Area 1. JSON or YAML are formats in which code can be
presented considering that these formats are commonly used to
specify infrastructure.

4. CONCLUSIONS

This article describes the design of a visual editor as a generic web
user interface for modeling and provisioning cloud IT infrastruc-
ture. The visual editor design is intended to provide an interactive
graphical environment to reduce the complexity of defining infras-
tructure elements through code.

The design of the user interface is guided by the User Centered
Design methodology, using two techniques under the umbrella of
this methodology: Task Analysis and User Interface Design Pat-
terns. The former was applied to create task models that represent
the interactions users perform when modeling/provisioning the in-
frastructure, and the latter to compose the UI design.

Based on the task models, expressed in the ConcurTaskTree (CTT)
notation, the user interfaces of online tools oriented towards crea-
ting software/hardware and infrastructure diagrams were studied.
The purpose of this study was to identify the designs used by ex-
pert designers to accomplish the tasks. This study was necessary
since no defined user interface design patterns were found for the
design of graphical editors. Indeed, a contribution of this article
is to define a set of patterns intended to design visual editor user
interfaces. Furthermore, a pattern language was built considering
the relationships between the defined patterns. These relationships

AWS (2021a).

IONOS (2021).

RedHat (2020).

provide a logical way how to compose a user interface using pat-
terns. Finally, the patterns and their relationships were used to
compose the layout of the visual editor’s user interface.

The proposed design together with the task models and the defined
design patterns become reference points for designing user inter-
faces in this domain. In future work, it is proposed to evaluate the
designed user interface through tests with users. User feedback
will help refine the design. Refined design can be implemented
with standard web technologies (HTML, JavaScript, CSS)
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Appendix A. « HOW: Show a window with the result (graphical or textual)
of the process execution. The window can be collapsible, ho-

NAME: Editor Pattern wever, the window must be visible after the user execute the

process.
* CODE: P1

« EXAMPLE: P5 in Figure 4
* WHAT: Shows the workspace for creating or editing models.

NAME: Model Name Pattern
* WHEN: Users require a workspace to make models that in-

clude graphic elements. The user is free to locate the graphic « CODE: P6

elements in the workspace, as well as move them and even
configure their intrinsic properties. * WHAT: Shows active model name.

« HOW: Show a window in the entire space of the web brow- * WHEN: The active diagram/model drawn in the Editor (P1)
can be named to be saved. To open the diagram/model, the

ser. The window is arranged in panels that allow users to ma- ‘ i i -
user can identify the diagram by its name.

nipulate the elements in the model.

« EXAMPLE: P1 in Figure 4 « HOW: Sl'10W the name of the diag‘ram./model ina vi§ible p?lrt

of the Editor(P1). The name text is displayed as primary in-

NAME: Canvas Pattern formation and is generally located in the upper left or cen-

ter of the editor considering the user’s hierarchical reading

* CODE: P2 behavior. If the model is new, its name can be shown as “Un-
titled...”.

e WHAT: Show a canvas in which elements can be located in
X,Y coordinates and where the user can move freely. « EXAMPLE: P6 in Figure 4

* WHEN: The user needs to create a model by positioning ele- NAME: User Account Pattern
ments and relating them with connectors.

¢ CODE: P7
e HOW: Place the canvas in the center of the Editor Pattern

(P1). Allow user to drop elements from the Toolbar pattern * WHAT: Shows the user account who has logged in to the
(P4). Allow the canvas to grow in dimension depending on Editor (P1).

the elements positioned on it. Each element on the canvas
can have a context menu to indicate the actions to perform
on the element.

* WHEN: When the diagram is saved, it must be stored in the
private repository of the registered user. A user can only open
the diagrams saved in his/her account.

* EXAMPLE: P2 in Figure 4 . . . .
* HOW: Show the information of the registered user. The in-

NAME: Property Explorer Pattern formation can be represented in a graphical o textual way
(e.g., the user’s name, initials, or a circular avatar-like icon).
« CODE: P3 Such representation must be visible in the Editor(P1). When
the user interacts with the representation, the user’s account

* WHAT: Allows the user to enter information related to the details must be displayed.

properties of an element.
* EXAMPLE: P7 in Figure 4
* WHEN: Elements in the diagram contain metadata that must
be specified by the user. NAME: Project Actions Pattern

* HOW: When selecting an element in the diagram, display a « CODE: P8
form containing fields to set value to each element property.

A property is commonly know as element metadata. ¢ WHAT: Perform actions on the model of the active project
« EXAMPLE: P3 in Figure 4 * WHEN: Users can perform several actions over the active
project (e.g., save, export model in image formats, execute

NAME: Execution Results Pattern some process belonging to the project).
* HOW: Group the actions by their semantic affinity. The ac-
* CODE: P5 . . .

tion groups must be located at the sides (top, bottom, right,
« WHAT: Shows the results of executing a process. left) of the Editor(P1). The set of actions can be displayed in
a horizontal or vertical area. Such an area can cover the whole
* WHEN: The user needs to visualize the result of a process width or height of the editor. Actions can be represented with
execution. The result can be displayed graphically or tex- icons or icons and text. Some actions related to the project

tually. can be auto-save feedback, export, share, view source, etc.
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« EXAMPLE: P8 in Figure 4
NAME: Element Hierarchy Pattern

* CODE: P9

* WHAT: Allows the user to visualize in a summarized and
organized way the elements included in the model

* WHEN: The model contains elements organized in a hierar-
chical way. The user needs to visualize the list of elements
included in the model, avoiding the visual overload of ele-
ments drawn in the model.

