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DEAN’S NOTE
CHANGES IN THE EDITORIAL BOARD OF THE JOURNAL

Dear authors, reviewers and readers:

Professor Juan D. Velasquez initiated his work as Editor
of DYNA in November 2013, succeeding Professor
Oscar J. Restrepo, editor for the last ten years. Professor
Velasquez has been an active author and reviewer in
several journals for the last decade and he was the first
editor of the journal Avances en Sistemas e Informatica.
He received a Bs. Eng in Civil Engineering, an MSc
degree in Systems Engineering, and a PhD degree
in Energy Systems from the Universidad Nacional
de Colombia. Medellin. He worked for electricity
utilities and consulting companies within the power
sector for seven years. Currently, he is a professor in
the Computing and Decision Sciences Department
in the Facultad de Minas, Universidad Nacional de
Colombia. His research interests include: simulation,
modeling and forecasting in energy markets; nonlinear
time-series analysis and forecasting using statistical
and computational intelligence techniques; and
optimization using metaheuristics.

On behalf of the faculty council members, | would
like to thank, Professor Restrepo for ten years of
magnificent work. Many successes have been achieved
in the last decade; they include, among others, the
creation of the online version and the presence of the
journal in several scientific and social networks, the
inclusion of DYNA in several bibliographical indexes
and databases, but mainly, the inclusion of DYNAin the
Journal Citation Reports. Due to the diligent work of
professor Restrepo, the authors, reviewers, and readers,
DYNA has an impact factor 0.175 for the year 2012.

John W. Branch

Dean

Facultad de Minas

Universidad Nacional de Colombia.
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EDITORIAL

REVIEW OF THE AIMS AND SCOPE OF THE JOURNAL

In my first editorial as new editor, I have decided to
discuss the revised Aims and Scope of DYNA which
is posted in our website and in the paper version of the
journal as follows:

“DYNA is an international journal published by
the Facultad de Minas, Universidad Nacional
de Colombia, Medellin Campus since 1933.
DYNA publishes peer-reviewed scientific articles
covering all aspects of engineering. Our objective
is the dissemination of original, useful and
relevant research presenting new knowledge about
theoretical or practical aspects of methodologies
and methods used in engineering or leading
to improvements in professional practices. All
conclusions presented in the articles must be based
on the current state-of-the-art and supported by a
rigorous analysis and a balanced appraisal. The
journal publishes scientific and technological
research articles, review articles and case studies.”

The new Aims and Scope has a clear and explicit focus
onoriginal, useful and relevant research in engineering.
By the word “original”, I mean that the journal only
accepts original research that not has been previously
published, except as a thesis in a university or as a
short abstract in conference proceedings. Here, the
editorial team follows a common rule in many scientific
journals. As a consequence, manuscripts based on
previously published work with unsubstantial new
original contributions will be rejected directly by the
Editor; examples of unsubstantial contributions include
rewritten manuscripts with the same conclusions of
previous published works but varying the data or
adding new cases. By the word “original”, | also mean
that theoretical or practical results and conclusions
cannot be derived from current knowledge in a
straightforward, direct or trivial way.

The words “useful” and “relevant” are used to mean
that conclusions describe important and interesting
contributions that will be potentially usable for the
readers in their future professional or research activities.
As a consequence, the originality is a necessary but not
sufficient condition for accepting a manuscript.

By “rigorous analysis” must be understood that
authors followed well-accepted and well-applied
methodologies for obtained and supporting their
conclusions. For example, some manuscripts in

Dyna, year 81, no. 183, pp. 6-6. Medellin, February, 2014. ISSN 0012-7353

engineering education state in their conclusions that
the participants are “happier and more motivated” but
without a rigorous experimental design demonstrating
the advantage of the proposed practice o method in the
learning process; as a result, this type of manuscripts
are not suitable for publication.

As many other research journals, DYNA is focused on
publishing original scientific or technological research
articles in engineering. In addition, review articles are
considered for publishing, but in this case, it is required
the use of at least fifty references, and a in-depth
discussion focused in the findings obtained when the
literature is analyzed as a whole. Review articles should
clearly and explicitly justify the necessity of review in
their introduction and explain careful the objectives of
the work. Further, it is mandatory that the discussion
and conclusions presented cannot be derived from the
isolated reading of the manuscript’s references.

DYNA accepts case studies for publishing; however,
the case considered must be non trivial, possibly unique,
and interesting for the community; the manuscript must
present new knowledge to improve the understanding
of the case or novel methods for tackling it. Authors
should clearly and explicitly justify how the work
meets previous conditions for publishing. In this sense,
technical reports or case studies describing the use of
well-known methods or techniques applied in typical
cases are not suitable for publishing.

With the new Aims and Scope, authors are encouraged
to explicitly discuss how their work impacts the current
state of the art of engineering or how to improve current
practices. The editor and the reviewers will look for
this discussion in the manuscript.

Finally, the objective and contributions of the work
must be clearly stated in the abstract. This point is of
special importance because of it allows to the editor
and reviewers to accelerate the publishing decision.

Juan D. Velasquez, MSc, PhD

Professor

Departamento de Ciencias de la Computacién
y de la Decision

Facultad de Minas

Universidad Nacional de Colombia
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ABSTRACT: In this work a Visual SLAM system (Simultaneous Localization and Mapping) that performs in real time, building
feature-based maps and estimating the camera trajectory is presented. The camera is carried by a person that moves it smoothly with
six degrees of freedom in indoor environments. The features correspond to high quality corners parametrized with inverse depth
representation. They are detected inside regions of interest and an occupancy criterion is applied in order to avoid feature agglomeration.
The association process is developed using active search. The final representation is made in a three-dimensional environment.

Keywords: Localization, mapping, EKF, monocular camera, inverse depth, real time, 6DOF, active search.

RESUMEN: En este trabajo se presenta el desarrollo de un sistema de SLAM Visual (Simultaneous Localization and Mapping)
que se desempefa en tiempo real, construyendo mapas basados en puntos caracteristicos y estimando la trayectoria de la cdmara.
La camara es transportada por una persona que la mueve suavemente con seis grados de libertad en entornos interiores. Los
puntos caracteristicos corresponden a esquinas de alta calidad parametrizados con el inverso de su profundidad. Estos son
detectados dentro de regiones de interés y se aplica un criterio de ocupacion con el fin de evitar aglomeracion de caracteristicas. El
proceso de asociacion se desarrolla usando busqueda activa. La representacion final se realiza en un entorno tridimensional.

Palabras Clave: Localizacion, mapeo, EKF, camara monocular, inverso de la profundidad, tiempo real, 6DOF, busqueda activa.

1. INTRODUCTION a mobile platform, and to represent the trajectory that

it makes. The system creates a three-dimensional map

Before carrying out tasks such as navigation, path
planning, and object and place recognition, a totally
autonomous mobile robot must interpret the information
obtained by its sensors and then estimate its position
and the position of environmental features. The
simultaneous localization and map building algorithms
face both problems at the same time [1], and they have
been the focus of attention of the research community
on mobile robotics during the last two decades.

The system described in this article is able to estimate
the camera position, which is carried by a person or by

composed of the camera model and spatial points that
represent object corners in the environment. Moreover, it
can be adapted to different mobile platforms -terrestrial,
aquatic, and aerial- because it is portable and has six
degrees of freedom that reduce motion restrictions. The
system is of great importance when GPS information is
not available and in applications where is not practical
to carry heavy and bulky sensors such as object tracking
and mapping of environments in rescue operations.

Section 2 defines the schema of the Visual SLAM
system and the general methodology used in this

Dyna, year 81, no. 183, pp. 7-15. Medellin, February, 2014. ISSN 0012-7353
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work. Section 3 presents outstanding projects about
Visual SLAM. Sections 4 and 5 explain how the key
points were detected and how the radial distortion
was corrected, respectively. Sections 6, 7, 8 and 9
present the parametrization process with the inverse
depth of the features, the constant velocity model, the
prediction of feature location in the image plane and
the data association, respectively. Finally, the results
and conclusions obtained in this work are presented.

2. VISUAL SLAM

Recently, the use of visual sensors has generated great
interest in the research field of SLAM due to the large
amount of texture information provided by these
sensors of the objects found in a scene [2-4]. Moreover,
cameras are compact, accurate, and much cheaper than
laser sensors.

Implementations such as the ones developed by
Castellanos [5] and Davison [6] proved the EKF
(Extended Kalman Filter) in the building of small
maps in SLAM systems with stereo vision, working in
real time at 5 Hz. The system was able to build three-
dimensional maps and to control a mobile robot. Jung
and Lacroix [7] developed an autonomous system for
mapping terrains using stereo vision as the only sensor
and the standard EKF. Saez [§8] presented a SLAM
system with stereo vision for six degrees of freedom
movements and indoor environments.

Some SLAM systems that use a monocular camera
have proved to be viable in small environments; the
most outstanding systems are the ones designed by
Bailey [9], Kwok [10] and Lemaire [11]. Most of them
are essentially EKF-SLAM systems and only change
the initialization techniques and the kind of interest
points extracted from the images (Harris corners, Shi
and Tomasi corners, SIFT features, or any mixture of
them). The works of Civera [12], Tully [13], Clemente
[14] and Marzorati [15] show a tendency to use
monocular cameras, inverse depth parametrization, and
to perform in real time. The sub-mapping techniques,
such as the ones depevoped by Bosse [16], Leonard
[17], Paz [18] and Piniés [19], allow the system to
achieve a performance in long trajectories.

3. SCHEMA OF OUR SLAM SYSTEM

Figure 1. Schema of the SLAM system

The SLAM system involves many processes that work
together in sequential way as is shown in Fig. 1. The
probabilistic core is the EKF that alternates between a
prediction step and an update step. Every process has
inputs and outputs that are in a chain that ends up in
a state estimate. In the next sections, these variables
and their functions in the whole process are explained.

4. CORNER DETECTION

The system begins getting information of the
environment through key points; in this work the
corners are obtained with the Harris detector, supported
by OpenCV. The image is split in 36 region of interest
and for each region the Harris detector is applied,
returning the best corner. From them, the corners with
their minimum eigenvalue over a given threshold are
chosen and only five of them are initialized, the best
corners. At the beginning all the regions are empty, but
after the first iteration, an occupancy algorithm must
be used in order to avoid agglomeration of corners
and therefore, wrong associations. In this step the
coordinates of the five best corners are stored, the
regions where they were found and a patch of 15x15
pixels around each corner.

4.1. Occupancy Algorithm

This criterion defines empty and occupied regions of
interest. Only empty regions can be used to initialize a
new feature. Moreover, when a region becomes empty
because both the feature was deleted or the feature
moves to another region, 20 time steps must pass in
order to consider this region available to be occupied
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again. This technique allows the features to be well
distributed over the image plane.

5. CORRECTION OF RADIAL DISTORTION

The corner coordinates have radial distortion that
affects the location of the pixels and this displacement
grows as the pixel nears the image boundary. The
model that describes this distortion is shown in (1).

(x""]= (1+kyr? +k2r4)[x"J M)
ynd yn

where k, and k, are the coefficients of radial distortion,
ris the radius, X andy, are the normalized coordinates.
This model allows the system to include radial
distortion. However, the opposite process is needed
(remove radial distortion) and there is no analytical
function that does this. Therefore, a numerical method
is employed, the Newton Raphson method, that use the
expression (2) and its derivative in order to calculate an
approximation of the radius without distortion.

r, = r+k1r3 +k ()

Given the radius r, the principal point (C,,C ) and the
image coordinates with distortion (u,V,), the image
coordinates without distortion (u, V) can be computed
using the expressions (3) and (4). Hereafter the corners
will be called features.

u= e — G +c
1+k1r2 +k2r4 g )
v, —c,

V=——F——+cC 4)
l+kr? +krt

6. FEATURE INITIALIZATION

This step consists in the corner parametrization and
its inclusion to the state vector. The explanation
of the corner parametrization using inverse depth
representation and the addition of features in the state
vector will be presented in this section.

6.1. Inverse Depth Representation

A significant limitation of the initial approaches of
Davison [2] and others was that the systems could

only use features close to the camera and that had great
parallax during the motion. This problem limited the
robot navigation (or the camera navigation) to indoors.
Montiel [20] proposed a technique to initialize features
using the inverse distance between the feature and the
camera where it was seen for first time. This technique
allows the system to work with both close and distant
features from the moment they are detected. The distant
features are used to improve the motion estimation,
acting initially as an orientation reference. These
features are common in outdoor environments.

The coordinates (u, V) are used in the back projection
model, obtaining normalized coordinates X and y :

X, 1/f 0 —c,/f)u
Yo|=| O Uf —c/fjv ©)
1 0 0 1 1

where f is the focal length and (cx,cy) is the principal
point. The normalized coordinates give information
about the ray h_that passes through the optical center
of the camera and the point in the world whose image
coordinates are (U, V,). The ray can be defined by the
angles 6 and @, the azimuth and the elevation angles
respectively:

O=tan'(x,) P=tan"'(y,) (6)

The camera state is defined with six parameters:

Vi=[Xwea 6 ¢ pil (7

The vector X . = [X,. Y,. 2, corresponds to the
camera location, in Cartesian coordinates, from where
the features were seen for first time, 6, is the azimuth
angle, ¢, is the elevation angle and p, = 1/d. is the inverse

distance between the camera position and the feature.
6.2. Addition of Features to the State Vector

The state vector stores the information of the camera
and outstanding features:

X(K) = {Xc(k)}

Y (k) ®)
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X (K)=[r"k) w" (k) vk w9

where r" corresponds to the three cartesian coordinates
of the camera location, y" is the camera orientation in
Roll, Pitch, Yaw angles [y, v, w]T, V" is the linear
velocity of the camera and w°® is the angular velocity
with respect to the camera frame. The vector Y (k)
contains the information of the environment, organized
by set of features taken from different camera locations:
Y (K) =[yy(k) Yo (KT (10)
where each feature y. was defined in equation (7).
A feature initialized remains in the state vector for
the whole execution if this overcomes the following
criterion: the feature must be seen at least 17 times in
the first 20 iterations, from the time it was detected. If
certain feature overcomes this criterion, it will not be
deleted from the state vector and will be predicted in
every iteration.

7. MOTION MODEL

The camera is connected to a laptop and is carried by a
mobile robot or by a person. A program on the laptop
determines the trajectory and builds a map with well
distributed features in real time. The camera moves
freely in three dimensions in an unknown environment.
A constant linear and angular velocity model is used.
The motion model allows the system to estimate the
state transition in order to predict the camera position
in the next time step before getting a new observation
of the environment. The motion model is a non-linear
function that only affects the camera state because
the features are assumed to be static. The following
transition function is used to pass from the state X, t0
the state X

x(k +1) = f(x(k), W (k) (11)

The vector W(K) represents a zero-mean Gaussian noise
with covariance Q that affects the linear and angular
velocities of the camera to detect small changes in the
model:

W(k):(

Avw(k)j 12

AW° (k)

The camera state X evolves according to the
following expression:

r“(k +1) r“(k)+v"(k +1)* At

y(k+1) | _ w"(K)+E." *w(k +1)* At (13)
v'(k +1) v'(k)+Av" (k)

we(k +1) we (k) + Awe (k)

Where E " is a matrix that transforms angular velocities
with respect to the camera frame to equivalent angular
velocities in the world frame.

8. PREDICTION OF THE FEATURE LOCATION

Figure 2. Feature observed from the initial and current
camera location

This process consists in predicting the feature location
in the next image, without making a new observation.
Figure 2 provides a graphical representation of the
vectors of the camera and feature location.

The vector t, represents the camera location from
where a feature i was observed for first time. The
vector defined by m, the unitary vector of the bearing
of the feature i when this feature was seen for the first
time, this represents the feature location with respect
to the vector t. . The sum of these vectors is equal to
vector feat”, the feature location with respect to the
world frame.

The vector t  represents the current camera position,
estimated with the motion model described in section
7. The difference of t and feat" is equal to the vector
h,- This vector has to be transformed to the camera
frame, obtaining h_. The equation used to predict the
azimuth and elevation angles of a feature is based on
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the components of the vector h,, [h
h,° h°
T Y= Z (14)

RSN D

The coordinates (u, V) are calculated from the
normalized coordinates X _and y

hcy, h_1:

cx!

u=x,*f+c, v=y *f+c, (15)

9. DATAASSOCIATION

The location in the image plane (U, v,) where the features
feat, will be observed, fori=1, 2, 3, ..., n, is predicted
together with the innovation covariance matrix S.. This
matrix defines an elliptical zone of uncertainty where
there is high probability to re-observe the feature.
In this zone a correlation algorithm is executed,
comparing the distribution of the digital levels of the
pixels. The location that shows the strongest similarity
will be taken as the equivalent point to the central pixel
of a corner patch and will be the observed position of
the feature from the new camera position.

Figure 3. Prediction of the feature location in the image
plane (red points). The ellipses represent the prediction
uncertainty.

In Fig. 3 the predictions of feature locations (red points)
into the image plane are shown. The blue ellipses
indicate failed correlations and therefore, there is no
new observation. The green ellipses indicate successful
correlations and the new observation is drawn in blue.

The yellow point corresponds to a new observation that
was parametrized and included into the state vector.
This new feature is over an empty and available region
and its distance to any other feature is more than 30
pixels.

A joint compatibility test based on the Mahalanobis
distance is carried out to deal with spurious associations
between observations and predicted features that come
from dynamic objects in the mapped environment.

When the uncertainty of a feature increases so much,
the search zone is too big and it is not suitable to
develop the correlation process. In this case this
prediction is not used, but the feature is not deleted, it
remains in the state vector.

Finally, the difference between the observed feature
(blue point) and predicted feature (red point) is the
innovation vector and it is used by the Extended
Kalman Filter to update the joint state camera-features.
This vector moves the estimated position in the
direction in which it is reduced.

10. RESULTS

Figure 4. Hand held camera

The experiments were developed with the Logitech Pro
9000 camera connected to a HP laptop with a 2.2 GHz
AMD Dual-core processor. The camera was carried
by a person (Fig. 4) that moves it smoothly with six
degrees of freedom, in unknown environments.
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10.1. Open Trajectory in Indoor environments

Figure 5. Laboratory of PSI group

The first experiment was performed in the Laboratory
of the Perception and Smart Systems Group. It is a
small room with glass walls, chairs, and desks with
monitors, printers, CPUs, among other things (Fig. 5).
Some corners over the walls belong to reflections and
produce failed correlations (blue ellipses in Fig. 3) so
most of them are rejected by the high quality features
criterion.