« HOW: Show a panel containing a hierarchical list of ele-
ments drawn on the Canvas (P2). The panel can be collapsed
or expanded to improve the user’s view of the Canvas. When
selecting a panel item, provide information about actions that
can be performed on the item. For example, when selecting
an item from the list, a contextual dialog can be displayed
with the action "navigate to item"within the Canvas.

* EXAMPLE: P9 in Figure 4
NAME: Modeling Display Actions Pattern

 CODE: P10

¢ WHAT: Perform actions related to the model and its ele-
ments

e WHEN: The user needs to perform actions on the Can-
vas(P2) such as moving around the diagram, zooming in/out
and redoing/undoing changes to the elements that make up
the diagram.

¢ HOW: Place an icon menu on the side of the canvas (in the
bottom right corner, preferably). Menu icons should be repre-
sentative of actions like zoom in/out, redo/undo, layers, full
screen, move, select, etc. When icons get focus, they should
display information about the action the icon represents.

« EXAMPLE: P10 in Figure 4
NAME: Element Arrangement Pattern

* CODE: P11

* WHAT: Performs automatic actions related to the arrange-
ment of elements on the Canvas.

e WHEN: The elements on the canvas can be rearranged to
improve their visualization in the model. Although the ele-
ments can be arranged manually, the Editor(P1) must support
the user with automatic actions to improve the efficiency of
organizing the elements in the model.

* HOW: Include actions to align elements or sort them

* EXAMPLE: P11 in Figure 4
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Resumen: El Perd, dado que estéa establecido dentro del Anillo de Fuego del Pacifico es considerado un pais con una
frecuencia alta de sismos. Diversos estudios indican que frente a las costas se presenta acoplamiento sismico. Esto
sumado a la escasez de medios econémicos para contratar asesoria profesional al disefiar y construir la edificacion,
genera la inadecuada utilizacion de normas técnicas de edificaciones. El presente estudio tuvo como objetivo estimar
niveles de wlnerabilidad sismica para construcciones existentes de zona sur-este dentro del distrito de Lambayeque,
situado en el norte costero peruano. Para lograrlo, se recurrié al método italiano del indice de vulnerabilidad, por lo
que se evalué 3 054 edificaciones pertenecientes a 4 tipologias: (1) construcciones de adobe, (2) albafiileria no
confinada, (3) albafileria confinada y (4) concreto armado. De las edificaciones analizadas, el 15,62% tiene un nivel
de wlnerabilidad bajo, el 62,25% tiene un nivel de vulnerabilidad media, el 22,13% presenta una vulnerabilidad alta.
Ademas, se realizd un mapa tematico con el Sistema de Informacion Geografica y se expresa su vulnerabilidad
sismica por niveles cuya identificacion se realiza mediante escala de colores. Como complemento, se elabord un
Estudio de Mecanica de Suelos y se obtuvieron capacidades de carga admisible del suelo de entre 0,64 kg/cm? y 1,00
kg/lcm?,

Palabras clave: wulnerabilidad sismica; indice de vulnerabilidad; adobe; albafiileria; concreto armado; SIG

Seismic Vulnerability Index Method Using the Geographic
Information System, An Application on an Urban Scale

Abstract: Peru, since it is established within the Pacific Ring of Fire, is considered a country with a high frequency
of earthquakes. Various studies indicate that seismic coupling occurs off the coast. This, added to the scarcity of
economic means to hire professional advice when designing and constructing the building, generates the inappropriate
use of technical building standards. The objective of this study was to estimate levels of seismic vulnerability for
existing constructions in the south-east area within the district of Lambayeque, located in the northern Peruvian coast.
To achieve this, the Italian method of the wulnerability index was used, evaluating 3,054 buildings belonging to 4
types: (1) adobe buildings, (2) unconfined masonry, (3) confined masonry, and (4) reinforced concrete. Of the
buildings analyzed, 15.62% has a low vulnerability level, 62.25% has a medium vulnerability level, and 22.13%
presents a high wulnerability. In addition, a thematic map was made with the Geographic Information System, what
expresses its seismic vulnerability by levels whose identification is made through a color scale. As a complement, a
Soil Mechanics Study was prepared, obtaining allowable load capacities of the soil between 0.64 kg/cm? and 1.00
kg/cn?.