Figure 6. Three-dimensional Graphic

Figure 6 show the corners (points), the camera
(triangular prism) and its trajectory (points connected
by segments), represented in a three dimensional
environment, developed with OpenGL.

Figure 7. Evolution of Inverse depth estimates of three
features

Figure 7 shows how the inverse depth estimates evolve
over time. The inverse depth of a feature is initialized
with a predefined value with respect to the camera
location when the feature is seen for first time. The
camera is both rotated and translated and the inverse
depth estimate converges to a given value after about
50 iterations. At steady state, the estimates do not vary
significantly, which means that the map is consistent.
Finally, these estimates are used to compute the feature
locations with respect to a global frame.

Figure 8. Evolution of Standard Deviation of Inverse
Depth Estimates

As time passes, the parallax angles increase, yielding
better estimates of the inverse depth, which is
evidenced by a reduction in standard deviation, as can
be seen in Fig. 8.

Figure 9. Evolution of Standard Deviation of Camera
Location (X,Y,Z)

As the camera moves, its own pose uncertainty increases
(Figs. 9 and 10). This fact is due to the errors introduced
by the motion and observation models and the linear
approximations made by the EKF. However, something
very interesting happens when a loop is closed. This fact
will be seen in the following experiment.
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Figure 10. Evolution of Standard Deviation of Camera
Bearing around the axis X, Y and Z.

10.2. Closed Loop in Indoor Environments

Figure 11. Closed loop with the camera focusing objects
over a desk.

This experiment was carried out with the camera
focusing objects over a desk (Fig. 11), trying to follow
a square trajectory and to keep a constant distance from
the camera to the surface of the desk. The scale of the
trajectory was fixed by hand because it is not observable
with a monocular camera.

Figure 12. Three-dimensional graphic of a closed loop.

Figure 12 shows the square trajectory and the corners
represented with OpenGL.

Figure 13. Evolution of Standard Deviation of Camera
Location (X,Y,Z) in closed loop

Figure 14. Evolution of Standard Deviation of Camera
Bearing around the axis X, Y and Z in closed loop.

The camera observes features that were seen in the
beginning of the mapping and whose location is
relatively well known. Through these observations
the uncertainty in camera position (location and
orientation) is reduced as is shown in Figs. 13 and 14.
These observations also reduce the uncertainty for other
features in the map due to the correlation stated in the
covariance matrix.

10.3. Computational Cost

The high computational cost is the main limitation in
systems that perform in real time. This problem has
been tackled with sub-mapping techniques that allow
the system to navigate in large environments and to
reduce the errors due to the linear approximations made
by the Extended Kalman Filter.
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Figure 15. Total Computational Cost (with ¥') and
number of features (with +).

Figure 15 depicts the quadratic dependence on the
number of features in the map. This fact is due to the
size of the covariance matrix that is used to update the
state. The matrix operations that involve the covariance
matrix are computationally expensive and impose a
limit of the number of features to 50 in order to perform
in real time, managing to process at least 10 images per
second (at the critical point).

11. CONCLUSIONS

A Visual SLAM system that works with a monocular
camera in real time was developed. The core of the
system relies on the well known incremental Extended
Kalman Filter such that the positions of camera and a
feature-based map can be estimated in real time. The
kind of sensor, the 6 DOF and the probabilistic focus
used to solve the problem, make it a complex system.
The results show that the system performs in indoor
environments in real time if the amount of features is
under 50, processing from 10 to 20 frames per second.

The estimated state of the camera has low uncertainty:
the standard deviation in location is less than 7cm
(for each coordinate) and in orientation is less than 3
degrees (for each axis). The inverse depth estimates
of landmarks converge to a steady state in about 50
iterations, building consistent maps.

The feature detection is performed using regions of
interest and an occupancy algorithm is implemented
to avoid feature agglomeration, achieving high quality
corners that are well distributed. The elliptical zones

defined by the innovation covariance matrix allow the
system to carry out an active search of corner patches,
optimizing the correlation process. However, the matrix
operations increase the computational cost and set a
limit to real time performance.

An interesting fact was analyzed, with closed loops the
uncertainty decreases when the camera visits a place
where it has been before, and recognizes features that
were seen before.
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ABSTRACT: Microwave heating and gravity sedimentation are alternatives for demulsification and layer separation into oil and water layers,
this process was demonstrated in the laboratory and provides an option for reducing and oil recovering from water-in-oil Mexican oil emulsions.
The combinatorial process was implemented in a test lab using Mexican crude oil samples. The Laboratory samples were 100% and 50-50%,
crude and crude-water respectively, were heated. The results were encouraging show that microwave heating and gravity sedimentation are
alternatives for the separation of Mexican Oil emulsions.

Keyword: Microwave heating, Demulsification, Separation, Water-in-oil emulsions.

RESUMEN: El calentamiento por microondas y la sedimentacion por gravedad son alternativas para desemulsificar y separar por capas
aceite y agua, este proceso se demostro en el laboratorio y proporciona una opcion para la reduccion y la recuperacion de emulsiones de agua
en aceite del petroleo Mexicano.

El proceso se implementd en un laboratorio de pruebas con muestras de petrodleo crudo mexicano. Las muestras de laboratorio fueron del
100% y 50-50%, crudo y crudo-agua, respectivamente, se calentaron. Los resultados fueron alentadores muestran que el calentamiento por
microondas y la sedimentacion por gravedad son alternativas para la separacion de emulsiones de petréleo mexicano.

Palabras Clave: Calentamiento por Microonda, Desemulsificar, Emulsion de agua en aceite.

1. INTRODUCTION solvents, etc.). Emulsions can be found in a variety of

industries and formed by a variety of processes. Since

A significant portion of world crude oil is produced
in the form of a water-in-oil emulsion stabilized by
natural surfactants that must be treated (demulsified)
before they can be processed [1].

Water and oil sometimes combine (emulsify) during
industrial processes. Resulting emulsions are either oil-
in-water (o/w) or water-in-oil (w/0), depending on which
material is dispersed in the other. An oil-in-water emulsion
has water as the continuous phase, while the water-in-oil
emulsion has oil in the continuous phase. Either type
of emulsion may contain other contaminating materials
(solids, dirt, metal particles, emulsifiers, cleaners, soaps,
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formation of emulsions is so specific to the industry
and process, the emulsion breaking product selection is
somewhat difficult and requires bench testing [2]. For
water-in-oil emulsions which usually have high viscosity,
the required mixing of these chemicals with the emulsion
is difficult. Also when a high dosage of chemicals is used
to overcome the difficulty, it leads to a secondary pollutant,
since the separated water may contain too high a level of
chemicals to be discharged to public water.

The concept of microwave heating of emulsion was first
introduced by Klaila (1978) [3] and Wolf (1986) [4] in
their patent applications. Recently, research continues
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to develop technology for microwave demulsification
chemical plants, as described by Coutinho (2010) [5].

Today the Mexican oil fields have a high content of
water and oil, and the water usually contains dissolved
salts forming brines.

The use of microwaves is an alternative, effective,
clean and chemicals free method for oil desalting and
dehydration. This publication shows that microwaves
are an efficient alternative to heating oil emulsions.

2. EXPERIMENTAL

The study area is located in the oil drilling fields in
Altamira, Tamaulipas, Mexico. Two types of sample
of crude, 100% crude and 50-50% crude-water, were
heated.

The variables studied are the temperature and the irradiation
time during microwave irradiation. Equipment was built
to irradiate emulsions and measure the temperature at a
predetermined time. Modules were designed for measuring
the temperature and controlling the magnetron.

The experimental process is: 1) Collection of Oil Field
samples (Figure 4,7), 2) Preparation and Stabilization
of emulsions of 100% and 50% crude and crude-water
respectively, 3) 50 ml of both samples are irradiated.

Temperature Measurement Module
Aninfrared sensor (Raytek RAYTXSLTCF1 model) (Figure
1) for measuring the temperature of oil samples, together

with a graphical interface. Which can measure temperature
in real time while the samples are being irradiated.

Figure 1. Infrared Sensor

A graphic user interface (GUI) was designed to
visualize the temperature inside the sample to be
irradiated with microwaves in real time (see Figure 2).

Figure 2. Visual Interface (GUI)
Magnetron Control Module

The magnetron operates at a working frequency of 2.45
GHz and a rated power output of 700 W. The control
module magnetron has a graphical interface which
controls the magnetron, the duration of microwave
irradiation and emergency protections (see Figure 2,3).

Figure 3. Modules magnetron and temperature control.
(1)Resonant Cavity, (2)Magnetron, (3)Magnetron Control,
(4) Irradiated sample, (5) Infrared Sensor, (6) Visual
Interface (GUI).

3. RESULTS AND DISCUSSION
1) Collection of Oil Field samples

Samples were collected from a cistern in the Tamaulipas-
Constituciones Oil Field (Figures 4 and 5).
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Figure 4. Injection plant, Tamaulipas-Constituciones field.

Figure 5. Cistern Tamaulipas-Constituciones Oil Field.
2) Preparation and Stabilization of emulsions.

Two types of samples were prepared and stabilized,
50-50% crude-water (Figure 6) and 100% crude (Figure
7). Each sample contained 50 ml.

3) Irradiation of samples.
Oil-Water samples irradiated for 30 to 60 seconds

The sample of oil-water 50-50% was irradiated for 30
seconds (Figure 8), with an initial temperature of 27
°C and a final temperature of 44 °C, with a temperature
increase of 17 °C, shown in the Table 1, there is a rapid
increase in temperature.

Figure 6. 50-50 % crude-water sample prepared and stabilized.

Figure 7. 100% crude sample prepared and stabilized.

Figure 8. Oil-Water sample irradiated for 30 seconds

Then, the other sample of oil-water 50-50% was
irradiated for 60 seconds (Figure 9), with an initial
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temperature of 26 °C and a final temperature of 140
°C, with a temperature increase of 114 °C, as seen in
the Table 1, a rapid increase in temperature. Although
at 25 seconds there is a sudden temperature increase
associated with interaction between microwaves and
chemical properties of oil, as shown in Figure 12 FTIR.

Figure 9. Oil-Water irradiated for 60 seconds
Oil samples irradiated for 30 to 60 seconds

The sample of 100% oil was irradiated for 30 seconds,
with an initial temperature of 25 ° C and a final
temperature of 53 °C, with a temperature increase of
28 °C, shown in the Table 1. Shown in Figure 10 shows
that 100% oil also has a substantial absorption of the
microwave.

Figure 10. 100 % Oil sample irradiated for 30 seconds

The second sample of 100% oil was irradiated for 60
seconds, with an initial temperature of 26 °C and a final
temperature of 105 °C, with a temperature increase
of 79 shown in Table 1. It can be observed in Figure
11 that shows the 100% sample also has considerable
energy absorption, but not as much as the sample of
50-50% oil-water because the water accelerates energy
absorption thereby causing greater polarization and
thus further warming.

Figure 11. 100% Oil sample irradiated for 60 seconds

Table 1. Comparison Chart irradiated samples.

Time of Initial Final
. Temperature
Irradiated Temperature Temperature .
o, mcrease
(50 ml) (°C) (oc)
Sample of Oil-
Water (50-50) 30s 27 44 17
Sample of Oil-
114
Water (50-50) 60s 26 140
Sample Qf Crude 30s 25 53 28
Oil
Sample of Crude 60s 2% 105 79

Oil

Spectra de FTIR (Fourier Transform Infrared
Spectroscopy)

The oil was characterized by FTIR before being
irradiated, and subsequently after 30 and 60 seconds
of it being irradiated:

e Crude: Samples of crude from Constitutions
Tamaulipas field were characterized before being
irradiated.

* Oil-water: two characterizations were performed on
samples of 50ml of crude oil which were irradiated
for 30 and 60 seconds respectively.

* Crude: two characterizations were performed on
50ml samples of Oil-Water (50-50), which were
irradiated for 30 and 60 seconds respectively.

The main functional groups of absorption resins and
asphaltenes are qualitatively identical. To facilitate
the study of the results of this analysis, the spectrum
is divided into four regions that can be interpreted as
follows:
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Table 2. - Organic functional groups infrared spectra of
Crude by FTIR

Figure 12. - FTIR spectra of the samples of oil water

Group [: hydrogen valence vibrations (small) in the
region of 3100-2700 cm-1. Group II: Vibrations
valence double or partially double bonds, this region

of 1900-1350 cm-1. Group III: dubbing vibrations out
of the plane. Valence vibrations low energy region
between 1000-710 cm-1. Group IV: Region valence
vibrations of single and double bonds very strongly
coupled, a region is observed in the range of 1350-1000
cm-1 band as a matter of oxygen valency vibrations.
In the spectra obtained the following functional groups
can be identified:

In accordance with the intensity changes of the
absorption bands after interaction with microwave
radiation shown in Figure 12, the following can be
summarized:

e An increase in the content of aromatic structures,
manifested in higher band intensity in regions 1600,
3040, 870, 815 and 750 cm-1. This may also relate
to an increase in the degree of hydrogen substitution
in aromatic structures.

* Anincrease in the content of aliphatic and alicyclic
(naphthenic) groups mainly at the expense of the
CH2 group, as indicated by the increased intensity
of the bands in the 2930, 2860, and 1470 cm-1
regions and of the doublet at 730 -720 cm-1. A slight
decrease in the number of CH3 groups is indicated
by weakening of the band in the 1380 cm-1 region
and a decrease in the “shoulder” in the 2950 cm-1
region

* A significant increase pf the OH functional group
band at 3400 cm-1 and in the region of 1774 cm-1
corresponding to C = O. This is attributed to the
recovery of polar compounds solubilized in the
added water, such as alcohols, esters, acids and
acid anhydride.

* An increase in the bands belonging to the region
covered by 1350-1000 cm-1, corresponding to an
increase of asphaltenes recovered during microwave
irradiation, because of the added water.

4. CONCLUSIONS

Using the temperature module with the infrared sensor
the temperature could be measured in real time, without
the need to enter any sensor within the sample, as
this would contaminate the oil sample or damage the
sensor. Using this module the signal representative of
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the temperature could be visualized and recorded to
be studied later.

The magnetron control module could be programed
for the time or time intervals that the samples are to
be irradiated using the graphical interface of , and to
realize an emergency stop if the temperature rises above
the limits established and so control the microwave
heating process.

The crude oil, after being irradiated with microwaves,
qualitatively retains the functional groups that it is
compose of, there are only quantitative changes that
are assumed to be due to the recovery of soluble
compounds in injection water.

The increased intensity of the OH group (3400 cm-1)
and C =0 (1774 cm-1) confirms the recovery of soluble
polar compounds in the injection water.

Asphaltenes, the main emulsion stabilizers present in
the injection water are recovered. Microwave radiation,
breaks the film of surfactant present in the water.

The spectra show that the time corresponding to 30
seconds irradiation, gave better results recovery of
dissolved hydrocarbons (Figure 12). Establishing the

lower irradiation time corresponds to low amount of
energy required in the destabilization of the emulsion
and therefore energy savings in the process.
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ABSTRACT: This paper deals with the reliable and efficient numerical identification of parameters defining the flux function and the
diffusion coefficient of a strongly degenerate parabolic partial differential equation (PDE), which is the basis of a mathematical model for
sedimentation-consolidation processes. A zero-flux initial-boundary value problem (IBVP) posed for this PDE describes the settling of a
suspension in a column. The parameters for a given material are estimated by the repeated numerical solutions of the IBVP (direct problem)
under systematic variation of the model parameters, with the aim of successively minimizing a cost functional that measures the distance
between a space-dependent observation and the corresponding numerical solution. Two important features of this paper are the following.
In the first place, the method proposed for the efficient and accurate numerical solution of the direct problem. We implement a well-
known explicit, monotone three-point finite difference scheme enhanced by discrete mollification. The mollified scheme occupies a larger
stencil but converges under a less restrictive CFL condition, which allows the use of a larger time step. The second feature is the thorough
sensitivity and stability analysis of the parametric model functions that play the roles of initial guess and observation data, respectively.

Keywords: Sedimentation of suspensions, sensitivity analysis, degenerate parabolic equation, parameter estimation, discrete mollification.

RESUMEN. Este articulo se dedica a la identificacion numérica confiable y eficiente de los parametros que definen la funcion de flujo y el
coeficiente de difusion en una ecuacion diferencial parcial de tipo parabdlico fuertemente degenerada que es la base de un modelo matematico
para procesos de sedimentacion-consolidacion. Para esta ecuacion, el problema de valor inicial con valores en la frontera (IBVP) en el que el
flujo es nulo, describe el asentamiento de una suspension en una columna. Los parametros para un material dado se estiman con base en repetidas
soluciones numéricas del problema directo (IBVP) con una variacion sistematica de los pardmetros del modelo, con el objeto de minimizar
sucesivamente un funcional de costo que mide la distancia entre una observacion dependiente de tiempo y la correspondiente solucion numérica.
En este articulo se destacan dos aspectos. El primer aspecto es que en el método propuesto para la solucion numérica eficiente y acertada del
problema directo, se implementa un esquema explicito monodtono bien conocido basado en diferencias finitas que usan tres puntos mejorado por
molificacion discreta. El esquema molificado utiliza una malla de mas puntos pero converge con una condicion CFL menos restrictiva, lo cual
permite usar pasos temporales mas grandes. El segundo aspecto es el exhaustivo anélisis de sensibilidad y estabilidad de las funciones definidas
por parametros en el modelo y que juegan los papeles de aproximacion inicial y dato observado, respectivamente.

Palabras claves: Sedimentacion de suspensiones, analisis de sensibilidad, ecuacion parabdlica degenerada, estimacion de parametros,
molificacion discreta.

1. INTRODUCTION
U + f(u)x = A(u)xx:

(x,t) € Q7 = (0,L) X (0,T],L >0,T >0 (la)

1.1. Scope

u(x,0) = uy(x), x € [0,L], (1b)
Our goal is the numerical identification of unknown fW) — AWy |y=0 = Po(t), t € (0,T], (1c)
parameters in the flux and diffusion terms for the following fw) — A, |,=, = Y. (t), t€(0,T], (1d)

initial-boundary value problem (IBVP) for a strongly
degenerate parabolic equation in one space dimension:

Dyna, year 81, no. 183, pp. 22-30. Medellin, February, 2014. ISSN 0012-7353



Acosta et al / Dyna, year 81, no. 183, pp. 22-30, February, 2014. 23

where A is an integrated diffusion coefficient, i.e.,

u

A(u) = fo a(s)ds, a(u) = 0. 2

The diffusion function a is assumed to be integrable
and is allowed to vanish on u-intervals of positive
length, on which (1a) turns into a first-order hyperbolic
conservation law, so that (1a) is a strongly degenerate
parabolic. On the other hand, we assume that f is
piecewise smooth and Lipschitz continuous. Under
suitable choices of U, f, a, 1, and 1, the IBVP (1)
may describe a variety of real-world applications like
traffic flow [9]. We focus our attention on Equation (1)
as a model of the sedimentation-consolidation process
of a solid-liquid suspension [8].

It is well known that solutions of (1a) are, in general,
discontinuous even if Uy is smooth, and need to
be defined as weak solutions along with an entropy
condition to select the physically relevant solution,
the entropy solution. For the definition, existence and
uniqueness of entropy solutions of (1) we refer to [7,
8, 10].

In the present work we are interested in a stability and
sensitivity analysis of the parametric model functions.
In order to perform the tests, we first proceed with a
numerical estimation procedure based on repeated
numerical solutions of the direct problem (1) under
successive variation of parameters appearing in the
coefficient functions f and a. In this phase the main
components are the efficient and stable solver of the
direct problem and the optimization procedure based
on the Nelder- Mead Simplex Method. Our goal is the
stability and sensitivity analysis of the resulting inverse
problem. Theoretical aspects related to identifiability
are not our concern in this paper (but cf., e.g., [11]).
By sensitivity analysis we mean an intensive set of
tests for the numerical identification of parameters
with or without noisy observation data. Our approach
follows the methodology of [4] but we acknowledge
the existence of other ways to perform a sensitivity
analysis, for instance [19].

1.2. Related work and outline of the paper
The discrete mollification method is a convolution-

based filtering procedure suitable for the regularization
of ill-posed problems and for the stabilization of

explicit schemes for the solution of PDEs. For the
numerical identification of diffusion coefficients by
discrete mollification, see [16] and its references.

Inverse problems for strongly degenerate parabolic
equations are of particular interest in the context of
the sedimentation-consolidation model. In fact, in
applications such as wastewater treatment and mineral
processing, the reliable extraction of material-specific
parameters appearing in the model functions f and a
from laboratory experiments allows the operation and
control of continuous clarifier-thickeners handling
the same material to be simulated [10, 21]. For the
special case 4 = 0, i.e., when effects of sediment
compressibility are absent or negligible, (1a) reduces
to a first-order nonlinear conservation law, portions of
the function f can be identified by comparing observed
space-time trajectories of concentration discontinuities,
with trajectories appearing in closed-form solutions
for piecewise constant initial concentrations [6,
14]. In the presence of sediment compressibility,
closed-form solutions are not available and one has to
resort to numerical techniques to solve the parameter
identification problem [5, 11].

The paper is organized as follows. Section 2 presents
the sedimentation-consolidation model along with
details on the schemes for the solution of the
direct problem, including a brief description of
the mollification method. Section 3 deals with the
parameter identification problem, the proposed
algorithm, the sensitivity analysis and the effect of
noisy observation data. This section ends with some
conclusions.

2. THEAPPLICATIONOFTHEMATHEMATICAL
MODEL

2.1. Sedimentation model

According to [8, 10] and the references cited in these
works, (1) can be understood as a model for the settling
of a flocculated suspension of small solid particles
dispersed in a viscous fluid, where u = u(x,t) isthe
local solid concentration as a function of height X and
time t. For batch settling in a closed column of height L
wesetPo = 0and Y, = 0 ;the function Yo denotes
the initial solid concentration. The material specific
function f describes the effect of hindered settling.
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We employ here the following typical parametric
expression:

c
) 0 <u<=<upgy,

u
fw) = ”w”(l‘umax

0 otherwise,

3)

where v, <0 is the settling velocity of a single
particle in an unbounded fluid, C>1 is a dimensionless
exponent that quantifies how rapidly the settling
velocity decreases (as an absolute value) with
increasing solids concentration, and 0 < Upay < 1 is
a (nominal) maximal solids concentration. The function
Ais given by (2), where we define

f(Woe (W)
— e 4
" (ps—prgu’ “)

a(u) =

where Ps and Pr are the solid and fluid densities,
respectively, g is the acceleration of gravity and

a,; (w) = " is the derivative of the material specific
solid stress function a,.

Oe

Among several proposed semi-empirical approaches
for g, we chose the power law type function

e (u)
for0<u<u,

0
B {00 [(u/uc)ﬁ - 1] U < U,
with material-dependent parameters g, > 0 and
p > 1. The values of B, g, and u. characterize the
compressibility of the sediment formed by a given
material.

Values of the primitive A(u) usually have to be
determined by numerical quadrature. However, if f
and a are given by (3)—(4) and S is an integer, then
A(u) canbe evaluated in closed formby A(u) = 0
for 0 < u < u. (equation (la) is strongly
degenerate)and A(u) = A(u) — A(u.) foru> u,
where the function A is defined by

Voo O
A(u) = 3 0
A, GUe Upax
B+1-1 _
X Z (H;( 1 41 )(umax _u)C+ku,[)’ k-

2.2. Discrete mollification

The discrete mollification method [17, 18] consists in
replacing a set of data Y = {y] } e by its mollified

version /Y, where Jy is the discrete mollification
operator defined by

[/nJ’]j =N, wYj_i, j €L

The support parameter n € N indicates the width of
the mollification stencil, and the weights w; satisfy
w; = w_;and 0 < w; < w;_q fori =1,...,7
along with w_, +--- +w,_4 + w, = 1 . The
weights w; are obtained by numerical integration of
a suitable truncated Gaussian kernel. Details can be

found in [1, 2, 3, 16, 20].

2.3. Discretization of the direct problem

The domain Q is discretized by a standard Cartesian

grid by setting x;:=jAx,j=0,..,N , where
NAx =L and t,:=nAt,n=0,..,M, where
MAt =T

We denote by u* an approximate value of the cell
average of U = U(X, t) over the cell [x,%j+1] at time
t =t and correspondingly set

0 1 Xj+1 )
Uj =foj up(x) dx, j=0,..,N —1.

We solve (1) numerically using two convergent finite
difference methods. The first one [8, 13] has the following
form, where A := At/Ax and p:= At/Ax%:

un+1 — u _ AA_'_FI ()( _p ?’L)

)
24(w) + A(u,)). (5)

+u (A (whq) —
Here FEO stands for the well-known Engquist-Osher
numerical flux [12], and A, denotes the standard
forward difference operator. Scheme (5) is monotone
and convergent under the CFL condition

Alf Moo + 2pullalles < (6)

The second finite difference method is the mollified
scheme [2], which is also monotone and convergent
and takes the form

u.n+1 =

: W' = AL FEO (g, uf)

7
v2uc, (DA )y - aCw)), 7
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with

-1
—[yn 2
Cy = [Zj =—nJ a)_]-] '
This is an explicit method and has the convenient CFL
condition

Aflleo + 2peyllalle < 1, (8)

where &, <1. (For the particular mollification
weights considered herein, we obtain

&3 = 0.7130,&5 = 0.3969 and eg = 0.1960 .)
Clearly, condition (8) is more favorable than (6) since
it shows that for a given value of AX, mollified schemes
may proceed by larger time steps. See [2] for more
details on this scheme.

3. SENSITIVITY AND STABILITY ANALYSIS
3.1. Parameter identification problem

The inverse problem can be formulated as follows:
given observation data u®?% (x) at the final time T >
0 and functions ug, Yo and Y, find the flux f and the
diffusion function a such that the entropy solution u(X,
T) of problem (1) is as close as possible to u° (x) in
some suitable norm. The inverse problem is solved by
minimizing the cost function

1 L
](u(.,T)) =§f0 |u(x, T)

— u°s (x) |2dx.
Since the functions f and a depend on a vector of
parameters, the inverse problem corresponds to the
following parameter identification problem:

)

Minimize J](p) w.r.t.parameter vector p. (PI)

The functions f and a are associated to the current
parameter vector P

We define the piecewise constant function ul
by ul(x,t) =u* for X €[5  x41)
and t € [t,, th4q) for j=10,.., =1 and
n=0,.., M — 1 and replace u®® by a
piecewise constant function y°Ps4 formed by cell
averages as follows:

uobs A (x) — ujobs
1 %+

1
=— u°bs (x) dx  for xelx; x;.1),
a), €3 [%.%+1)

where j = 0,..., N —1. The parameter dependent cost
function is

Figure 1. Reference solution

1A (p)

1t 2
Ef [ul(x, T) — w4 (x)|" dx
0

N-1
¥Z|uM_u9bS|2 (10)
) ] '
2 &

This yields a discrete version of (PI) given by

minimize J*(p) w.r.t. p
u®, numerical solution of (1) (PI%)

f and a associated to current p.

There are many options for the numerical
implementation of the optimization procedure. We
selected a globalized bounded Nelder-Mead Method
with restarts (MATLAB function fminsearch, see [15]
for details), which is a major improvement over the
basic simplex method. The strategy is described by the
following algorithm. Suppose p; = (p}, ..., p/) , that
is, K different parameters are sought.

Step 1 Input py, €
Step2for j=1toM
p; = fminsearch (J*,p;_1).

p]k - p}k—l

b1

If max < ¢ then break, end

1<k<K




26 Acosta et al / Dyna, year 81, no. 183, pp. 22-30, February, 2014.

Step 3 End.
3.2. Numerical examples

The reference solution is generated by the corresponding
numerical scheme (5) or (7) on a very fine grid. For
examples 1, 2 and 3 we consider batch settling in a
column of height ], = (.16 m and parameter values

Upax = 0.5,9 = 9.81m/s?,p, — p; =
1660 kg/m?, v, = —2.7 x 107*m/s c=2135,
B =5,u. =0.07 and gy = 1.2Pa.

The objective is to obtain an accurate identification
of the parameters Uc 0p and C in eight different
instances described in Table 1. Our experiments include
clean and noisy observation data. Data at the instant
T = 800s will play the role of u°™ . Figures 1
and 2 (a) show the reference solution over the whole
computational domain and the profileat T = 800 s,
respectively. The restarting parameter and the tolerance
parameter for the optimization are M = 10and
€ = 107*, respectively.

Example 1: Sensitivity to mollification parameters. Clean
observation data (no noise added) and Ax = L/256.
The results are summarized in Table 2. Here, j denotes
the number of calls to the Fminsearch algorithm,
Pj is the vector of parameter values found, E is the
required number of computed solutions of the direct
problem, ey is the maximum relative error in the
result for each parameter (usually due to oy), and CPU
denotes the total CPU time of each run.

Example 2: Sensitivity to initial guess. We
randomly generate 100 initial guesses and carry
out the identification task. Each initial guess
po= o, O is generated in the form

ul = (1 +0.38)u,, 0 = (1 + 0.3&,)0,,
Cc®=(1+0.35)C,

where & = (§,&,&)T € R® is a uniformly
distributed random vectorial variable whose components
are between —1 and 1. The results are indicated in Table 3.
Here, the average €., 0f e, and its standard deviation o
are included. Additionally, column “# restarts” stands
for the number of calls of fminsearch and E; for
the number of solutions of the direct problem.

(a)
Final Profile
0.18 T
014+
012
0.1rF
» 0.081
0.06
0.04r-
Q.02+
ot
0 0.02 0.04 ?166 0.08 0.1 0.12
(b)
Noisy Final Profile
0.186 T T T
Q.14
Q.12

o] 0.02 0.4 O.’OG 0.08 0.1 012

Figure 2. Profiles u°™ for Examples 1 and 2 (clean data)
and Example 3 (noisy data € = 0.05 ) respectively

Example 3: Effect of noisy observation data. We
randomly generate 100 final profiles and associate
them to the previously generated initial guesses. The
corrupted profile is generated as follows:

— b
= (1+e9;)u™ (),
=0, N —1,
where ¢ = 0.01,0.03 and 0.05, and ¢ is a uniformly

distributed random variable assuming values between
—1 and 1. The results are in Table 4.
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Figure 3. Two parameter cost functionals for parameter sets (a) (C,Uc) | (b) (C,90) and (c) (U, 90).

Table 1. Example 1: initial guesses used for identification experiments.

initial guess parameter values initial guess parameter values
A (0.7uc, 0.709,0.7C) E (1.3uc, 0.700,0.7C)
B (0.7uc, 0.7y, 1.3C) F (1.3ug,0.799, 1.3C)
C (0.7uc, 1.399,0.7C) G (1.3uc, 1.399,0.7C)
D (0.7uc, 1.399, 1.3C) H (1.3uc, 1.309,1.3C)

Table 2. Example 1: Results for the basic scheme (5) and the mollified scheme (7) with 1 =3, 5 and 8.

IG  j p; E; e,  CPUJs]

Basic scheme (5) A 2 (0.0697, 1.1219, 21.4706) 290 0.0651 79.863
B 4 (0.0696, 1.1111,21.4700) 517 0.0741 90.310
C 5 (0.0697, 1.1324,21.4700) 616 0.0564 163.74
D 3 (0.0696, 1.1252,21.4699) 669 0.0623 127.96

27
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Continuation Table 2.

IG p; E; e,  CPUI[s]
E 3 (0.0696, 1.1179, 21.4700) 367 0.0684 59.662
F 6 (0.0696, 1.1117, 21.4700) 674 0.0736 108.77
G 3 (0.0696, 1.1114,21.4700) 421 0.0738 71.391
H 2 (0.0696, 1.1180, 21.4700) 391 0.0684 64.747
Mollified scheme (7) A 2 (0.0695, 1.1104, 21.5067) 356 0.0746 89.43
with 1 =3 B 4 (0.0695, 1.1105,21.5067) 490 0.0746 89.77
C 2 (0.0695, 1.1104,21.5067) 296 0.0747 103.1
D 5 (0.0695, 1.1103, 21.5067) 797 0.0747 155.8
E 3 (0.0696, 1.1259,21.5075) 332 0.0617 58.19
F 3 (0.0696, 1.1294, 21.5066) 358 0.0588 61.25
G 3 (0.0695, 1.1104, 21.5068) 402 0.0747 73.08
H 5 (0.0695, 1.1104, 21.5065) 676 0.0747 119.7
Mollified scheme (7) A 5 (0.0500, 0.1486, 21.5456) 685 0.8762 152.8
with 1 =15 B 5 (0.0697, 1.1651, 21.5465) 664 0.0291 105.8
C 3 (0.0695, 1.1124,21.5466) 486 0.0730 103.6
D 3 (0.0696, 1.1301, 21.5465) 639 0.0582 107.1
E 3 (0.0696, 1.1301, 21.5466) 445 0.0583 69.26
F 6 (0.0695, 1.0945, 21.5466) 697 0.0879 107.7
G 3 (0.0696, 1.1299, 21.5466) 485 0.0584 78.23
H 4 (0.0696, 1.1472,21.5465) 807 0.0440 128.4
Mollified scheme (7) A 2 (0.0696, 1.1174,21.5777) 293 0.0688 49.008
with n =28 B 3 (0.0697, 1.1530, 21.5776) 461 0.0391 64.792
C 4 (0.0697, 1.1531,21.5776) 649 0.0391 107.35
D 2 (0.0697, 1.1530,21.5777) 418 0.0391 60.759
E 3 (0.0697, 1.1531,21.5776) 535 0.0391 74.026
F 3 (0.0696, 1.1174,21.5777) 543 0.0688 73.858
G 4 (0.0697, 1.1531,21.5776) 576 0.0391 80.604
H 2 (0.0697, 1.1531,21.5776) 640 0.0391 89.225

Table 3. Example 2: Results for the basic scheme (5) and the mollified scheme (7) for different values of AXx and 7.

AX/L  Scheme # restarts E ot g CPU[s]
1/128 5) 387 53693 0.1400 £0.0329 49.17
7, n=3 340 49274 0.1295 £0.0338 53.92
N, n=5 333 50659 0.0909 £0.0315 50.91
(7, n=28 276 41263 0.0534 £3.72¢-05 39.36
1/256 ) 388 48842 0.0696 =0.0096 136.03
(7, n=3 398 53513 0.0739 0.0081 160.74
M, n=5 355 48280 0.0587 £0.0174 125.46
(7), n=8 326 48392 0.0431 +0.0190 11435
1/512 5) 334 38879 0.0312 £0.0038 440.91
7, n=3 352 40416 0.0332 £0.0049 439.55
M, n=5 346 41128 0.0278 £0.0057 352.47

M, n=28 374 47250 0.0195 +0.0072 335.24
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Table 4. Example 3, Ax = L/256: results for the basic scheme (5) and the mollified scheme (7) for different values of ¢ and .

& Scheme # restarts EJ € o +o CPU[s]
0.01 ) 385 50310 0.0661 £0.0264 140.63
(7, n=3 367 50489 0.0674 +0.0238 152.60

7N, n=>5 368 52214 0.0533 £0.0256 135.85

(7, n=2=8 331 47153 0.0401 £0.0260 110.56

0.03 ®)) 376 49025 0.0801 +0.0554 137.65
(N, n=3 364 48447 0.0807 £0.0533 146.72

(7N, n=5 374 50622 0.0760 £0.0528 132.10

(7), n=8 353 49136 0.0710 +0.0524 115.31

0.05 ®)) 378 49716 0.1163 £0.0913 140.31
7, n=3 376 51246 0.1149 x=0.0897 156.50

7, n=>5 359 50344 0.1129 % 0.0902 131.10

7, n=8 332 49139 0.1084 0.0915 115.54

3.3. Conclusions

According to Table 2, most of the identifications are
successful and n = 8 seems to be the best choice.
For the initial guess A the method for n = 5 does
not converge, but it does converge when started
with initial guesses close to A. The results in Table
3, corresponding to Example 2, illustrate how by
improving the spatial resolution (i.e., reducing Ax) the
quality of the identification is increased.

Table 4 indicates that the level of noise influences the
quality of the recovery but stability is never lost.

Summarizing, this parameter identification procedure
yields good results for both the basic scheme and its
mollified versions but the mollified approach returned
advantages not only in CPU time (in s), but also in the
error level, the sensitivity to the initial guess and the
effect of noise in the data. This well-posed behavior
was already suggested by the convex-shape of the cost
functional (Figure 3.)
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ABSTRACT: The information and communications technologies (ICT) are increasingly used in society and business. ICT have become
a key element for business development and the improvement of activities in all departments. Analogously, the rise of Computerized
Maintenance Management Systems (CMMS), Condition Based Maintenance (CBM), and the use of remote devices and functions such
as e-maintenance, have opened great possibilities for maintenance optimization. Those techniques have resulted in the emergence of
technological challenges such as interoperability between different systems in order to exchange and coordinate information. In this context,
the application of business process modelling is a crucial methodology to understand and implement those maintenance techniques. In
this paper, we use business process modelling approach to design a system architecture that integrates CMMS, CBM and e-maintenance
methods, tools, and processes. The data model is based on the MIMOSA standard.