Keywords: seismic vulnerability; vulnerability index; adobe; masonry; reinforced concrete; GIS

1. INTRODUCCION El Cinturdn o llamado también Anillo de Fuego del Pacifico,
es uno de los sectores mas wulnerables sismicamente,
Los sismos son fendmenos extraordinarios de la naturaleza  convirtiéndose en la linea de falla méas activa. En esta zona, se
capaces de ocasionar dafios materiales y pérdidas de vidas en ~ genera alrededor del 90% de la actividad sismica mundial
poco tiempo generando asi devastadoras consecuencias  (Freitas, et al., 2019).
(Kawamura, et al., 2012).
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En Sudamérica, la Cordillera de los Andes se extiende,
formando montafias en serie que recorre los territorios de
Bolivia, Ecuador, Per(, Venezuela, Argentina, Chile y
Colombia. Esta conformacién de montafas y ciertos volcanes
obedecen a la subduccion que tiene la Placa de Nazca en su
encuentro con la Sudamericana; considerada una zona
altamente sismica debido al rozamiento que se produce en
estas (Sarria, 1995). Como el suceso del terremoto de Pisco
acontecido en agosto de 2007, la cual tuvo una magnitud 7.9
Mw y con una profundidad de 40 Km., produjo el deceso de
519 personas y mas de 655 edificaciones afectadas en este
suceso catastrofico (Zavala, et al., 2009).

Debido a que las edificaciones estan expuestas a sufrir dafios
por los eventos sismicos, los ingenieros expertos en la materia
se vieron comprometidos a realizar técnicas y metodologias
simplificadas para evaluar la vulnerabilidad sismica (Cunalata
y Calza, 2022).

Una de estas metodologias sera el método del “indice de
vulnerabilidad”, asimismo Ilamado método italiano, en el cual
se describen parametros relacionados a evaluar propiedades
estructurales y no estructurales de una estructura (Benedetti y
Petrini, 1984). Por ese mismo afio, la metodologia fue elegida
por un organismo italiano llamado Grupo Nacional de Defensa
contra Terremotos (GNDT), para evaluar subjetivamente
edificaciones existentes apoyandose en calculos simplificados
para diagnosticar su vulnerabilidad pre o post sismo (GNDT,
2007).

Cabe mencionar que esta metodologia se ha aplicado en
diferentes ciudades y paises como Ecuador, Colombia,
Espafia, Italia, Croacia, como se indica en varios estudios
(Cardinali, et al., 2019; Nikoli¢, et al., 2021; Leggieri, et al.,
2022). En Per0 su aplicacion se ha dado en ciudades como
Lima, Chiclayo, Jaén, La Libertad, Cajamarca, Ayacucho.
Siendo este uno de los métodos més aplicados en el mundo,
debido a su simplicidad en clasificar la vulnerabilidad de la
edificacion mediante un indice debido a sus caracteristicas
estructurales y fisicas cualitativamente (Ferreira, et al., 2019).

Si bien es cierto el enfoque que presenta el método italiano,
puede describirse como poco confiable, puesto a que se basa
en la observacién de pardmetros, estos datos pueden ser
limitados o inexactos porque no se cubre con la totalidad de
tipologias y pardmetros mas elaborados que pueden demostrar
de una forma mas analitica la vulnerabilidad de una estructura.
Pese a esto, el método sigue siendo el ideal para estimar la
vulnerabilidad en grandes muestras de edificaciones para una
ciudad (Moufid, et al., 2020).

En el Perd, las estructuras existentes contemplan materiales
como adobe y quincha, siendo estas construcciones de 1 piso
y que tienen buenas propiedades acUsticas y térmicas pero que
son wulnerables a fendmenos naturales (Chacén, et al., 2021).
También de ladrillo que actualmente se le conoce como
sistema de albafiileria con la cual se pueden construir
edificaciones de mayor altura, razén por la cual, este material
y sistema es el méas utilizado por la poblacion para
edificaciones comunes (Shigyo, 1991). Y de concreto armado
cuyos sistemas de muros estructurales, aporticado o dual son

los sistemas estructurales mas utilizados para edificaciones
esenciales, cabe mencionar que para zonas sismicas el sistema
aporticado es mas susceptible a sufrir dafios (Lara, et al.,
2018).

Histéricamente, la zona norte del Perd se ha visto afectada por
periodos de precipitaciones de gran intensidad provocadas por
fendmenos “El Nifio”, “La Nifia” y “El Nifio Costero”,
precisamente este Ultimo, se presentd desde diciembre del
2016, hasta mayo del 2017 (DIHIDRONAYV, 2017). Como es
sabido las edificaciones han sufrido los estragos que deja las
prolongadas horas de lluvia, lo cual genera inundaciones. Es
por ello que en el distrito de Lambayeque, 330 viviendas
colapsaron, 777 fueron declaradas inhabitables y 937
viviendas resultaron con algin tipo de afectacion (INDECI-
COEN, 2017). Considerando que especialmente las
edificaciones de adobe resultan seriamente afectadas a la
exposicion prolongada de lluvias, al tener la base de los muros
inundados, generan erosion y disminucidn de seccidn lo que
conlleva a disminuir su resistencia y el posterior colapso
parcial o total (San Bartolomé, et. al., 2010), generandose
vulnerabilidad.