Keywords: CMMS, CBM, E-Maintenance, UML, MIMOSA.

RESUMEN: Las tecnologias de la informacion y la comunicacion (TIC) se utilizan cada vez mas en la sociedad y en los negocios. Las
TIC se han convertido en un elemento clave para el desarrollo empresarial y la mejora de las actividades en todos los departamentos de
una organizacion. Analogamente, la creciente importancia de los Sistemas de Gestion de Mantenimiento asistido por Ordenador (CMMS),
Mantenimiento Basado en la Condicion (CBM), y la aplicacion de dispositivos remotos y funciones como el e-mantenimiento, han abierto
grandes posibilidades para la optimizacion del mantenimiento. Estas técnicas han dado lugar a la aparicion de retos tecnologicos, tales como
la interoperabilidad entre diferentes sistemas para intercambiar y coordinar la informacion. En este contexto, la aplicacion del modelado de
procesos de negocio es una metodologia fundamental para entender y aplicar las mencionadas técnicas de mantenimiento. En este articulo
se presenta una arquitectura para mostrar la forma en que el modelado de procesos de negocio permite la implementacion de un sistema que
integra CMMS, CBM vy el e-mantenimiento. El modelo de datos se describe de acuerdo con la estructura de base de datos de MIMOSA.

Palabras clave: CMMS, CBM, e-mantenimiento, UML, MIMOSA.

1. INTRODUCTION has grown. In particular, three main applications have
been identified as novel techniques for an effective

The information and communications technologies maintenance operation: (i) Computerized Maintenance

(ICT) are a key pillar in an organization, due their
capabilities of supporting and facilitating maintenance
management [1, 2].

The application of ICT in maintenance emerged in the
1970’s, when the first personal computers appeared. At
that time computer systems were limited to performing
only certain scheduling tasks for preventive actions [3].
Over time, several technologies have been evolving
and with them, the integration of maintenance systems

Management Systems (CMMS), (ii) Condition Based
Maintenance (CBM) and (iii) e-maintenance processes.

A CMMS is a software tool for maintenance management
that incorporates open access to information that
facilitates the decision making process regarding
maintenance activities [4]. CBM is a technique used
to monitor machines for the purpose of diagnostics
and prognostics [5]. E-maintenance is the set of
maintenance processes that uses the e-technologies to
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enable proactive decisions in a particular organization
(definition partially derived from Levrat et al. [6]).

The implementation of these techniques, tools and
processes on the shop floor is not a trivial issue. Overall,
integrating them into a single software platform is the
most challenging concern. Therefore several academics
and professionals underline the need for a structured
approach to support their actual implementation, use,
and integration [7, 8]. In this paper we use business
process modelling to develop such a structured
approach. Specifically we use Business Process
Modelling Notation (BPMN) to represent the flow
of activities that are required for an implementation.
Secondly, we use the Unified Modelling Language
(UML) to represent the principal objects constituting
the e-maintenance platform, their relations and static
operation structure. Finally, the variety of technologies
related to the proposed platform, implies the existence
of multiple communication protocols, data connections,
configurations, etc. In this respect, we refer to the
Maintenance Information Management Open System
Alliance (MIMOSA) standard as a useful reference.

The paper is organized as follows: Section 2 describes
the concept of CMMS, CBM and e-Maintenance.
Section 3 contains a literature review and problem
statement. Section 4 briefly introduces the business
process modelling techniques we use in this paper.
Section 5 shows the system architecture for the
integration of CMMS, CBM, e-Maintenance in the
emaintenance integration platform. Finally, Section 6
provides conclusions and future directions.

2. CMMS, CBM and EMAINTENANCE

The following three subsections detail the most
important characteristic of the aforementioned
maintenance techniques.

2.1. CMMS

The main objective of a CMMS is to provide a tool
to analyze maintenance and equipment information
in order to optimize the management and support for
strategic, tactical and operational decisions. An important
requirement for these systems is the compatibility and
integration with other systems that contains organizational
information. Fumagalli et al. [9] indicate CMMS as

a success factor for the organization of maintenance
programs. CMMS allows access to information that can
be used to prioritize actions and make better decisions
in maintenance activities. The CMMS can also provide
adequate control of the system. According to Crain [10]
incorporating a complete management system in the
maintenance function can reduce 10-30% annual budget
of the maintenance department. Ros [11] identifies the top
five most implemented CMMS systems around the world:
SAP Plant Maintenance, Maximo Asset Management,
MP2, Ellipse and PMC.

2.2. CBM

CBM is defined as the preventive maintenance based on
monitoring the operation, the parameters of the element,
and the subsequently executed actions [12]. Monitoring
is the manual or automatic task of observing the current
state and behaviour of a given shop floor element
(commonly the thermal and vibratory behaviour) [13].
The final goal of the monitoring task is to adopt a
condition-based maintenance approach in order to reduce
the probability of failure and prevent irreversible damage
to the equipment. CBM allows maximizing the service
life of equipment and its components, anticipating
failures by monitoring significant parameters. For
these reasons, CBM is a key component of proactive
maintenance. In recent years, both the reduction of
the price of sensors and the increase of information
processing capacity have enhanced the development
of automatic diagnostic tools. In this context, one of
the most widespread applications is the e-CBM, as it
is technically feasible, economically viable, and offers
many benefits. More specifically, it significantly reduces
downtime, saves up to 20% in small production losses,
improves quality and reduces stocks of spare parts. [14].

2.3. E-Maintenance

Although the term e-Maintenance has been used
since 2000 as a component of eManufacturing, at the
present time there is not yet a standardized definition
of eMaintenance given by an official institution. We
may say that e-Maintenance is “the set of maintenance
processes that uses the e-technologies to enable
proactive decisions in a particular organization”
(definition partially derived from Levrat et al. [6]).
Those maintenance processes and methods required
to operate them (technologies, procedures, standards,
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etc) are specific to each organization according to its
particular characteristics. This means that, for different
organizations, e-Maintenance could involve different
spheres of activities. Frequently, these activities include:
e-monitoring, e-prognosis, e-diagnosis, e-management,
e-service, remote maintenance and, collaborative
maintenance. Such activities are supported by means
of a variety of hardware and software technologies
such as wireless and mobile devices, embedded
systems, web based applications, P2P networks, multi-
agent applications, specific software architectures,
communication protocols, among others.

3. LITERATURE REVIEW AND PROBLEM
SCOPE

We performed a literature review to recognise similar
previous attempts at integration of CMMS, CBM and
e-maintenance on a single system. The search was
specially focused to find projects using modelling
languages such as BPMN, UML and/or interoperability
standards such as MIMOSA. Specifically, we found 10
studies focused on these issues. A list of these papers
is reported in Table 1. In this Table we also reported a
summary of the specific problem they deal with and the
approach and methodology they use to solve that problem.

Although the referred papers focus on CMMS, CBM,
e-maintenance, none of those works clearly propose a
structured approach to integrate all of these tools and
techniques in a unique platform. This literature review
underlines that there is a lack of models that clearly show
“which” specific data should be shared among CMMS,
CBM and E-Maintenance tools and techniques and

“how” these data should be used in order to create an
integrated e-maintenance platform. Motivated by these
observations, we wish to unambiguously show how
to create a fully coordination mechanism combining
CMMS, CBM and E-Maintenance. To this aim, we
adopt a business process modelling approach and more
specifically we use (a) BPMN (a standard for business
process modelling) to design the process of integration
of the CMMS, CBM and E-Maintenance components;
(b) the UML class diagram (a standard for software
system design) to design the main software components
of the e-maintenance platform and their relationships;
(c) MIMOSA for standardizing the interoperability of the
platform. In the next section we give a brief overview of
the business process modelling languages and standards.

4. BUSINESS PROCESS MODELLING

Business process modelling, means the use of methods,
techniques and software to design, control and
analyze operational processes involving humans,
organizations, applications, documents and other
sources of information [15]. Business process modelling
has become an important subject especially since the
1990s, when companies were encouraged to think in
terms of “processes” instead of “functions” [16].

From then on, business process modelling has been
used in industry to obtain a global vision of processes
by means of support, control and monitoring activities
[17], to facilitate the comprehension of the business key
mechanisms, to be a base for the creation of appropriate
information systems [18], to improve the business
structure and operations, etc. [19].

Table 1. Literature review

Year Author Title

Contribution/approach

Multisignal Modeling for Diagnosis,

1995 Debetal [20]  p\rpeA and Reliability

Developing of a complete solution package for Integrated
Diagnostics (ID) It includes some reliability equations.

The US Navy chose to apply the Integrated Condition

2001 Finley, and ICAS: the center of diagnostics and Assessment System (ICAS). One of its key requirements
Schneider [21]  prognostics for the US Navy. to enable CBM is the ability to track machinery
performance and diagnose machinery health.
This paper reviews the philosophies and techniques that
focus on improving reliability and reducing unscheduled
Kothamasu et System health monitoring and prognostics ~ downtime by monitoring and predicting machine health. It
2006 - Areview of current paradigms and proposes the use of qualitative information, extracted from

al. [22] practices

failure mode and effects analysis (FMEA) or fault tree
analysis (FTA) into a quantitative analysis that generates
diagnostic recommendations.
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Continuation Table 1.

Year Author Title

Contribution/approach

2008 Gao et al. [23] based on .NET remoting

Implementation of OSA-CBM standard

An assembly for MIMOSA OSA-CBM standard is
developed on the .NET platform. This paper shows that
the integration method for CBM is feasible through a
demo program.

Nemeth et al.

Complex diagnostic methods for lifetime

It shows the main elements to perform complex diagnostic

2008 [24] extension of power transformers analysis in a transformer syst.em.. This paper pre;ents a
management system for monitoring and diagnosis.
A reliability-centered analysis is presented that defines
T . . . the method to correctly select the CBM as a technically
2009 Wessels, and Reliability analysis required to determine and economically viable maintenance solution. This paper

Sautter [8] CBM Condition Indicators

proposes a diagram to decide whether or not to implement
CBM. It does not integrate CMMS.

2010 Li et al. [25] A fast development framework for

condition-based maintenance systems

In this paper, a framework is proposed to reduce the
development complexity of CBM systems, enabling CBM
modules independently constructed and dynamically
integrated.

Maintenance chain integration using Petri-

This research proposes a collaborative environment
integrated by a service center of diagnosis, prognosis,

2011 "[l“zrgﬁ) pey etal. net enabled multiagent system modeling and asset operations. To realize the automation of
and implementation approach communication and negotiation, multi-agent systems,
Petri-net modeling and UML are applied.
. L . This paper proposes a combined data mining-based
2012 Galar et al. Malntenance decision mal.qng based on methodology to collect useful data from a CMMS to be
[27] different types of data fusion .
used in CBM processes.
It presents a conceptual framework for e-operations with
2012 Chang et al. Development of an e-operation framework ;}i:jpit:}lll;try ?g:é?;g;m%lﬁlf ?’S llrllstZ(g:ir:sniLge i:llla ?;IOSUC’
[28] for SoPC-based reconfigurable applications g P )

accomplish the object-oriented analysis and to design the
system.

Several benefits deriving from the adoption of business
process modelling have been identified in the literature:
improvement of the speed of business processes,
increase of the clients’ satisfaction, optimization and
elimination of unnecessary tasks, and incorporation
of clients and partners in the business processes [29].

Process modelling is the subject of interest in many
different fields, such as the managerial area [30] and
software engineering. This is due to the fact that it does
not only describe processes, but in addition it represents
a preparatory stage for the improvement of business
processes, process reengineering, technological
transference and processes standardization [31].

There are several standards for business process modelling.
To model the e-maintenance platform proposed in this
paper, we use the Unified Modelling Language (UML)
and Business Process Modelling Notation (BPMN).

Both standards are maintained by the OMG (Object
Management Group). During the past years, the most used
modelling standards were IDEF (Integration DEFinition),
RAD (Role-Activity Diagrams), EXPRESS-G and STEP
(Standard for the Exchange of Product model data).
However, the use of UML and BPMN standards in
modelling maintenance models, processes and software
systems is largely increasing. Among other advantages of
using BPMN and UML, the easy translation of their models
into software code is probably the factor most responsible
for their diffusion. [32].

5. APROPOSED SYSTEM ARCHITECTURE

To obtain the best results of ICT in maintenance, we
need to apply the

mentioned maintenance techniques in a coordinated
manner. Each approach (CMMS, CBM and
e-maintenance) is proved to provide benefits to
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the maintenance management, improving at least
the efficiency of the maintenance processes. This
architecture show a maintenance system that combines
the registers of CMMS with the information provided
by sensors, providing a data model to allow the
development of a system that combines the features of
CMMS and CBM in an e-maintenance platform. In the
next subsections we present the main e-maintenance
process and the data model for the integration platform.

5.1. E-maintenance process

The general operation of the proposed system integration
is shown in Figure 1. This Figure shows the activity
flow of the CMMS—CBM integration expressed using
the BPMN standard. Every maintenance element
(CMMS and CBM) is represented by a pool division

instead of swimlanes, since CBM and CMMS are two
different informatics systems, each one using their own
protocols. The tangible output documents are indicated
by using the artifact notation. As already mentioned,
the third element constituting the e-maintenance
integrated platform is the e-maintenance process itself.
Indeed, although e-maintenance can be viewed as a
technique (or set of techniques), the general idea of
our approach is to consider e-maintenance as the whole
process of integrating all the maintenance components
and elements. In accordance with [33] we consider
e-maintenance a philosophy supporting the operation
of the entire system and making information exchange
possible among remote elements. This is why, there is no
pool in the BPMN diagram representing this component,
but, instead, it is represented by the flow of activities and

Figure 1. BPMN diagram of the integration system

the exchange of messages (dotted lines in Figure 1)
among CMMS and CBM.

5.2. Data model

Figure 2 is a UML class diagram that shows the
main software components, their relationships, and
the exchanged information. In fact, the UML classes
specified for the data model in Figure 2, have been
inherited from MIMOSA standard in order to keep the
data model compatible with the MIMOSA database
structure and to guarantee interoperability.

For the sake of clarity, we distinguish class attributes into
NEW and MIMOSA attributes. MIMOSA attributes come
from simple elaboration and interpretation of the attributes
already defined in the MIMOSA specification. On the
contrary, NEW attributes are newly defined and have been
added only when necessary. Analogously, we omitted from
the model those attributes of the MIMOSA specification
that are not useful in the scope of this work. Our experience
in implementing the MIMOSA standards in real cases,
confirmed that interpreting MIMOSA is not an easy subject.
For a company, is quite difficult to match its information
and knowledge within the MIMOSA specifications. For this



36 Lépez-Campos et al / Dyna, year 81, no. 183, pp. 31-39, February, 2014.

reason, the model proposed here is based on our elaboration
and interpretation of MIMOSA. A short description now
follows in order to help the reader navigate the model. The
following classes come directly from the MIMOSA
specification: Item, Function, MeasLoc, DataEvent,
AlertRegion,

ItemRecommendation, ItemRequestForWork and
HypotheticalEvent. Two classes have had their
names changed with respect to MIMOSA: Alert and
EventHistory. Alert represents an alarm. The MIMOSA
specification also describes the concept of Alert by a

larger number of classes. Here a simplification and
synthesis is adopted. EventHistory is a new class
introduced to describe the information that is normally
stored in a CMMS as records of events happened in the
past (like failures, preventive maintenance tasks, etc.);
the specification is done by keeping a name conformed to
the MIMOSA nomenclature. More in-depth, an item can
have more than one MeasLoc (measurement location), i.e.
more than one sensor. Hence, the software tool, needed to
implement the integration between CMMS-CBM, should
be able to automatically identify a MeasLoc, through its IP
address and associate it to an Item through a user interface.

Figure 2. UML Data model of the integrated system

The main idea behind this concept is that common
sensors are generally related to an IP. This IP could
be the IP of the controller that connects more than one
sensor and it is wired to them. There could be also a
field-bus to which all the sensors are connected. In these
two cases a sub-IP for each sensor can be identified.
Moreover, due to new development of smart-sensors
[34] it could be envisioned that each sensor is connected
to the overall network through its own IP identifier.
Following the chain of activities, the MeasLoc is then
related with one data event, namely a signal. It is in fact
established that a MeasLoc sensor can provide only one
DataEvent so the relationship is one to one. If the reader

is thinking about sensors providing multiple signals, it is
worth remembering that one device may have multiple
transducers; this should be considered when utilizing
the proposed model . More precisely, in this project the
MeasLoc is the soft entity used to identify the transducer
in the scope of the integrated system. More than one
DataEvent can then be related to an AlertRegion.

This defines the boundaries (upper and lower levels)
in which a signal is considered normal; out of these
bounds something wrong is occurring. One AlertRegion
can then provide one or more Alerts. Following the
described chain of relations we can state that one Item
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can generate multiple Alerts and this seems correct.
However, we should map one Alert to failure modes
to be sure that the system can then properly work, in
order to provide information about a specific failure
coming from an Alert. The Failure mode is represented
according to the interpretation of the MIMOSA
definitions by means of an HypotheticalEvent class.
This describes all the related events stored in the
CMMS data base. One or more failure modes are then
associated with a Function and an Item can have one
or more functions. To be able to identify one single
failure mode by an Alert enough information must be
collected. It often happens that one alert is associated
with multiple failure modes. So, in order to directly
connect one alert to a specific failure mode, one solution
is that there are enough monitored variables to assign
one alert to each failure mode. In this way, the user is
able to connect an Alert with each single failure mode,
i.e. with a single instance of HypotheticalEvents class.

Besides mapping failure modes to alerts, the user
could also be called to connect each failure mode (the
HypotheticalEvent in the UML model) with records
that represent events that occurred in the real system,
related to the failure mode, either as a failure or as
a preventive maintenance task planned to avoid the
failure (this is the EventHistory in the UML model).
When this last relation has been set up, the CMMS data-
base can update in real time the occurrence of an event
in the HypotheticalEvent and EventHistory classes.