Sumado a esto, estudios afirman que frente a la costa del pais
existe un silencio sismico importante, esto genera un
acoplamiento sismico en el cual se estima terremotos de gran
magnitud, por lo cual para el norte del Pert se prevé un sismo
de 7.5 Mw dado que en afios pasados hubo sismos de tal
magnitud (Villegas-Lanza, et al., 2016).

En la actualidad, mediante el Sistema de Informacion
Geogréfica (SIG), se puede analizar datos a gran escala con el
propésito de relacionar estadisticas de cada parametro y
establecer su vulnerabilidad de las edificaciones (Zanazzi, et
al., 2019). En el entorno SIG, se integra la informacion
georreferenciada permitiendo la ubicacién rapida de los
resultados y los procedimientos de evaluacion (Leggieri, et al.,
2022).

Es asi que, Nikoli¢, et al. (2021), en su interés por establecer
la wlnerabilidad sismica en la costa de Croacia, utilizaron la
metodologia italiana para evaluar edificaciones histéricas en el
centro de la ciudad, siendo estos de mamposteria. Se
obtuvieron resultados con niveles medio y alto de
vulnerabilidad en su mayoria, esto debido a que fueron
construidos con muros de mamposteria suelta, sin elementos
de confinamiento, ademas de presentar deficiencias en la
conexion muro-techo, por no tener suficiente cantidad de
muros en ambas direcciones y tener elementos no estructurales
acoplados de manera deficiente. También, se consideran
irregularidades en altura y planta. Adicionalmente, para una
mejor interpretacion de resultados, se integr6 todo lo
recopilado a un SIG mediante el software ArcGIS donde se
combinaron datos graficos georreferenciados con la
informacion de cada parametro del método, dando lugar a un
mapa de vulnerabilidad.

En el mismo contexto, Cardinali, et al. (2019) evaluaron
edificaciones de mamposteria en Florencia, Italia. Mediante el
método del “Indice de vulnerabilidad” derivado del GNDT se
obtuvo asi una wulnerabilidad media. Los edificios se han

Revista Politécnica, Agosto — Octubre 2023, Vol. 52, No. 1



Método del indice de Vulnerabilidad Sismica Usando el Sistema de Informacién Geografica, Una Aplicacion a Escala Urbana 97

dividido segin sus caracteristicas arquitecténicas y
tipoldgicas. En funcion de su estructura, se ha tenido edificios
de mamposteria, de concreto armado y edificaciones con
tipologia mixta. Finalmente, la informacion de cada
edificacion se ha recopilado en una base de datos y mediante
el SIG se ha georreferenciado la informacion utilizando el
plano catastro de la ciudad.

En este articulo, se aplica el método del “indice de
vulnerabilidad”, debido a los antecedentes de su aplicacion a
nivel mundial y a nivel de Sudamérica, lo que deja resultados
interesantes. Se lo considera apropiado para abarcar una
muestra grande de construcciones existentes pertenecientes al
distrito de Lambayeque (Per(), teniendo en cuenta que en la
zona se aprecian estructuras autoconstruidas, éstas se
convierten en un peligro inminente para sus habitantes. El
procesamiento de datos recopilados durante una evaluacion
pre-sismo llevara a mostrar mediante el SIG, un mapa o plano
tematico que comprende, mediante su indice, la vulnerabilidad
de cada edificacion.

Este estudio puede considerarse como precedente para el
conocimiento publico, para fortalecer las medidas preventivas
y de mitigacion de vulnerabilidad en las edificaciones
existentes, y mejorar los procesos constructivos para
estructuras futuras.

2. MATERIALES Y METODOS
2.1 Descripcion y muestra de zona elegida

Esta aplicacion del método se dio en el distrito de
Lambayeque, perteneciente a provincia y al departamento que
tiene igual denominacién, localizado en costa norte del Perd.

Con respecto a la Figura 1, se sefiala la ubicacion del distrito
de Lambayeque. Especialmente se eligié la zona sur-este,
siendo aproximadamente la cuarta parte del territorio edificado
del mencionado distrito, puesto que en esta area hay
edificaciones que tienen muchos afios de antigliedad y que se
han construido sin consideracion de normas de edificaciones.
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Figura 1. Ubicacién del distrito de Lambayeque

En la zona de estudio, se inventariaron 3 677 estructuras de
diferente tipologia debido a la diversificacion de materiales y
procesos constructivos que se aplican en la ciudad.

Mediante criterios de seleccidn, se consideraron como criterios
de inclusion las 4 tipologias descritas: construcciones de
adobe, albafiileria no confinada, albafileria confinada y
concreto armado, las mismas que se constituyen como
poblacidn de estudio 3 054 edificaciones existentes. Mientras
que 623 restantes no se consideraron debido a los criterios de
exclusion: edificaciones de albafiileria armada, tapial, quincha,
madera, drywall, acero estructural, sistemas mixtos, zonas
arqueologicas y lotes: cercados, en proceso de construccién y
sin construir.

Conociendo la poblacidn, se decidié tomar una muestra no
probabilistica censal, este tipo de muestra infiere en
seleccionar todas las unidades de investigacion como muestra
Ramirez (1999), es por ello que la muestra serd el 100% de la
poblacidn de estudio.

La Figura 2 muestra una construccion tipica en adobe de un
piso. En la cubierta, suelen presentar calaminas de
fibrocemento, madera, metal o plastico, equivalente a un
diafragma flexible. Suelen tener muros de 17 cm (aparejo de
soga) o 34 cm (aparejo de cabeza) habitualmente dafiados en
la parte inferior debido al salitre y/o humedad, generadas
principalmente por la acumulacion de lluvias eventuales o por
precipitaciones extraordinarias ocasionadas por “El Nifio
Costero” en el 2017 (DIHIDRONAYV, 2017). El efecto
combinado de estos agentes suele provocar erosion en la base
de los muros. Este tipo de edificaciones es un ejemplo de
construccién con wulnerabilidad sismica alta por falta de
contrafuertes, inadecuados arriostres horizontales, y por los
efectos de los agentes meteoroldgicos mencionados asi como
por la antigiiedad, los cuales no cumplen con los requisitos y
criterios de la Norma Técnica E.080 (Ministerio de Vivienda,
Construccion y Saneamiento, 2017).

Figura 2. Edificacion de adobe

La Figura 3 es una muestra de las construcciones tipicas de
albafiileria no confinada existentes en la zona, las cuales
pueden tener muros de 13 cm (aparejo de soga) o 23 cm
(aparejo de cabeza) que no se encuentran totalmente
confinados, no bordeandose asi los cuatro lados con elementos
de concreto armado como vigas y/o columnas, se observa la
unioén de los muros dentados inadecuadamente. En su mayoria
suelen tener cubiertas de calamina, lo que se considera un
techo flexible, y en otros casos tienen losa aligerada
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convirtiéndose asi un peligro inminente al percibirse un sismo
de moderada magnitud, las cuales son, en su mayoria
estructuras de un solo piso.

La Figura 4 muestra las construcciones tipicas de albafiileria
confinada del distrito, las cuales varian respecto a la tipologia
anterior en que éstas si confinan sus muros. En su mayoria
suelen tener techos de losa aligerada y tener una azotea de
cubiertas de calamina.

o Sor -

Fighra 4. Edificacién de albafiilerfa confinada )
Como ultima tipologia se tiene construcciones de concreto
armado existentes en el distrito, teniendo como sistema
estructural los pérticos de concreto armado para zonas con
poca sismicidad, o en otros casos también se incluye placas o
muros estructurales para zonas con alta sismicidad, como se
muestra en la Figura 5. La tabiqueria suele estar arriostrada por
columnetas para evitar los casos de columnas cortas.

2.1 Tomade datos

Para identificar los lotes, se pidi6 como referencia el plano
catastral a la municipalidad del distrito que data del afio 2020,
para proceder a actualizarlo realizando un reconocimiento de
campo mediante visitas al lugar e imagenes aéreas satelitales.

Para la recoleccion de datos, primeramente, se recorriéo “in
situ” todas las edificaciones. Ademas, se complement6 con la
utilizacién del Google Earth con la opcién del Street View que
data de los afios 2013-2015 para ver algin cambio estructural

de las edificaciones con respecto a las actuales, procediendo
con el llenado de fichas de observacién las cuales tienen
elementos de evaluacion y descripcion de los parametros por
cada tipologia existente en el area evaluada.

Asi mismo, estos datos se plasmaron en hojas de calculo Excel,
para luego proceder a una recopilacion masiva y ordenada de
la informacion de cada edificacion.

Figura 5. Edificacion de concreto armado
2.2 Estudio de Mecanica de Suelos

Para conocer las condiciones a las que estan expuestas las
cimentaciones existentes, se realiz un Estudio de Mecénica
de Suelos. Esto con el propdsito de obtener informacion de las
caracteristicas fisicas y de resistencia del material muestreado
a través de ensayos, de lo cual se obtuvo la clasificacion
unificada de suelos y la capacidad admisible del suelo en el
cual se han construido las edificaciones.

Para ello, se tomaron muestras alteradas e inalteradas en 5
calicatas a cielo abierto, distribuidas estratégicamente para
abarcar la zona sur-este del distrito de Lambayeque.

2.3 Metodologia

El método aplicado en la investigacion se derivo del enfoque
italiano (Benedetti y Petrini, 1984), complementado con
consideraciones en la descripcion de los parametros que utiliza
el grupo de investigacion cientifica de Italia (GNDT, 2007),
modificando algunos elementos de la metodologia original con
elementos que se ajustan a la realidad particular de la zona de
evaluada.

El método radica en aplicar una ficha de evaluacion que
contiene 11 pardmetros, cada uno de estos evalUa un atributo
estructural, y se consideraron aspectos como las
irregularidades en altura y planta, sistema constructivo, estado
de los materiales, entre otros.

La Tabla 1 tomada de Benedetti, et al. (1988), muestra las
clases o escalas de gradacion desde un nivel A (si es que se
ajusta a cumplir de manera 6ptima el parametro) hasta un nivel
D (si no cumple favorablemente) en edificaciones de
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mamposteria con tipologias como adobe, albafileria no
confinada y albafileria confinada, para cada parametro
correspondiente.