6. CONCLUSIONS

This work proposes a new data model to allow the
development of a platform combining the features of
the three systems, so fostering the achievement of a
synergy among them. More specifically, we show how
business process modelling facilitates the process of
implementing a system that integrates CMMS, CBM
and e-maintenance. A BPMN model was applied to
represent the whole process of integration. A UML
Class diagram was adopted to show the main elements
(and relations) of the e-maintenance integrated
platform. MIMOSA was adopted as a reference for
designing attributes in the data model.

Both researchers and professionals are expected to
benefit from the presented research. Researchers can
keep exploring different business process modelling

techniques to further design e-maintenance process
from different perspectives and also to include
different maintenance systems and tools. However,
the presented research has a strong practical vein.
The proposed framework provides practitioners with
a methodological approach that concretely support
them in developing, implementing and integrating
e-maintenance tools.

Future developments of this work should consider
the validation of the model proposed by means of
representative case studies.
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ABSTRACT: This paper presents the performance of seventeen rigid pavements made of Portland Cement Concrete (PCC) located in the State
of Ohio, USA. The Falling Weight Deflectometer (FWD) testing method was used in a total of 58 km of PCC pavement sections to assess the
pavement structural condition. Each section is classified as excellent, good, fair, or poor based on the normalized deflections obtained from FWD
tests, spreadability, load transfer, and joint support ratio parameters. The overall performance of the analyzed sections is from good to excellent. The
field testing methodology along with the performance data analyses presented in this publication are a valuable tool to evaluate the actual structural
condition of pavements and as a result short or medium term rehabilitation programs can be issued to ensure the serviceability of the pavement.

KEYWORDS: Pavement, Rehabilitation, Rigid pavements, Testing methods, Field tests, Pavement rating, Falling weight deflectometer.

RESUMEN: La presente investigacion presenta el desempefio de diecisiete pavimentos rigidos hechos de Concreto con Cemento Portland (PCC)
localizados en el Estado de Ohio, USA. La metodologia de ensayos con el Deflectometro de Impacto (FWD) se us6 en un total de 58 km de secciones
de pavimentos PCC para evaluar la condicion estructural del pavimento. Cada seccion se clasifica como excelente, buena, regular o deficiente basado
en los parametros de deflexiones normalizadas obtenidas de los ensayos FWD, deformabilidad, transferencia de carga y relacion de soporte de las
juntas. El desempefio global de las secciones analizadas esta entre bueno y excelente. La metodologia de ensayo de campo, junto con los andlisis de
datos del desempefio presentados en esta publicacion, son una herramienta valiosa para evaluar la condicion estructural actual de pavimentos y como
resultado proponer planes de rehabilitacion a corto 0 mediano plazo que garanticen el buen funcionamiento del pavimento.

PALABRAS CLAVES: Pavimentos, Rehabilitacion, Pavimentos rigidos, Métodos de ensayo, Ensayos de campo, Evaluacion de
pavimentos, Deflectometro de impacto.

1. INTRODUCTION of slabs spacing between 12 and 20 ft long, having

transversal joints reinforced with dowel bars to improve

Rigid pavements are composed of a stiff Portland Cement
Concrete (PCC) layer resting on a subgrade (base and
subbase layers that need to be evaluated on a per project
basis). Due to its stiffness and structure, the traffic load
applied to the PCC pavement layer is transmitted under
a wider area of subgrade, inducing a moderate stress and
strain to the soil [1]. Portland cement concrete pavements
are classified into three categories: Joint Plain Concrete
Pavement (JPCP), Joint Reinforced Concrete Pavement
(JRCP), and Continuously Reinforced Concrete Pavement
(CRCP). The most common type of pavement in the
State of Ohio, USA, is the JPCP and normally consists

Dyna, year 81, no. 183, pp. 40-48. Medellin, February, 2014. ISSN 0012-7353

the performance of the joints. JRCP is not as common
as the JPCP and the only difference is that the former
consists of slabs with transversal joints at intervals of up
to 50 ft. CRCP does not require transversal joints because
is reinforced entirely over its length with longitudinal and
transverse steel bars to prevent cracking due to variability
in environmental conditions and traffic loading. JRCP and
CRCP are no longer constructed due to their poor long-
term performance [2].

There are several parameters involved in the PCC
pavement performance, load transfer being the most
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crucial. Load transfer is the ability of the slab to
transmit the load to the adjacent slab through the joint
to decrease the acting stresses and thus improve the
pavement performance. Two of the most common
mechanisms used to increase joint efficiency are dowel
bars and aggregate interlock. Dowel bars have proved
to effectively improve joint performance. Their main
advantage is to allow slab movement in the horizontal
direction and restrict the movement in the vertical
direction while transferring the load. The dowel bars
have a diameter between 32 and 38 mm, a length of
450 mm and are normally spaced 305 mm from each
other. The dowel bars also limit the most common
distress mechanisms in PCC pavement such as faulting,
pumping, and corner break. The total load transfer
between slab sections is due to the contribution of both
the aggregate interlock and the dowel bars. However,
the contribution due to the aggregate interlock can be
considered negligible in cracks wider than 0.9 mm [2].

A study of the most significant design and construction
parameters affecting long-term pavement performance of
2791.6 km (two directions) of CRCP in the State of [llinois,
USA, is presented in Gharaibeh et al. [3]. Although some
of the sections were exposed to extreme weather and traffic
conditions, they had excellent performance during their
design life. The study was conducted by analyzing data from
field surveys collected since 1977. The database included a
variety of information for each one of the pavements such as:
section location, slab thickness, steel reinforcement content,
base type and thickness, average annual temperature and
precipitation. From this study, it was found that among the
parameters affecting the CRCP, the reinforcement content
and the slab thickness had the most critical influence on the
pavement performance.

In a different study [4], the performance of transverse
cracking on forty-nine JPCP sections located in the State
of Michigan was presented. The purpose of this project was
to determine the key parameters influencing the transverse
cracking in JPCPs and the conclusions are as follows: a)
the average number of cracks per slab increases as the
joint spacing increases; b) the type of coarse aggregate
of the concrete mix has a significant influence in the
number of transverse cracks developed in the slabs; c)
joint performance is directly related to temperature (i.e.,
high temperature increases the load transfer and thereby
decreasing the crack width); and d) the load transfer value
is an indicator of the crack condition in which values higher

than 70% represent satisfactory crack performance (i.e.,
adequate aggregate interlock load transfer across the cracks).

The causes leading to surface longitudinal cracking and
punch-outs on IH-30 (Interstate Highway) in the State of
Texas are presented in Chen et al. [5]. Several field and
laboratory tests were conducted to determine the causes
of distress mechanisms. The authors concluded that
longitudinal cracks were developed at early stages due to
weather changes and to an increase of 30-50% of the design
load. An evaluation of the performance of unbounded JRCP
overlays used over existing concrete pavements is presented
in Padilla-Llano [6]. Results from this investigation showed
that environmental effects are more critical to the pavement
than the effect of the traffic load. The strains induced to the
pavement by the change in the environment are much greater
than the strains induced during the FWD test.

2. FIELD TESTING AND SITE DESCRIPTIONS

A total of seventeen Portland cement concrete sections
distributed along the State of Ohio, United States, were
investigated. These sections were grouped based on
the district location and classified either as excellent
or average pavements depending on the structural
condition at the time of testing. Figure 1 shows the
districts subdivision of the state of Ohio.

Figure 1. District subdivision. State of Ohio

Figure 2 shows the Pavement Condition Rating (PCR)
performance data for rigid pavements in the State of
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Ohio [7]. The studied sections were a subset of data
of those used to define Figure 2. Table 1 presents the
location, length, district, year, and initial condition
of the pavement sections. The county, roadway and
district locations are referred as “Co-Rte” and “Distr.”
respectively. The directions are referred as upstation
(U), downstation (D) or with the dual index (DU) for
the cases when the section was tested in both directions.
The year refers to construction date. The condition
refers to the initial performance condition of the section
as giving by the PCR index.

A Falling Weight Deflectometer (FWD) was used to
evaluate the structural integrity of these sections. A
description of this equipment and testing procedures
are presented in Sargand et al. [8]. The FWD device
used for this project consisted of seven sensors, aligned
radially from the application of the load, to measure
and record the deflections induced by the FWD. The
separation between the sensors can be adjusted to
measure settlements at different points of interest. The
settlements measured from sensors 1 — 5 are used to
evaluate the pavement structural condition, meanwhile
settlements measured from sensors 6 and 7 are used to
estimate the stiffness of the subgrade.

2.1. Data interpretation

The modulus of elasticity of the subgrade was
calculated by taking an average of the values obtained
from sensors 6 and 7, as described below [9], calibrated
in U.S. units:

0.2892

24%(d,, /1000) )
0.00762

(dy, /1000) (2)

M  (psi) =9000x

M (psi) = —466 +9000 x

Egs. (1) and (2) correspond to the deflections recorded
for sensors six and seven, respectively. d,, and d, are
the settlement readings from the sensors located at a
distance of 24 in. and 36 in., respectively from the
application of the load. In these equations the values
of d,, and d,, must be given in microinches (p-in).

The normalized deflections and spreadability for each
geophone were computed as follows [10], calibrated
in U.S units:

) ) Df,(mils)
Df ., Is/kip) = —"———
fNozm (ml S lp) Load(kzp) (3)
,
100x 3" Df,
Spreadability(%) = 7><—ll:)lf1 4)

Df; corresponds to the geophone readings i= 1 to 7 and
the load is normalized to 9000 1b (40 kN).

Two additional parameters used to evaluate the
structural pavement condition of PCC pavement
sections are the load transfer parameter and the
joint support ratio. The load transfer parameter is an
indicator of the joint performance that depends on the
applied load, aggregate interlock, and temperature
acting on the pavement. The load transfer is calculated
using the following equations for the approaching and
leaving joint positions, respectively:

LT, (%) =(Df,/Df;)x100 (5)
LT, (%) = (Df, / Df,)x100 (6)

Df,, Df,, and Df; are the geophone readings
number 1, 2, and 3, respectively.

The pavement joint condition, as presented in
Sargand [10], is classified as good, fair or poor for the
corresponding load transfer ranges of 80-100%, 50-
80%, and less than 50%, respectively.

The Joint Support Ratio (JSR) parameter is an
indicator of the pavement condition under the slabs
and is calculated as follows:

JSR = Df,, / Df,, (7)

Df,, and Df, , are the geophone readings number one
at the leaving and approaching positions, respectively.
Table 2 shows the values of deflections, spreadability,
load transfer, and joint support ratio used to classify
the structural pavement condition [11].



Sargand et al / Dyna, year 81, no. 183, pp. 40-48, February, 2014.

Figure 2. Pavement Condition Rating (PCR) for Rigid Pavements in Ohio. Source Chou et al. [7].

Table 1. Portland cement concrete pavement sections

Proj. No. Co-Rte SLM Limits Dir. L (mi) Distr. Year Cond.
ATH 50 11.46-11.8 U 0.34 10 1986 Avg.
ATH 682 0.16-0.64 DU 0.48 10 1976 Avg.
3.22-3.66 D 0.44 Exc.

3 CUY 82 12 1994 ——
2.05-3.82 U 1.77 Exc.
4 GAL7 5.71-10.21 U 4.50 10 1946 Exc.
5 HAM 126 11.35-13.31 DU 1.96 8 1990 Exc.
6 JEF 7 18.9-19.21 D 0.31 11 1990 Avg.
7 JEF 22 15.02-16.32 U 1.30 11 1990 Avg.
21.79-25.63 D 3.84 Avg.

8 LOG 33 7 1994 ——
21.51-25.63 U 412 Exc.
9 MOT 35 14.37-15.07 DU 0.70 7 1988 Exc.
10 MOT 202 2-3.25 U 1.25 7 1991 Exc.
D Exc.

11 SUM 76 11.8-13.32 1.52 4 1992
U Avg.
D Exc.
12 SUM 76 13.32-15.32 2.00 4 1993

U Avg.

13 TUS 39 2.84-7.12 U 4.28 11 1990 Avg.




44 Sargand et al / Dyna, year 81, no. 183, pp. 40-48, February, 2014.

3. PAVEMENT RESPONSES

Figures 3-8 show a typical set of plots for project # 2
(see Vega-Posada [12] for the complete evaluation)
including normalized midslab deflection ( Df, and Df,),
spreadability, normalized maximum joint deflection,
joint transfer, joint support ratio, and subgrade modulus
of elasticity, respectively. The modulus of elasticity
of the subgrade was back-calculated from the FWD
collected data.

Figures 3 and 4 show a decrease in pavement stiffness,
both concrete and subgrade layers, between SLM 0.3
and 0.4 in the upstation direction. Figures 5-7 show
that the overall condition of the pavement joints is from
good to excellent.

Figure 3. Midslab deflection

Figure 4. Midslab spreadability

Figure 5. Max. joint deflections

Figure 6. Joint load transfer

Figure 7. Joint support ratio

Figure 8 presents the back-calculated modulus of elasticity
of the subgrade. M ; ranged from 31 ksi (upstation) to 36
ksi (downstation), which in geotechnical terms is considered
as a competent layer. From figures 3, 4, and 8, it can be
concluded that the stiffness deficiency between SLM 0.3 and
0.4 in the upstation direction is related to a deterioration of
the PCC slab and not to a reduction of the subgrade layer
capacity. Although the spreadability is classified as good
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in the upstation direction, there is a lack in the pavement
ability to distribute the load across the section.

The pavement performance in both directions is similar
and therefore the conclusions are applicable for both
cases. The average modulus of elasticity in the upstation
and downstation directions is 31 ksi (214 MPa) and 36
ksi (248 MPa), respectively. The determination of this
parameter from actual field observations as presented
in this research not only provides an indication of the
pavement deterioration in comparison to the initial
design modulus but also is a reliable parameter that
can be used to estimate the pavement behavior and
performance based on computer models.

Figure 8. Subgrade modulus

45

Table 2. Max. values for deflections, spreadability, load transfer, and joint support ratio. Souce: Edward et al. [11]

Cond. Df mm/MN Df,mm/MN  SPR (%) D, mm/MN D , mm/MN LT (%) JSR
<1.20 <3.54
Bxe. <240042) 50 > 80 06  S3TIO65) =85 0.90-110
2.45-3.25 120-1.77 3.60-4.45  3.77-4.74
Good G 43.057) (021031 27 (0.63-0.78)  (0.66-0.83) 08> LI-125
. 331-417  1.77-2.40 451-548  4.80-5.82
Rl 0.58-073)  (031-0.42) 64-71 (0.79-0.96)  (0.84-102) 069 1.26-149
>2.40 >5.54
Poor  >422(0.14) (") <63 0on 788003 <50 >1.50

Note: The values in parenthesis are in units mils/kip, as obtained directly from Eq. (3)

Table 3 presents the pavement built-up sequence and the
back-calculated modulus of elasticity of each pavement
layer. The following abbreviations are used for the
material specification: a) JRC: Joint Reinforced Concrete
Pavement; b) PCC: Portland Cement Concrete Pavement;
c) “310”: Bituminous Aggregate Base; d) ATB: Asphalt
Treated Base; e) DGAB: Dense Graded Aggregate Base;
f) NSDB: Non-Stabilized Drainage Base.

A complete definition of these material specifications
can be found in ODOT [13]. A Dynatest Model 8000
FWD was used to conduct the field testing program
[14]. Tables 4-6 show the structural condition of these
pavement sections based on FWD deflections and
spreadability, maximum joint deflection, and joint
load transfer and joint support ratio, respectively. In
general, the structural condition of the studied sections
are classified as excellent and good, except for project
# 4 that showed a load transfer deficiency in both the
approaching and leaving positions.

Table 3. Back-calculated modulus of elasticity

No. Layer Modulus (M, in MPa), Thickn. (mm)
Layer JRC 310 Subgrade
1 M,- 20,217-
Thk. 229 945-152 148-N/A
Layer JRC 310 Subgrade
2 M- 26,151-
Thk. 229 422-152 255-N/A
Layer JRC DGAB Subgrade
3 M- 26,220- 1,263-
Thk. 279 152 274-N/A
Layer JRC 310 Subgrade
4 Mg- 18,975-
Thk. 229 564-152 173-N/A
Layer JRC 310 Subgrade
5 M.- 31,119- 5,147-
Thk. 254 152 324-N/A
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Continuation Table 3.

No. Layer Modulus (M, in MPa), Thickn. (mm) No. Layer Modulus (M, in MPa), Thickn. (mm)
Layer JRC 310 Subgrade Layer PCC 310 Subgrade
6 M- 23,391- 1,097- 10 M.- 24,564-
Thk. 229 152 295-N/A Thk 229 547-254 164-N/A
Layer JRC 310 Subgrade Layer JRC ATB Subgrade
7 M- 26,427- 11 M- 38,502- 9,798-
Thk. 229 642-152 272-N/A Thk. 229 152 242-N/A
Layer PCC NSDB DGAB Layer JRC ATB Subgrade
8 Mg- 24,357- 3,222- 12 M- 24,219- 2,187-
Thk. 305 102 1,035-76 Thk. 229 152 S515-N/A
Layer PCC 310 Subgrade Layer JRC 310 Subgrade
9 M.- 26,358- 2,539- 13 M.- 28,635-
Thk. 229 152 414-N/A Thk. 229 856-152 167-N/A
Table 4. Pavement condition based on FWD deflections and spreadability
Proj. Dir L FWD Defl. (%) Spreadability (%)
No. (km) Exc. Good Fair  Poor Exc. Good Fair Poor
1 U 0.55 9 55 27 9 - 73 27 -
2 bu o077 57 28 36 61 7 11 - - - 21 61 72 33 7 6
3 D 0.71 95 5 - - 26 63 11 -
] 2.85 100 - - - 94 6 - -
4 U 7.25 3 55 35 7 7 46 40 7
5 bpu 316 1100 100 - - - - - - - 20 75 60 25 20 - -
6 D 0.5 82 18 - - - 36 64 -
7 U 2.09 84 8 8 - - 23 77 -
8 D 6.18 86 14 - - 14 79 7 -
U 6.63 93 7 - - 22 78 - -
9 DU 113 100 100 - - - - - - - - 69 56 31 44 - -
10 U 2.01 10 90 - - - 90 10 -
D 2.45 100 - - - 29 64 7 -
u U 2.45 91 9 - - 18 82 - -
19 D 3.22 100 - - - - 69 31 -
U 3.22 100 - - - 23 65 12 -
13 U 6.89 10 74 16 - 7 79 14 -
Table 5. Maximum joint deflection
. . L Condition - Approaching (%) Condition - Leaving (%)
Proj. No.  Dir ; ;
(km)  Exc. Good Fair Poor  Exc. Good  Fair  Poor
U 055 27 46 27 - - 64 36 -
bu 077 100 44 - 50 - - - 6 1:00 72 - 22 - 6 - -
D 071 95 5 - - 95 - 5 -
U 285 81 19 - - 100 - - -
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Continuation Table 5.