En Tabla 2 propuesta inicialmente por Gavarini y Angeletti
(1984), se muestra las clases desde un nivel A (6ptimo) hasta
un nivel C (desfavorable) en construcciones de concreto
armado, que engloban un valor numérico (Ki); y un coeficiente
de ponderacion (Wi) que es un valor Unico propio que
establece la importancia relativa de cada parametro.

Tabla 1. Vulnerabilidad para mamposteria
. Ki .
Parametros A B C D Wi

1. Tipo y organizacion del
sistema resistente
2. Calidad del sistema

0 5 20 45 1

. 0 5 25 45 0,25
resistente
3. Resistencia convencional 0 5 25 45 1,50
4. Posicion del edificio
cimentacion ¢ o 5 % 45 07
5. Diafragmas horizontales 0 5 15 45 1
6. Configuracién en planta 0 5 25 45 0,50
7. Configuraciénenelevacion 0 5 25 45 1
8. Dlstancrlgur:(?sm ma entre 0 5 25 a5 0.25
9. Tipo de cubierta 0 15 25 45 1
10. Elementos no estructurales 0 0 25 45 0,25
11. Estado de conservacién 0 5 25 45 1

Tabla 2. Vulnerabilidad para concreto armado
Parametros S, Wi
A B C

1. Tipo y organizacion del
sistema resistente
2. Calidad del sistema

0 1 2 4

resistente
3. Resistencia convencional -1 0 1 1
4. P05|c_|0n del -e’d|f|0|0 y 0 1 9 1
cimentacion

5. Diafragmas horizontales 0 1 2 1
6. Configuracion en planta 0 1 2 1
7. Configuracién en elevacion 0 1 3 2

8. Distancia maxima entre
muros 0 ! 2 !
9. Tipo de cubierta 0 1 2 1
10. Elementos no estructurales 0 1 2 1
11. Estado de conservacion 0 1 2 1

En el parametro uno, se verifica si la edificacién ha sido
estructurada correctamente, bajo supervision profesional. Se
verifico que exista la unidn entre paredes perpendiculares,
asegurando un comportamiento encajonado o cerrado de la
estructura.

En el parametro dos, se evalla el estado en que se encuentran
los muros que resisten las cargas, material empleado y calidad
del mortero en juntas (mamposteria), para concreto armado se
evalUa la calidad de ejecucion de elementos estructurales.

En el parametro tres, se valora la resistencia que puede
representar el sistema resistente de muros en sus dos

direcciones posibles (mamposteria), elementos

estructurales (concreto armado).

y de

En el pardmetro cuatro, se observa la situacion del terreno en
la cual se ha edificado, como presencia de humedad y/o sales,
desniveles, pendientes. Asi como tener en cuenta la capacidad
de carga admisible del suelo.

En el pardmetro cinco, se evalla si la edificacion cuenta con
diafragmarigido (losa aligerada o maciza), de ser asi, esta debe
estar conectado de manera correcta a elementos como
columnas y vigas.

El sexto pardmetro, verifica la geometria en planta de las
estructuras, esto puede lograrse con una relacion largo-ancho,
siendo las estructuras mas adecuadas si tienen forma
rectangular o cuadrada.

En el parametro siete, se verifica que no exista irregularidad
en altura, con masa abundante en los pisos superiores y con
poca masa en el piso inferior.

En el pardmetro ocho, se indica vulnerabilidad sismica si los
muros se encuentran ampliamente espaciados.

En el pardmetro nueve, se debe tener en cuenta la estabilidad
y conexion de la cubierta ya sea de fibrocemento, madera,
metal o plastico.

En el décimo pardmetro, se observan que las cornisas,
parapetos, tanques elevados tengan una conexion adecuada.

En el pardmetro once, se evalla las condiciones actuales de la
estructura de acuerdo a su antigiiedad, asi como la eficiencia
del proceso constructivo.

Por lo consiguiente, se expresa un indice de Vulnerabilidad
(IV) siendo un caso exclusivo tanto para edificaciones de
albafiileria, asi como para las de adobe como lo expresa
Ecuacion (1). Teniendo indices de entre 0 a 382,50. Se
considera menos vulnerable cuando el indice tiende a cero y
méas vulnerable conforme el indice aumenta.

IV:ZKL'*WL‘ )

Asi mismo, el IV se encuentra expresado para edificaciones de
concreto armado como Ecuacion (2). Teniendo indices de
entre 0 a 94,12.

(TAL, Ki* W) +1
34

IV =100 2)

Finalmente, se procede a normalizar el IV para cada
edificacion, obteniendo el Indice de Vulnerabilidad
Normalizado (IVN) con niveles desde cero (0) hasta cien
(100). Donde el valor minimo significa un edificio menos
vulnerable y el valor maximo un edificio mas wulnerable, esto
posibilitard la identificacion de rangos. Para una mayor
identificacion de niveles se establecen las siguientes categorias
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de wulnerabilidad sismica: baja (menor que 20); media (20
hasta menor que 40) y alta (40 a 100).