. . L Condition - Approaching (%) Condition - Leaving (%)
Proj. No.  Dir : -
(km)  Exc. Good Fair Poor  Exc. Good  Fair  Poor
4 u 725 - 7 25 68 2 23 7 68
5 bu 316 19 9 31 10 50 - - - 25 8 31 15 31 - 13 -
6 D 0.50 100 - - - 100 - - -
7 u 2.09 92 8 - - 54 46 - -
8 D 6.18 50 25 25 - 71 29 - -
U 6.63 100 - - - - 100 - -
9 bu 113 100 8 - 11 - - - - 100 &8 - 11 - - - -
10 U 201 80 20 - - 90 10 - -
1 D 245 100 - - - 100 - - -
U 245 100 - - - 100 - - -
19 D 322 100 - - - 100 - - -
U 322 100 - - - 100 - - -
13 U 6.89 32 38 14 16 41 27 14 19
Table 6. Joint load transfer and joint support ratio
Joint Load Transfer Joint Support Ratio
No. Dir. L Condition - Approaching (%) Condition - Leaving (%) Condition - Approaching (%)
(km) Exc. Good Fair Poor Exc. Good  Fair Poor  Exc. Good Fair Poor
1 U 055 81 19 - - 91 9 - - 64 36 - -
2 bU 077 8 8 14 17 - - - - 8 94 14 6 - - - - 8 61 14 39 - - - -
3 D 071 63 32 - 5 79 16 - 5 84 16 - -
U 285 62 25 13 - 69 19 12 - 63 37 - -
4 U 725 5 2 19 74 10 2 17 71 56 44 - -
5 DU 316 94 100 6 - - - - - 8 75 13 25 6 - - - 63 70 37 30 - - - -
6 D 0.5 27 - 73 - 9 82 9 - - 64 27 9
7 U 209 100 - - - 31 69 - - 15 54 31 -
8 D 6.18 28 36 36 - 29 50 21 - 64 36 - -
U 6.63 100 - - - 100 - - - 100 - - -
9 DU 113 62 67 31 33 - - 7 - 54 56 31 44 15 - - - 77 100 23 - - - - -
10 U 201 100 - - - 100 - - - 100 100 - -
1 D 245 14 79 7 - 22 64 14 - 79 21 - -
U 245 54 46 - - 44 44 12 - 73 27 - -
12 D 322 50 50 - - 37 63 - - 93 7 - -
U 322 6 94 - - 24 71 5 - 71 29 - -
13 U  6.89 83 17 - - 61 39 - - 81 14 5 -

4. SUMMARY AND CONCLUSIONS

The methodology presented in this paper is a valuable
technique that can be used to determine, with field

measurements, the actual structural condition of PCC
pavement sections. Based on the structural condition
classification, short or long term rehabilitation
programs can be implemented to assure satisfactory
service and serviceability of the PCC pavement.
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The long term performance of seventeen Portland
cement concrete sections located in the State of Ohio,
USA, was studied. The performance of PCC pavement
was influenced by the climate conditions, material
properties, construction practices, and traffic loads.

The total length of the PCC pavement sections studied
was 36 mi (58 km). The overall structural condition
of the analyzed sections was as follows: a) Excellent
67.6% (39 km); b) Good 24.2% (14 km); c) Fair 7.2%
(4 km); and d) Poor 1.0% (0.6 km). On the other hand,
the overall condition of the pavement stiffness was: a)
Excellent 15.8% (10 km); b) Good 63.9% (36 km); c)
Fair 19.3% (11 km); and d) Poor 1.0% (1 km).

The overall performance of the pavement system was
influenced by the stiffness of the base layer and the
thickness of the surface layer. The performance of PCC
pavement sections improved as the base stiffness and/
or thickness of the surface layer increased. In general,
the structural pavement condition of the PCC sections
was classified as excellent and good, except for Project
4 in which the load transfer mechanism between the
slabs negatively impacted the overall capacity of the
rigid pavement.
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ABSTRACT: One of the most common road pavement pathologies is caused by water action. The presence of moisture causes a reduction
in aggregate-binder adhesion in the mix as well as in the internal cohesion of the bitumen. This leads to problems such as pot holes,
aggregate peeling, stripping, etc., which eventually lead to the structural failure of the pavement. Currently, there are numerous laboratory
tests that analyze the susceptibility of bituminous mixes to moisture, providing a qualitative or quantitative evaluation.

This study analyzes the performance of bituminous mixes in different experimental conditions. For this purpose, a comparative study of
two laboratory tests was carried out. The tests differed in mix compaction method, the conditioning of the test specimens, and the type of
load applied. The results obtained showed that in these tests the conditioning temperature had a greater impact on mix performance than
the temporal duration of the conditioning process. Furthermore, the application of tensile stress was found to be more suitable for studying
moisture susceptibility since mixes were found to be more sensitive to this type of load.

Key Words: Hot bituminous mixes, road, mix design, moisture susceptibility.

RESUMEN: Unas de las patologias mas comunes en los firmes flexibles de carretera de todo el mundo son las provocadas por la accion
del agua. La presencia de éste elemento provoca una disminucion en la adhesividad entre los aridos y el ligante de la mezcla, asi como de la
cohesion interna del betiin, que se traducen en problemas de desprendimiento de aridos, baches, peladuras, etc., que terminan provocando
el fallo estructural del firme. Actualmente existen numerosos ensayos de laboratorio que permiten analizar la susceptibilidad al agua de
las mezclas bituminosas, proporcionando una medida cualitativa o cuantitativa. Asi, desde esta investigacion se ha pretendido analizar el
comportamiento de las mezclas bituminosas ante diferentes condiciones de ensayo. Para ello se ha llevado un estudio comparativo entre dos
de estos ensayos, los cuales difieren en la forma de compactacion de la mezcla, el proceso de acondicionamiento de las probetas y el tipo
de carga aplicado. Los resultados obtenidos pusieron de manifiesto que, para los ensayos estudiados, la temperatura de acondicionamiento
ejerce mayor influencia en el comportamiento de la mezcla que el tiempo de acondicionamiento. Ademas, la aplicacion de cargas de traccion
resultan mas adecuadas para el estudio de la susceptibilidad al agua de las mezclas bituminosas ya que las mezclas son mas sensibles a éstas.

Palabras Clave: Mezcla bituminosa en caliente, carretera, disefio de mezcla, susceptibilidad al agua.

1. INTRODUCTION of more than 2 mm, a fine fraction with a diameter of

0.063 - 2 mm, and a mineral powder fraction with a
Bituminous mixes are some of the most frequently diameter of less than 0.063 mm. It is also composed
used materials in road construction all over the world of a hydrocarbon binder that gives cohesion to the
[1]. This material is a conglomerate with a mineral mineral skeleton (bitumen or one of its byproducts
skeleton composed of a coarse fraction with a diameter from the distillation of crude oil), and sometimes, a
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series of additives (fibers, waxes, etc.) that improve
the characteristics and mechanical performance of the
mixes (greater resistance to plastic deformation, lower
susceptibility to fatigue cracking, rutting, raveling,

etc.) [2].

In order for the mix to be used in the road surface
course, it must pass a series of laboratory tests that
certify its suitability and good performance under
various types of load or stresses to which it will be
subjected during its service life (traffic loads, extreme
temperatures, water action, etc.) [3]. Of these stresses,
those produced by water action are among the main
causes of the pavement deterioration (loss of aggregate,
peeling, pot holes, etc.). The presence of moisture
in the mix reduces aggregate-binder adhesion (i.e.
destruction of the chemical bonds between the binder
and the aggregate) [4-10], as well as its cohesion
(the emulsification of the binder due to water action
separates its particles) [11-14]. This leads to a loss of
aggregate, which in the medium and long term, and
combined with other negative factors (traffic loads,
ice formation, binder ageing, etc.) finally cause most
road pathologies and the eventual failure of the road
surface course [15-17].

As seen in Lu and Harvey [18], one of the key ways to
mitigate the effect of water action on mixes is the design
and application of laboratory tests capable of predicting
the potential moisture damage during the service life
of the pavement. This makes it possible for the mix to
have an optimal design. Methods to predict the effect of
moisture action on the bituminous mixes were initially
developed in the 1930s, and there are now a wide range
of such tests available [19-27]. A description of these
methods can be found in Solaimanian et al. [28].

The objective of such methods is to reproduce mix
performance in laboratory conditions when it is affected
by water. They vary in reliability, depending on the
characteristics of the test, the mix type, as well as the
environmental conditions of the use case (cold or hot
temperatures, dry or rainy weather, etc.). Most of these
tests are performed with fixed temperatures and loads.
This means that it is impossible to simulate the effect of
moisture on the pavement when it is subjected to varying
traffic loads and weather conditions [22]. Nevertheless,
these experiments are often very complicated and time-
consuming to perform. Moreover, they are somewhat

limited in scope when they try to reproduce the way that
moisture attacks mixes. It is thus necessary to analyze
and compare the effect of these laboratory tests on the
mix in order to evaluate its response. Only in this way
will it be possible to predict the performance of a mix
when it is actually used in road construction.

In the laboratory, methods for testing moisture
susceptibility differ in the mix compaction method, the
type of conditioning, and the application of the load.
Although there are many tests used for this purpose
(e.g. Immersion-Compression, Hamburg Wheel
Tracking, Moisture Vapor Susceptibility, Marshall
Immersion, etc.), some are more effective than others.
Today there is a division of opinion regarding which
test is the most suitable for studying the susceptibility
of bituminous mixes to moisture action. Consequently,
in this study a comparative analysis was made of two
of these methods, and the performance of the mix was
analyzed in terms of characteristics, such as type of test
specimen, compaction method, conditioning process,
and load application. In this way it was possible to
arrive at conclusions concerning the representativity
of the results of each test.

The laboratory tests selected were two that are commonly
used in Spain: a) the Immersion-Compression Test
(regulated by the Spanish Technical Standard NLT-
162); b) the Water Sensitivity Test (regulated by the
European standard UNE-EN 12697-12 and implanted
as a new reference test to analyze the susceptibility of
bituminous mixes to moisture in all European Union
countries). Both tests differ in so far as the type of test
specimen used (dimensions and compaction methods),
conditioning process, and applied load. However the
result of both tests is a retained strength value, which
makes it possible to compare them.

This article analyzes the results obtained after
performing the Immersion-Compression Test and the
Water Sensitivity Test on samples of the same mix
type with an identical mineral skeleton and the same
percentage of bitumen. The number of samples studied
had to be sufficient to statistically validate the results
obtained and thus extract representative conclusions.
A total of 33 samples were used, and the central limit
theorem was applied. The results of both laboratory
tests were statistically analyzed, as well as the mix
response in each.
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2. METHODOLOGY
2.1. Materials

The semi-dense mix used in the study was regarded
as representative, a generic asphalt concrete that is
commonly found in all type of road surfaces (regardless
of climate or traffic loads) throughout Europe. It had a
continuous grain size with a strong mineral skeleton,
and its bitumen content was 4-5% of the total mass. This
made it resistant to plastic deformations and water action.
More specifically, the mix used was an AC 16-S mix for
the surface course [29], manufactured from ophite and
limestone aggregate and penetration bitumen 40/60.

The samples were made in different batches though
the characteristics of the mix did not vary. The mineral
skeleton of each batch was within the grain-size
limits specified in the Spanish regulations [29], which
establishes a reference particle size for this type of mix.
Nevertheless, in our samples, the mineral skeleton was
slightly modified to obtain different air void contents so as
to better study the effect of the water volume on the mix.

The aggregate used in the mix was ophite for the coarse
fraction and limestone for the fine fraction as well as
mineral dust. The characteristics of this aggregate are in
accord with the PG-3 General Technical Specifications
for Roads and Bridge Works in Spain[29].

The filler fraction chosen for the mix was limestone,
given its good response to water action. This is due to
the fact that the adhesion of limestone with the binder
is greater since its alkaline surface reacts better to the
acid composition of the bitumen [30]. The limestone
had an apparent density in toluene of 0.67 g/cm3 in
accordance with the NLT-176.

The manufacturing temperature of the mix was 160-165°C,
whereas the compaction temperature of the test specimens
was 150-155°C. The optimal bitumen content used to make
the specimens was 4.5% of the total weight of the mix
(based on the Marshall Test results of the job mix formula).

2.2. Experimental design

The experimental design was based on the comparison
of the Immersion-Compression Test (NLT-162) and the
Water Sensitivity Test (UNE-EN 12697-12).

Both tests offer a similar result (retained strength).
Nevertheless, test conditions (compaction method,
specimen conditioning, and load applied) are not the
same, so they can be used to analyze and compare the
performance of the mix to water action

In this study 33 samples of the same mix type (AC
16 — S) were tested. The specimens had identical
characteristics but belonged to different batches. They
were all subjected to the Immersion-Compression Test
and the Water Sensitivity Test. The number of samples
was based on the central limit theorem. According
to this theorem, when the number of samples of a
population is sufficiently large (i.e. more than 30 [31-
33]) it is assumed to have a normal distribution. It is
thus possible to derive scientifically valid conclusions
from the results obtained. The mix response in the two
tests was statistically analyzed, and it was possible to
observe the representativity of each regarding the mix’s
susceptibility to moisture action.

The Immersion-Compression Test involves the
manufacturing of 10 test cylinders with a diameter of
101.6 mm and a height of 101.6 mm. These cylinders
are compacted by means of a static load produced
by a double plunger. There is an initial pre-load of
1 MPa (in order to settle the mix) after which the
load applied steadily increases for 2.5 minutes until
reaching 21 MPa. Then the density of the samples is
determined by the saturated surface dry method. As
part of the conditioning process before the test, the
specimens are divided into two sets of five. One set
is submerged in a container with water at 60°C for 24
hours, whereas the other set is left at room temperature.
After 24 hours, both sets of specimens are subjected to
a simple compression load at a constant deformation
velocity of 5.08 mm/min until they break. In this way
it is possible to obtain a mean retained strength value
for each set. The result of this test, which measures the
specimens’ sensitivity to water action, this is known as
the retained strength index. This index (expressed in
%) is calculated by dividing the strength obtained by
the group immersed in water at 60°C by the strength
obtained by the dry set.

The Water Sensitivity Test involves manufacturing
6 specimens with a diameter of 101.6 mm and a
height of 60 mm. The specimens are compacted with
an impact compactor by applying 50 blows on each
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face. Then the density of the samples is determined
by the saturated dry surface method. As part of the
conditioning process, the specimens are divided into
two sets: a wet set and a dry set. The dry set is stored at
room temperature in the laboratory (20£5 °C), whereas
a vacuum is applied to the wet set for 30+5 minutes
until a pressure of 6.7+0.3 KPa is reached. Then, the
specimens in this set are left in immersion conditions
of 40°C for 72 hours. Afterwards, the indirect tensile
fracture of each specimen (of the dry set as well as
the wet set) is performed at a temperature of 15°C
after the specimens have previously been acclimated
to this temperature for 120 minutes. The division of
the tensile strength obtained by wet specimens, by the
tensile strength obtained by dry specimens, results in
the retained indirect tensile strength (expressed in %).

In this study, the relation between the variables in
each test and the mix response was obtained by using
a simple linear regression.

Once the straight regression line is fit to the cloud
of data points, it is crucial to have a measurement
of the goodness of fit, which shows whether the fit
is sufficient. The determination coefficient was used
for this purpose. When a simple linear regression is
performed, this coefficient coincides with the square
of the linear correlation coefficient. The determination
coefficient is interpreted as the percentage variation of
the dependent explained by the model. It is denoted by
R?, and since 0 < R%< 1, this measurement is usually
expressed as a percentage. In this type of study, the
tests were very heterogeneous, and this meant that the
results of the tests were, as well. Consequently, the
determination coefficients of the linear fit lines were
not very high.

Apart from the simple linear regressions, and given
that both tests had different characteristics, the retained
strength values were studied according to a normal
distribution in order to reinforce the comparative
analysis.

3. ANALYSIS OF RESULTS

The study described in this paper was the result of
twelve months of laboratory work and shows the
results obtained for the 33 samples in the Immersion-

Compression Test and the Water Sensitivity Test in
relation to the mean values of the wet and dry sets
of samples for fracture strength, density, and air void
content of the test specimens.

Coefficient of variation (CV) is calculated for the
Immersion-Compression Test and the Water Sensitivity
Test for fracture strength, density, and air void content
for both wet and dry sets obtaining in all cases similar
deviations (see tables 1 and 2). Similar results in
retained strength values (%) were obtained in both tests
as is resumed in table 3.

Table 1.CV Immersion-Compression test.

Table 2. CV Water Sensitivity test.

Table 3.CV Retained strength in the tests.

Since the samples in the study were manufactured with
the same materials (aggregate and bitumen), there is
a close relation between the air void content and the
density of the specimens in both tests (despite the fact
that they differ in compaction method). Accordingly,
the samples with a lower density have a greater content
of air voids in the mix.

As can be observed in the results, in the Immersion-
Compression Test, the air void content and the density
of the specimens do not have a significant effect on the
simple compressive strength (Figure 1). Therefore,
a dispersed cloud of data points, and the extremely
low determination coefficients of the regression lines,
reflect the independence of both characteristics in the



Moreno-Navarro et al / Dyna, year 81, no. 183, pp. 49-59, February, 2014. 53

mix response to compression forces. This is due to
the fact that in bituminous mixes, compression forces
are endured mainly by the internal friction of the
mineral skeleton. Consequently, the strength of the

specimen mainly comes from the aggregate’s capacity
to withstand the transmitted load, and is independent
of the moisture content.

Figure 1.Simple compression strength based on the density and air void content of the mix:
dry set (left) and wet set (right)

In contrast, in the Water Sensitivity test, there is a closer
relation between the air void content and density of
the specimen and its indirect tensile strength. This is
reflected by a higher determination coefficient in the
linear regression lines (see Figure 2). This tendency
implies that when a specimen has a lower density or
a higher air void content, its strength is reduced. In
this case, the application of the load varied, and the
specimen was subjected to tensile stresses such that
the internal cohesion of the mix (the sum of binder

cohesion and the aggregate-binder adhesion) was the
basis of the specimen’s fracture strength. This strength
decreased as the air void content of the specimen
increased. This was because the quantity of air voids
(spaces without aggregate or bitumen) on the plane
where the break occurred meant that there was less
surface to withstand the strain. The test specimen was
thus weaker.
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Figure 2.Indirect tensile strength based on the density and air void content of the mix:
dry set (left) and wet set (right)

Moreover, it should be noted that the indirect tensile
strength of the specimens (in the Water Sensitivity Test)
was less than the simple compression strength (in the
Immersion-Compression test). This response is logical
since concrete-type stone materials, such as bituminous
mixes, perform much better under compression loads
than under tensile stresses. This is due to the fact that
the mineral skeleton makes up about 90% of the weight
of the bituminous mix, whereas the binder, which is
the source of tensile strength, is only about 5% of the
weight of the mix.

Furthermore, the retained strength values (%) obtained
in both tests are shown in Figure 3.

Figure 3.Retained strength of the samples
studied in the tests.

As can be observed, the retained strength in the Water
Sensitivity Test was greater than in the Immersion-
Compression Test. In fact, it was 5% higher, based on
the mean value of the 33 samples. When the retained
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strength values obtained in each test were compared by
using a normal distribution (based on the central limit
theorem), this difference in the values can be observed
clearly (Figure 4). Thus, in the Water Sensitivity Test,
this effect was less than in the Immersion-Compression
test. The analysis also showed that the Gaussian bell
curve in the Water Sensitivity Test is sharper, which
means that the results are more clustered. The samples
thus have a lower variability, which signifies that the
test is more reproducible (and thus its results are more
representative).

Figure 4. Normal distributions of the Immersion-
Compression test and the Water Sensitivity test.

According to these results, the simple compression
strength of the bituminous mix was potentially more
affected by moisture action than its indirect tensile
strength was. However, the simple compression strength
mainly depends on the internal friction of the aggregate,
and the indirect tensile strength on the internal cohesion
of the mix, which is the sum of binder cohesion and
aggregate-binder adhesion. Both factors are significantly
more sensitive to moisture action than the internal
friction of the aggregate (i.e. the presence of water can
break the chemical bonds in the bitumen as well as
reduce its adhesion to the aggregate) [3-13]. As aresult,
the retained strength of the Water Sensitivity Test should
be lower. This means that the conditioning undergone by
the wet set of specimens in the Immersion-Compression
Test (24 hours at 60 °C) was more aggressive than that
undergone by the wet set in the Water Sensitivity Test
(72 hours at 40 °C). The temperature of the conditioning
had a greater influence on mix performance than the
temporal duration of the conditioning.

The compaction method was the other variable in
which the tests differed, apart from the conditioning

of the specimens and the type of fracture. However,
it did not seem to have a significant influence on the
results obtained. In this respect, the densities of the
33 samples in both studies were very similar, though
they were slightly higher in the case of the Immersion-
Compression Test (Figure 5).
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Figure 5.Mean density of the sample specimens studied in
each test.

Finally, in the analysis of the influence of the air void
content and the density, on the retained strength, it was
observed that both tests showed the same tendency. The
greater the density (i.e. lower air void content) of the
specimens, the greater was the retained strength of the
samples (Figure 6). In other words when the air void
content of the mix increased, the volume of water that
penetrated it was greater. This significantly affected
mix performance since it reduced simple compression
strength as well as indirect tensile strength.

In the Immersion-Compression Test, the relation
between the air void content and the retained strength
of the mix was greater than that between the air void
content and the simple compression strength (larger
determination coefficient). The higher percentage
of air voids caused the mix not to respond as well
to water action. However, the simple compression
strength remained similar to that of a mix with a lower
percentage of air voids.

In the Water Sensitivity Test, the relation between
the air void content and the indirect tensile strength
of the mix was greater than that between the air void
content and the retained strength (larger determination
coefficient). This shows that an increase in the air
void content of the mixes had a greater impact on
its capacity to resist indirect tensile stresses than on
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its susceptibility to water action. Despite this, the
percentage of air voids affected the retained strength of
the mix in the Water Sensitivity Test more than in the

Immersion-Compression Test. Consequently, it seems
that it could be more sensitive to moisture action.

Figure 6.Retained strength based on the air void content and the density of the mix. Immersion-Compression Test (upper
graph) and Water Sensitivity Test (lower graphs)

4. CONCLUSIONS

This paper shows the results obtained in a research
study that analyzed the moisture susceptibility of hot
bituminous mixes based on two different test methods.
For this purpose, a comparative study of two laboratory
tests was performed, which evaluated the effect of
water action on the mechanical performance of the mix.
The tests selected for this study were the Immersion-
Compression Test and the Water Sensitivity Test.
Although these tests differ in the size and compaction
method of the test specimens (static load/compaction

by blows), their wet conditioning (24 hours at 60°C/72
hours at 40°C), and the type of load applied (simple
compression/indirect tensile stress).Both evaluated the
same parameter, the retained strength value of the wet
set and dry set of specimens. Thus, in order to guarantee
the reliability of this analysis, we used the central limit
theorem (which defines whether the sample population
is sufficiently large to assume the normality of the
results). Accordingly, the test was carried out on a
total of 33 specimens made from bituminous mixes of
identical characteristics. The type of mix selected was
a standard semi-dense mix that is widely used in many
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European countries. Based on the results obtained in sharper peak than that obtained from the Immersion-
our research, the following conclusions were derived: Compression Test. This indicated that the results had

For the type of mix analyzed, the simple compression
strength of the bituminous mixes was not affected
by the density and air void content, but rather by the
strength of the mineral skeleton and internal friction.
Thus, the fact that the mix has voids where water
could be stored was not a determining factor that
affected its compression strength. Consequently, the
type of load used in the Immersion-Compression
Test was not suitable to measure the susceptibility
of a bituminous mix to water since the presence of
air voids did not affect its response.

The indirect tensile strength was found to be directly
related to the density and air void content of the mix.
This means that the lower the density of the mix (or
the greater its air void content), and the lower its
indirect tensile strength. When the density of the mix
became lower, this reduced the cohesion of the mix.
The cohesion is what withstands the tensile stresses
on the mix. Moreover, since the mix is a stone-like
material, its strength against this type of load is not
as great as its strength against simple compression
loads. As a result, the mechanical performance of
the mix is much more sensitive to this type of stress.
Thus, indirect tensile stress is better for evaluating
the possible moisture damage to the mixes.

Even though the tests used different compaction
methods for the specimens, this did not influence
the characteristics of the mix since the samples in
both tests produced similar results regarding their
density and air voids.

The type of conditioning given to specimens in the
Immersion-Compression Test significantly affected
their performance since the retained strength values
obtained in this test were lower than those obtained
in the Water Sensitivity Test. This seems to indicate
that conditioning at high temperatures is more
aggressive than conditioning for a longer duration.
It was thus found that the effect of the temperature
on the mix was greater than that of the duration of
the conditioning process.

The normal distribution obtained from the retained
strength results of the Water Sensitivity Test had a

a lower dispersion, and thus, the reproducibility of
the test was greater (which points to the fact that
the results are more reliable).

* Both tests showed that when the mix had a greater
air void content (and thus was less dense), its
retained strength was also lower.

* The Immersion-Compression Test showed that
these characteristics of mix did not affect its simple
compression strength, but did have an impact on
its retained strength. This was due to the fact that
the increased air void content in the mix caused a
larger volume of water to enter. This affected the
mechanical performance of the mix and reduced
its strength.

e The results of the Water Sensitivity Test showed
that the air void content had a greater effect on the
indirect tensile strength of the mixture than on its
retained strength. Despite this, the retained strength
was more closely related to the air void content than
the retained strength of the Immersion-Compression
Test. This was because the tensile stresses in
bituminous mixes are withstood by their cohesion,
which is the sum of the binder cohesion and of
aggregate-binder adhesion. Both factors are directly
affected by the presence of moisture (which breaks
the chemical bonds in the bitumen, thus reducing its
cohesion as well as its adhesion with the aggregate).
For this reason, a larger number of air voids in the
mix permits the presence of moisture that reduces
the strength of the mix.

e The results obtained in this study point to the fact
that the Water Sensitivity Test is more suitable for
analyzing the susceptibility of bituminous mixes
to water than the Immersion-Compression test.
For this reason, the results obtained with the Water
Sensitivity Test were more representative of the
performance of the mix during its service life.

As a continuation of this research, it would be
interesting to make a more in-depth study of the design
of more effective laboratory tests for determining the
susceptibility of bituminous mixes to moisture. For
this purpose, it would be useful to perform further
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comparative analyses with other laboratory tests and
other types of bituminous mixes.
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ABSTRACT: The available analytical models for calculating knee patellofemoral forces are limited to the standard squat motion when the
center of gravity is fixed horizontally. In this paper, an analytical model is presented to calculate accurately patellofemoral forces by taking
into account the change in position of the trunk’s center of gravity under deep squat (non-standard squatting). The accuracy of the derived
model is validated through comparisons with results of the inverse dynamics technique.

Keywords: Patellofemoral forces, analytical model, modified squat, knee.

RESUMEN: Los modelos analiticos disponibles para calcular las fuerzas patelofemorales de la rodilla estan limitados al movimiento
estandar de cuclillas cuando el centro de gravedad es fijo horizontalmente. En este articulo se presenta un modelo para calcular con
exactitud las fuerzas patelofemorales, teniendo en cuenta el cambio de posicion del centro de gravedad del tronco durante una sentadilla
profunda (posicion de sentadilla modificada). Se valida la exactitud del modelo desarrollado mediante comparaciones con resultados de la
técnica de dindmica inversa.

Palabras Clave: Fuerzas patelofemorales, modelo analitico, sentadilla modificada, rodilla.

1. INTRODUCTION et al. [2] created quasi-static, analytical studies in

order to determine the overall stiffness of the joint as a

The widespread occurrence of various types of
arthritis results in significant loss of manpower and
immeasurable pain and suffering to many patients.
Due to the limited understanding of the knee joint
movement, clinicians have generally opted for a
surgical solution that involves prosthetic replacement
arthroplasty.

Analytical models related to the kinetics of the
patellofemoral joint are still in short supply. Among the
earliest models, Crowninshield et al. [1] and Andriacchi

Dyna, year 81, no. 183, pp. 60-67. Medellin, February, 2014. ISSN 0012-7353

function of flexion angle. However, no investigation of
the patellofemoral forces was actually carried out. The
ratio between patellofemoral forces such as pr/ Fq and
F pl/Fq (ratio of the patellofemoral compression force
to quadriceps force and the patellar ligament force to
quadriceps force, respectively) has been determined
both by experimental methods [3] and with the help
of various mathematical models [4, 5]. However, only
the standard squat movement was investigated, where
the forward movement of the trunk is not considered.
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This work is part of a research that has been carried
out at Szent Istvan University and Ghent University,
where analytical and experimental studies on the
knee is being performed. It presents equations for the
patellofemoral forces in the knee under non-standard
squat, in which the centre of gravity moves both
vertically and horizontally, thus the trunk movement
during squatting is also considered.

2. EQUATIONS FOR PATELLOFEMORAL
FORCES

The assumptions considered in deriving the equations
of patellofemoral forces under standard squat are
summarized as follows [6]: a) the model is quasi-static,
b) it is two-dimensional, i.e., in the sagittal plane, c)
contact forces are neglected, d) the femur and tibia are
connected through a hinge with one degree of freedom,
and e) the load is derived from the total weight of the
person.

In this work, the movement of the trunk (i.e., the
horizontal movement of the centre of gravity) is taken
into account; therefore, the body weight vector (BW)
can move vertically and horizontally. The movement of
the centre of gravity is a known phenomenon; however,
how much this movement alters the forces in the knee
joint has not been investigated.

Furthermore, the movement of the femur and tibia are
independent of each other (neither of them are fixed
but can freely rotate during the squat). In this paper, the
derived equations describe the forces connected to the
femur, tibia, and patella under the non-standard squat
as shown in Figure 1.

The arbitrary knee position, in Figure 1, is located at
angle a. The BW force is derived from the body weight.
The patella and the tibia are assumed to rotate about
point B. The line of action BW intersects the theoretical
line of the femur and tibia at points D and E. Rigid
linkages represent the femur (3), the patella (2) and
the tibia with foot (1).

The tibia is connected to the foot by a hinge of one
degree of freedom (point N). The line of action of
the centre of gravity intersects the femur at point D
and the foot at point A. These points are not fixed,
since the centre of gravity moves horizontally during

a deep squat. At point D, a roller is assumed, which
can move along the axis of the femur, while another
roller is applied at point A, which can move along the
axis of the foot. The rigid bodies are attached to each
other by strings of negligible elastic elongation. The
free-body diagrams of the three elements are shown in
Figures 2,3 and 4.

y Ay

Figure 1. Analytical squat model

The model includes several constants and variables: the
notations of the geometric lengths are listed in Table 1.
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Table 1. Constants and variables of the model
DESCRIPTION NOTATION
Length of tibia I
Length of femur I

Length of patellar tendon |

Moment arm between the axis of tibia |
and the tibial tuberosity t

Moment arm between the axis of femur and
the line of action of the quadriceps force |

Angle between the axis of femur and
the quadriceps force

Intersected length of the axis of tibia and
the instantaneous line of action of the BW |

Intersected length of the axis of femur and
the instantaneous line of action of BW |

Angle between the axis of tibia and the
patellar tendon

Angle between the axis of tibia and the
line of action of BW

Angle between the axis of femur and
the line of action of BW

Angle between the axis of tibia and the
tibiofemoral force

The moment equation applied about the z-axis through
point B on the tibia (Figure 2) is:

Figure 2. Free-body diagram of the tibia

ZMmZ =0=-1,-F, -sin f(a)
—l,-F,-cos B(a)+](a) - BW -siny(a)

From Egq. (1), the patellar tendon force (F ) can be
derived as:

(1

I (e)-siny (@)
[,-sin(a)+1, -cos B(a)
In order to simplify the results, dimensionless
parameters are introduced (Table 2).

F,(a)=BW- )

Table 2. Dimensionless parameters of the model

DESCRIPTION FORMULA
Dimensionless, intersected
tibia length function Aa)=1(a)/l,
Dimensionless, intersected
femur length function L) =1, (a)/l,
Dimensionless length of
patellar tendon ln =1 / L
Dimensionless thickness of
shin ),t = lt /llo
Dimensionless thickness of
thigh A.=1.11,

By the introduction of these quantities, the normalized
force in the patellar tendon is:

Fu@) _ a(@)siny(@)
BW A, -sinB(a)+4,-cos f(x)

The scalar equilibrium equations related to the
¢ - i coordinate system (fixed to the tibia) are in the
following form (Figure 2):

)

2, =0=-F,-cos¢(a)
+F, -cos B(a)+BW -cosy(a)
> =0=F, sing(@)

—F, -sin f(a)+BW -siny(a)

“4)

)

Where F is the tibiofemoral compression force and
¢ (@) is the angle between the axis of the tibia and
the tibiofemoral force vector. By substituting Eq.
(3) into Egs. (4) and (5), Fpt is eliminated. After this,
Eq. (4) is set to F, and then it is substituted into Eq.
(5). The substitution is followed by some additional
simplifications, and finally the angle ¢ (o) can be
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derived as:

(A(e)=2,) 1gB(a)- 2,
A(a)-tgy(a)+ A, -tgB(a)+2,

¢(a) = arctg -1gy(@) (6)

By the use of ¢ (a), the tibiofemoral force can be

derived from Eq. (4) or Eq. (5) as:

F@) F, cosp(a) | cosy (@)
BW  BW cos¢(a) cos¢(a)

After deriving the F  and F forces, Figure 3 is
considered.

(7

Applying the moment equilibrium equation about the
z axis through point B on the femur (Figure 3) gives:
ZMB3Z =0=1[,-F, -cosy(a)+

Ly F, -siny () —L(a)- BW -sind ()
Taking into account that & = o — ~, and assuming

~ 0, from Eq. (8), the quadriceps force in the tendon
becomes:

Fy@) _Ay(@)-sin(a—y(@))

BW 2,

®)

€)

Figure 3. Free-body diagram of the femur

The scalar equilibrium equations related to the patella
in the X - y coordinate system (Figure 4) are:

ZEX :0:Fq(a)-sin5(oc)

v, (@) sin(y(@) + B(@)+ E, o
Z]:;y =0=F (a)-coso(a)

—F, (a0)-cos(y(a)+ B(a))+F,

(11)

Figure 4. Free-body diagram of the patellofemoral joint

Where F . and F  are the components of the
patellofemoral compression force in the x and y
directions, respectively.

From Eq. (9) and Eq. (10), the magnitude of the
patellofemoral compression force is:

[z 2
F(a) Fy, +Fp/,- _

BW BW 1)
\/(Fq(a))z +(F, (@) ~2F,(a) F,,(a)-cos()

BW
Where .

Q= pla)+(a)+y(a)

For a given BW force and angle «, Egs. (3), (7),
(9), and (12) can be used to determine Fpt (o),
F, (o), Fq (), and pr (o), respectively.
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The parameters appearing in the above mentioned
equations have been experimentally determined [7, 8]
and summarized in Table 3.

Table 3. Dimensionless parameters of the model

C1 C2 SD r’

J(@)[-] 0492 00024 0.15 0.65

if@)[-] 086 -0.0022 022 0.63

B@)[°] 2656 -0381 14 095

va (@) [-] 0.567

-0.0026 0.081 0.735

A1 0.11 0 0018 -

Al 01475 0 0043 -

A[] 0.164 0 0028 -

3. RESULTS AND DISCUSSION

As it has been proven by other authors [5, 6], the
patellofemoral forces directly depend on the net knee
moment; this is a moment about the instantaneous
centre of rotation of the knee joint generated by the
body weight, in the case of the standard (or non-
standard) squat.

Therefore, it is interesting to see how this moment
depends on the position of the centre of gravity. By
the use of inverse dynamics approach [9, 11, 14] all
the movements of the human body can be taken into
consideration, thus the effect of the centre of gravity
may also be considered. By knowing (measuring) the
kinematics of a person during non-standard squat, the
measured forces will involve the effect of the moving
centre of gravity as well. For this reason, the results
are best compared to the results of inverse dynamics
method.

In Figure 5, the quadriceps tendon force of the non-
standard squat model corresponds well with the
inverse dynamics result of Sharma et al. [9] found in
the literature.