2.4 Base de datos en SIG

Después de haber elaborado las hojas de calculo en Excel que
incluyen todos los datos de los 11 parametros por cada
edificacion, se logra exportar la informacion total al entorno
SIG, por lo que se eligio el software ArcGIS para concretar
este procedimiento. Esto sumado a que se actualizo el plano
catastral del distrito de Lambayeque en el software AutoCAD,
siendo este también exportado al entorno SIG. Dando como
resultado la identificacion por escala de colores de la
vulnerabilidad sismica en cada edificacién. Dicha escala se ve
representada por color rojo, amarillo y verde que indican una
vulnerabilidad alta, media y baja respectivamente.

Cabe resaltar que la informacidn geogréfica referenciada en la
base de datos de los softwares mencionados, fueron
proyectados dentro del sistema de informacion geogréfica
Universal Transversal de Mercador (UTM), perteneciendo la
zona sur-este del distrito de Lambayeque a la Zona 17 Sur.

3. RESULTADOS Y DISCUSION

Dentro de la poblacidn total se encontraron 3 677 lotes, de los
cuales 3 054 eran edificaciones existentes y fueron
contemplados como poblacién de estudio puesto que cumplen
con los criterios de inclusién: construcciones de adobe,
albafiileria no confinada, albafileria confinada y concreto
armado. Y a su vez, se tomd como muestra el total de la
poblacidn estudiada, la cual se consider6 como una muestra
censal.

Para el total de construcciones de la zona sur-este del distrito
de Lambayeque, se evaluaron 3 054 edificaciones existentes
de las cuales, 477 edificaciones que representa el 15,62%
presentan una vulnerabilidad sismica baja (identificandoseles
con color verde), 1 901 edificaciones que representa el 62,25%
presentan una wulnerabilidad sismica media
(identificAndoseles con color amarillo), y 676 edificaciones
que representan el 22,13% presentan una vulnerabilidad
sismica alta (identificandoseles con color rojo), como se
muestra en la Figura 6.

Del total de la muestra, 949 lotes son edificaciones de
mamposteria de adobe, 365 lotes son edificaciones de
albafiileria no confinada, 1 724 lotes son edificaciones de
albafiileria confinada, y 16 lotes son edificaciones de concreto
armado. Sumando 3 054 edificaciones. Los 623 lotes restantes,
se comprobd en el levantamiento de campo que se encontraban
en diferentes condiciones a los que se habia propuesto en este
estudio o eran lotes vacios. La albafileria confinada se
constituye la tipologia mas usada en el area evaluada, con el
46,89% del total de las estructuras.

Del total de construcciones de adobe, el 64,28% resultan tener
un nivel de wulnerabilidad media siendo este nivel el
porcentaje mas alto, seguido de una wulnerabilidad alta con
35,51% y solo el 0,21% poseen niveles de vulnerabilidad baja.

Del total de construcciones de albafiileria no confinada, el
61,92% resultan tener una vulnerabilidad media, completando
los resultados con una wulnerabilidad alta con 38,08%, no
teniendo edificaciones que presenten vulnerabilidad baja.

Del total de construcciones de albafiileria confinada, 61,54%
resultan tener una vulnerabilidad media, sequida de un nivel
de wulnerabilidad baja con 27,09%, completando el total de
edificaciones con un 11,37% que representa una
vulnerabilidad baja.

Del total de construcciones de concreto armado, 50,00%
poseen una vulnerabilidad baja, complementando la
vulnerabilidad media y alta, ambos con 25,00%.

Con respecto al Estudio de Mecénica de Suelos, se realizaron
5 calicatas a cielo abierto con una profundidad de 1,50 m, en
donde se obtuvo diferentes tipos de clasificacién de suelo
como: arcillas de mediana plasticidad (CL), arcillas limosas de
mediana plasticidad (ML-CL), arenas limosas de poca
plasticidad (SM-SP), arenas de nula plasticidad (SP), y limos
y arenas muy finos (ML). Y con capacidades de carga
admisible de entre 0,64 kg/cm? y 1,00 kg/cn?. Ademas de que
en 2 calicatas el nivel freatico estaba presente a 1,00 mya 1,40
m de profundidad.

En cuanto a las discusiones, la metodologia propuesta en este
estudio fue la misma que se presenta en Nikoli¢, et al. (2021),
para edificaciones de mamposteria. Es por ello que los
parametros y clases son iguales, la diferencia es en el peso Wi
del pardmetro uno, aumentandolo de 1,00 a 1,50, se considera
la importancia de que la estructura tenga un comportamiento
encajonado. Sus resultados indican la presencia de
vulnerabilidad media en un 47,00%, vulnerabilidad alta en
25,00%, completando con un 28,00% de wulnerabilidad baja.
Para concordar con los resultados del presente articulo, en que
las edificaciones tienden a una wulnerabilidad media y alta,
debido a las deficiencias constructivas como lo son la carencia
de miembros estructurales de confinamiento y baja cantidad de
muros en longitud con menor distancia, se suma a esto la
antiguiedad de la edificacidn y falta de asesoria profesional.

Para el caso de Cardinali, et al. (2019), se estudian tipologias
como: edificaciones de mamposteria, edificaciones de
concreto armado y tipologias mixtas. Se presenta una similitud
en las tipologias estudiadas en la presente investigacion. Se
deriva en que en la mayoria de estas construcciones predomina
la wulnerabilidad media, lo que compatibiliza con los
resultados de nuestro estudio.

En el caso de Chacon, et al. (2021), se evalué un antiguo
colegio con muros de adobe y cubiertas de madera en la ciudad
de Quito, Ecuador. Al aplicar el método del “indice de
vulnerabilidad™ da como resultado que el complejo educativo
presenta una vulnerabilidad alta debido a su antigledad,
fragilidad del material como el adobe y muros dafiados, pero
principalmente a su irregularidad en planta (forma en L) que
obedece al pardmetro seis por lo que un lado de la edificacion
centraliza mayor rigidez y/o masa respecto a otro lado de la
estructura. Al comparar con las edificaciones de adobe del
presente estudio, coinciden en su antigiedad, fragilidad y
muros dafiados, pero no en su forma irregular en planta puesto

Revista Politécnica, Agosto — Octubre 2023, Vol. 52, No. 1



Método del indice de Vulnerabilidad Sismica Usando el Sistema de Informacién Geograéfica, Una Aplicacion a Escala Urbana 101

que en general las estructuras de adobe del area estudiada  admisible entre 0,50 kg/cm? y 1,00 kg/cm?. Y en INDECI-
tienen forma rectangular o cuadrada, no presentan asi una  PNUD (2004) se obtuvo arcillas y limos de baja plasticidad y
vulnerabilidad obedecida a ese parametro. arena arcillosa o limosa, con valores de capacidad de carga
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Finalmente, en cuanto al estudio del suelo, en CISMID-UNI  Compatibilizando ambos estudios con los resultados del
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Figura 6. Mapa de niveles vulnerabilidad sismica
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4. CONCLUSIONES aplique, considerandose también adecuado para ser utilizado a
escala urbana y evaluar a una gran cantidad de estructuras
El método del “indice de vulnerabilidad”, cuenta con como la finalidad que tuvo este articulo.
metodologia adaptable a la realidad de la ciudad donde se
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Respecto al adobe, registra porcentajes altos de niveles de
vulnerabilidad sismica media y alta puesto que es un material
fragil y con el cual se edifica sin la supervision técnica, es decir
se genera autoconstruccion y por ende incorrectos procesos
constructivos. Los muros al presentar fisuras se ven muy
expuestos a sufrir dafios severos, mas aln si cuentan con
humedad y sales, generadas en su mayoria por las
precipitaciones extraordinarias producidas por “El Nifio
Costero” como lo sucedido en el afio 2017, lo cual provoca
erosion en la base de los muros, convirtiendo al adobe en un
material de mayor wulnerabilidad, lo que expone los muros al
colapso si se presenta una accién sismica.

En cuanto a la albafiileria no confinada, se muestra vulnerable
sismicamente en los niveles media y alta, debido a que no se
logran confinar los muros con elementos de amarre o
confinamiento, quedando estos expuestos al volteo cuando
ocurra un movimiento sismico. Incorrectas practicas en
procesos  constructivos también  contribuyen a la
vulnerabilidad de estas construcciones, situacion que no da
lugar a una vulnerabilidad sismica baja.

Respecto a la albafiileria confinada, registra porcentaje alto de
vulnerabilidad sismica media debido a la poca densidad en
muros para la dimensién mas angosta de la edificacion. Para el
caso de vulnerabilidad sismica baja, existen edificaciones que
principalmente cumplen con las solicitaciones que expide las
normas técnicas de edificaciones de Perd.

En el caso del concreto armado, para los registros de
vulnerabilidad sismica baja, se debe a que la mitad de las
construcciones son basicamente nuevas y han contado con
asesoria profesional para su disefio y construccion,
considerando asi que han respetado las normas técnicas
actuales. Ademés de no presentar irregularidades en su
proceso constructivo. Para el caso de vulnerabilidad sismica
media y alta, se tienen edificaciones antiguas como es el caso
de colegios, en los cuales se han disefiado con normas
desfasadas y donde se ven errores como columnas cortas y
alféizares sin juntas de aislamiento.

De acuerdo al Estudio de Mecénica de Suelos realizado en el
area de la zona sur-este del distrito de Lambayeque, se
presentan arenas, limos y arcillas de baja a mediana plasticidad
de cual sus caracteristicas son medianamente favorables para
la construccién de edificaciones, con respecto a suelos
gravosos o rocosos. Considerando también que se presentan
capacidades de cargas admisibles bajas, conlleva a tener
cimentaciones aptas para este tipo de capacidades. También la
presencia del nivel freatico alto, que varia en diferentes zonas,
puede generar humedad en la base de las edificaciones.

El SIG a través del software ArcGIS permite gestionar la base
de datos recopilados y mostrar mediante un plano o mapa, la
visualizacion de niveles de vulnerabilidad sismica de todas las
construcciones existentes por escala de colores, estando asi al
alcance y comprensién de la poblacion y autoridades
competentes para su respectivo andlisis.
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