Figure 5. Quadriceps force

The peak force of the non-standard squat model is
estimated to be 3.63 BW at 120°, while the standard
squat model predicts a peak magnitude of 7.2 BW and
peak location between 90° and 100° of flexion angle.

In practice, human subjects lean forward during
squatting, which, apart from helping them to keep
their balance, also reduces the patellofemoral forces.
This is the reason why every experimental, analytical,
or numerical model, which does not incorporate the
moving of the centre of gravity tends to overestimate
the net knee moment, and results in higher forces in
the quadriceps (and in the other muscles or tendons).

All the same, this parameter has only been investigated
by Kulas et al. [10], therefore, up to now there has been
a very limited amount of information about how the
horizontal movement of the centre of gravity influences
the patellofemoral forces.

In Figure 6, the patellar tendon force is plotted.
The correlation between the standard [6] and non-
standard models regarding this force is strong. Their
characteristics, magnitudes, and peak locations are in
good agreement with each other. According to these
corresponding results, the estimated peak force is
6.8 BW and the peak location is at 120" of flexion
angle. It has to be mentioned that this is the only force
whereupon the movement of the centre of gravity had
a relatively small effect.
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Figure 6. Patellar tendon force

In Figure 7, the patellofemoral compression force is
plotted. By considering the plotted results, the non-
standard squat model correlates with the results of
Escamilla et al. [11] and Churchill et al. [12]. The
estimated peak angle of the non-standard squat model,
in this case, is located around 110° of flexion angle and
the peak force is approximately 3.6 BW. However, it
should be noted that the result of Escamilla et al. [11]
was carried out only up to a 90° flexion angle. If we
compare the standard squat results with the results
provided by the inverse dynamics method and the non-
standard squat model, the significant difference related
to this force becomes quite apparent.

Figure 7. Patellofemoral compression force

The standard squat model is created with similar
boundary conditions as an Oxford-type test rig [6],
therefore, the apparent difference between the standard
and non-standard squat is likely due to this type of
modelling technique: according to this method the
quadriceps muscles are detached from the femur,
and the knee capsule is removed, thus the entire BW
is applied solely through the quadriceps tendon and
patellar tendon. Therefore the entire knee moment,
due to the BW is supported by the patella, and the
resulting loads may be higher than physiological loads
[6]. Further, during a squat motion, the human subject
can lean forward to move the centre of mass forward
and tilt the hip reducing the joint moment and can
therefore lower the patellofemoral force significantly.
The standard squat approach assumes that the subject
stays perfectly vertical maximizing the knee moment
and maximizing the quadriceps force. Finally, the
knee moments in Oxford rig studies are often lower
than physiological knee moments. The values reported
using inverse dynamics method do not suffer from
these factors.

In Figure 8, the tibiofemoral force is presented. The
standard squat model [6] is not able to predict this force,
thus no comparison could be carried out between the
two analytical models.

Figure 8. Tibiofemoral compression force

The new non-standard squat model was compared to
the results of Zheng et al. [13] and Steele et al. [14]. As
it may be observed, the three results are in agreement,
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although the experimental result of Zheng et al. [13]
and Steele et al. [14] provide predictions only until
90° and 70° of flexion angle. Here, the peak force is
estimated as 7.8 BW.

In order to determine the influence of moving the
centre of gravity in numbers, the patellofemoral forces
have been calculated and compared as a percentage
difference between the standard and non-standard
squat:

Knon—standard j .100 (13)

standard

AK =(1—

Where, K can be any quantity (force, moment or
displacement). 4K can provide a percentage difference
of a standard quantity compared to a non-standard
quantity (here standard and non-standard relates to the
squat motion). The obtained results were summarized
in Table 4.

The incorporation of the trunk movement significantly
lowers the patellofemoral forces (up to 46%) along
the calculated domain. This lowering effect on the
patellofemoral forces (average 20%) corresponds
very well with the result of Kulas et al. [10] who also
investigated the effect of moderate forward trunk lean
condition and observed 24% lower peak forces in the
anterior cruciate ligaments (ACL).

Table 4. Percentage difference between Standard and
Non-standard Squat

FLEXIONANGLE AF ~ AF . AF

pf pt
30° >1% -27% 20%
60° 23% 13% 10%
90° 46% 37% 15%
120° 42% 6% >1%

Although, no direct measurement was performed to
validate the obtained results, the comparison between
the current predictions and the inverse dynamics data
found in the literature show appropriate agreement.

The most important feature, which has to be underlined,
is the possibility to include the movement of the trunk
into the model.

4. CONCLUSIONS

In summary, a new analytical model is presented, which
draws the attention to the effect of the movement of the
centre of gravity on the knee joint kinetics. This model
is capable of accurately predicting the patellofemoral,
tibiofemoral, patellar ligament, and quadriceps forces
in the knee during standard or non-standard squatting
motion.

The new analytical model is derived from theoretical
assumptions and experimentally determined parameters
based on multiple human participants. The results of the
analytical model correlated well with inverse dynamic
results taken from the literature.

This new model is limited to the description of the
kinetics of squatting motion. More specifically, the
model shows how the horizontal movement of the
centre of gravity influences the patellofemoral forces,
since this phenomenon has not yet been investigated
thoroughly by any other author. In addition, the model
may be used to easily investigate other types of squat
(depending on the A functions), while the inverse
dynamics method requires a measuring system and
programs to determine the forces.

Through the modelling approach, together with the
creation of the necessary equations, similar modelling
issues become more understandable and solvable.

Among the patello- and tibiofemoral forces, the
obtained Fq(a) force function can be extended
for further use as an input function for isometric
motion, since most descriptive relationships
[3, 4] found in the literature provide only the ratio of
the patellofemoral forces divided by the quadriceps
force.

As a further step, a numerical model will be built
in MSC.ADAMS using a moving centre of gravity,
since the necessity of this parameter is proven by this
analytical model. In addition to this feature, the MSC.
ADAMS model will be used to investigate the contact
forces (friction and normal) between the connecting
surfaces and the sliding-roll ratio. These quantities will
be given as a function of flexion angle.
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ABSTRACT: Feature Models (FMs) are a notation to represent differences and commonalities between products derived from a product
line. However, product line modelers could unintentionally incorporate dead features in FMs. A dead feature is a type of defect, which
implies that one or more features are not present in any product of the product line. Some authors have used ontologies in product lines,
but they have not exploited ontology reasoning to identify and explain causes for defects in FMs in natural language. In this paper, we
propose an ontology that represents FMs in OWL (Web Ontology Language). Then, we use SQWRL (Semantic Query-enhanced Web Rule
Language) to identify dead features in a FM and identify and explain certain causes of this defect in natural language. Our preliminary
empirical evaluation confirms the benefits of our approach.

Key words: Product lines, feature models, ontologies, dead features, SQWRL.

RESUMEN: Los modelos de caracteristicas (en inglés Feature Models FMs) son una notacion para representar diferencias y similitudes
entre productos derivados de una linea de productos. Sin embargo, quienes modelan la linea de productos pueden introducir sin intencién
en los FMs defectos como las caracteristicas muertas. Una caracteristica es muerta si no puede estar presente en ningun producto derivado
de la linea de productos. Algunos autores han identificado caracteristicas muertas en los FMs, pero ninguno ha aprovechado las capacidades
de razonamiento de las ontologias para identificar y explicar las causas de estos defectos en lenguaje natural. En este trabajo, se propone
una ontologia para identificar las caracteristicas muertas en un FM y se proponen consultas sobre la ontologia, para identificar y explicar
en lenguaje natural ciertas causas de las caracteristicas muertas detectadas. Nuestra evaluacion empirica preliminar confirma los beneficios
de nuestra propuesta.

Palabras clave: Lineas de productos, modelo de caracteristicas, ontologias, caracteristicas muertas, SQWRL.

1. INTRODUCTION A common notation to represent PLMs is Feature
Models (FMs). FMs describe the features, their relations

A product line is a family of related products distinguished and the valid feature combinations of a product line [3].

by different sets of features that each product provides [1].
A particular application of product line is the software
product line (SPL). Software Product Line Engineering
(SPLE) is thus the software development paradigm geared
for the construction of SPLs. Extensive research and
industrial experience widely prove the significant benefits
of SPLE practices, which among them are reduced time
to market, increased asset reuse and increased software
quality [2]. In order to do that, SPLE usually uses Product
Line Models (PLMs) to represent the correct combination
of features that represent valid products.

Dyna, year 81, no. 183, pp. 68-77. Medellin, February, 2014. ISSN 0012-7353

FMs have also proven useful to communicate with
customers and other stakeholders, such as marketing
representatives, managers, production engineers,
system architects, etc. Consequently, having FMs that
correctly represent the domain of the product line is of
paramount importance for ensuring quality in SPLE.
However, creating feature models with features that
correctly represent the domain described by the model
is not trivial [4]. In fact, when a FM is constructed,
defects may be unintentionally introduced, which
decreases the quality of the FM and hence also the
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expected benefits of product line. Dead features are
one such defect. A feature is dead if it cannot appear
in any products of the product line [5-8].

Some studies in the literature automatically identify
whether a FM present dead features or not [5, 9—11].
However, few studies have focused on identifying causes
for such defect [12, 13]. Identifying the cause consist in
identifying the dependencies that, combined in a certain
manner, produce a dead feature. Such identification helps
product line engineers to understand the problem and to
determine the best solution to fix dead features [4, 14].
In addition, in an end-users configuration process, it is
important to identify defects and explain the cause of
these defects to users [15].

FMs and ontologies are comparable because both
represent concepts of a particular domain and their
dependencies [16]. However, FMs only offer a
graphical means to represent a particular domain,
whereas ontologies also offer an efficient mechanism
to reason on domain models.

In this paper, we discuss an approach based on OWL-
DL (Web Ontology Language—Description Logic) [17]
ontology and SQWRL (Semantic Query-enhanced
Web Rule Language) [18]. The ontologies are formal
domain models, which have powerful inference
mechanisms. The ontologies are recommended for
sharing terminologies and understanding. Therefore,
modeling with ontologies offers interoperability,
reusability and extensibility. We represent our
ontology in OWL-DL because this formalism provides
computational completeness and expressiveness for
representing knowledge [19]. Moreover, we use a
rule-based language because the rules are a natural and
declarative way to represent knowledge [20]. SQWRL
is a rule-based language to extract information from
OWL ontologies. Therefore, we use this language to
identify dead features in FMs, and some of their causes
from the proposed ontology.

Our proposal has two main contributions. First, it
provides an ontology that represents FM concepts;
second, it identifies and explains in natural language
certain causes that produce dead features.

The remainder of the paper is as follows. In Section
2, we give a brief overview of the necessary concepts

for understanding the study described herein. Section
3 presents our approach to identify the causes for
dead features in FMs. In Section 4, we present the
preliminary validation of our proposal. In Section 5,
we present related research. Finally, Section 6 presents
the conclusions and suggests future research directions.

2. GENERAL CONCEPTS
Feature Models

Feature Models (FMs) are a notation for representing
product line models. Using this notation, a feature is
a distinctive element, which is visible to users. Each
feature is a node in a tree structure, and the model
dependencies are arcs [3].

The tree structure represents hierarchical organization
of the features, wherein only one feature is the model
root feature. In addition, except for the root, each
feature has a parent feature [3]. Figure 2 shows a FM,
which exemplifies the application of our proposal.
Features can have different types of dependencies.
Table 1 describes and graphically represents each type
of dependency.

After Kang et al. [3] reported a first notation of FMs, other
authors proposed extensions to the original notation [21]
(e.g., the group cardinality dependency [22]).

Figure 1 shows an UML-based meta-model for a
cardinality base FM. This meta-model relates the
concepts presented in Table 1.

of Utility Functions, Settings, and Media features,
among others. As shows Figure 2, each child feature in
the Media feature is optional. Additionally, each child
feature in the Utility Functions and Settings features
are mandatory. Each dependency connects two features
with a unique nomenclature for easy identification.

In order to illustrate our approach, we intentionally
introduced in the original model four dead features
(MSN, Camera, VGA and Megapixels). For that
purpose, we use two additional dependencies (R16
and R17).
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Table 1. Types of dependencies in FMs
Notation Type of Dependency

Mandatory [3]
Child feature B should be included in all valid
products containing the parent feature A and

“ vice versa.

It a feature is mandatory and all its ancestors
are also mandatory, then, this feature is a full-
mandatory feature [5].

Optional [3]
Child feature B may or may not be included in
valid products containing parent feature A.

“ However, if feature B is included in a product,
its parent A should be included too.

Group cardinality [22]

Represents the minimum (m) and the maximum
(n) number of child features (B...C) grouped in
a cardinality (<m..n>) that a product can have
when the parent feature (A) is included in the
product.

If at least one of the child features is included
into a product, the parent feature should be
included too.

Transverse Dependencies

E'“ Requires [3]

Feature B should be included in valid products
with feature A. This dependency is unidirec-
tional.

II|‘“ Excludes [3]

Features A and B cannot be in valid products
at the same time. This dependency is bidirec-
tional.

Figure 1. FM meta-model based on the one proposed by
Mazo et al. [15]

2.2. Application Example

Figure 2 shows a reduced version of a FM based on
the one proposed by Segura for mobile phones [23]. In
this example, a Mobile Phone is composed

Figure 2. Summary of a mobile phone FM based on
Segura’s proposal [23]

2.3. Dead features

Features are distinctive elements that are visible to
user [3]. A feature is dead when it is not present in any
product of the product line [5-8]. When a FM has dead
features, the model is not an accurate representation
of the domain. Indeed, if a feature belongs to a FM,
the feature is important for the domain that we want to
represent. Therefore, it should be possible to incorporate
that feature in at least one product of the product line [7].

2.4. Ontologies

An ontology is a formal explicit specification for a
shared conceptualization [24, 25]. In the same way that
FMs, ontologies help to identify and define the domain
basic concepts and the dependencies among them.

Representing information with ontologies aids
the identification and definition of the basic terms
of a domain. In addition, ontologies represent the
dependencies and rules for combining such terms, and
provide a common vocabulary for the domain model.
Ontologies comprises classes, instances, properties and
constraints [26].

Classes are the main concepts related to the ontology
domain. Instances represent objects in the domain
of interest. Properties are object properties or data-
type properties: Object properties relate ontology
instance among them, whereas data-type properties
relate ontology instances with concrete values, for
example, an integer value. Finally, constraints describe
the restrictions that instances must satisfy in order to
belong to a class [26].
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2.5. SQWRL Queries

The Semantic Query-enhanced Web Rule Language
(SQWRL) is a language that provides query operations
for ontologies represented in OWL [18]. A SQWRL
query comprises an antecedent and a consequent
expressed in terms of OWL classes and properties.
The antecedent defines the criteria that instances must
satisfy to be selected, and the consequent specifies
the instances to select in the query results [18]. each
SQWRL uses classes and properties defined in the
proposed ontology to query for information of the FM
represented as ontology instances. A semantic reasoner,
such as JESS (Java Expert System Shell) [27], executes
SQWRL queries.

3. PROPOSED SOLUTION

In the previous section, we described the basic concepts
underlying our work. Following sub-sections present
our approach, which uses ontologies and SQWRL to
identify certain dead features in FMs, and to explain
their causes in natural language.

3.1. Ontology-based representation of product line
models

Figure 3 shows the proposed OWL ontology to represent
the FMs concepts as an ontology. This representation
allows us to exploit the semantic relationships among the
concepts involved in FMs. For instance, we can ask for
features that have the same parent, or features related by
mandatory and exclude dependencies at the same time.
We develop this ontology using the methodology proposed
by Noy Noy & McGuinness (2001)and McGuinness [28]
with a top-down approach, and we take the FM concepts
from the meta-model presented in Figure 1.

Figure 3. Proposed ontology to represent FMs

In our ontology, meta-model classes correspond to
classes ofthe ontology. In addition, we separate the class
Feature in classes RootFeature and NotRootFeature
to represent that a FM only has one root feature. We
represent the attributes of the groupCardinality meta-
model class with ontology datatype properties, and we
relate ontology classes with ontology object properties.
For example, every dependency within the FM
comprises an origin and a destination feature. Then, we
create the object properties hasDependencySource and
hasDependencyDestination to relate the Dependency
ontology class with the Feature ontology class.
Thus, we can relate each dependency with its feature
source and its feature destination. Furthermore, in the
optional and mandatory dependencies, the property
hasDependencySource identifies the parent feature,
and the property hasDependencyDestination identifies
the child feature. In the example shown in Figure 2,
the Mobile Phone feature is the origin feature of the
optional dependency R1, and the Utility Functions
feature is the destination feature. Moreover, Mobile
Phone is the parent feature of the Utility Functions
feature.

3.2. Rules for identifying dead features

According to the literature [4, 7, 13], misuse of
dependency in FMs causes dead features. Our proposal
considers that a feature can become a dead feature if
a full-mandatory feature excludes an optional feature
(see Rule 1), or if the parent feature is a dead feature
(see Rule 2). Other cases that cause dead features are
outside the scope of this initial proposal.

Rule 1: Full-mandatory feature excludes an optional
feature: An optional feature becomes dead when a
full-mandatory feature excludes it.

In the example, the Camera feature is optional due to its
dependency (R11) with the Media feature. Furthermore,
product cannot have the Games and Camera features
simultaneously due to the exclude dependency (R17)
between both features. Because Games is a full-
mandatory feature [5] (i.e., it is present in all products),
the Camera feature is a dead feature.

Rule 2: The parent feature is a dead feature: If a child
feature is included during product configuration, the
parent feature should be included too [3]. If the parent
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feature is already a dead feature, its children features
cannot be included in any product. In the example,
features VGA and MegaPixels are children of dead
feature Camera. Thus, these children features are dead
features too.

We use SQWRL to implement the rules proposed in
this section. For the sake of space, we only present
and explain in the Table 2 the source code of the
Rule 1, in which full- mandatory features exclude an
optional feature. Nevertheless, both rules have a similar
structure.

It is important to highlight that in queries, we use
WILDCARD word as an argument that depends
on each rule (e.g. in rule 1 WILDCARD belongs to
full-mandatory features, while in rule 2 it belongs to
dead features). Each statement SQWRL requires a
constant value in the argument WILDCARD . Therefore,
we create dynamically a SQWRL for each possible
value of WILDCARD. For instance, WILDCARD can
take seven different values in our application example
(see Table 2); hence, we create seven different SQWRL
queries.

Table 2. SQWRL query for dead features that satisfy Rule 1.

(1)Excludes(?y) ~
(2)Optional (?w) ~
(3) NotRootFeature(?x)

(4) NotRootFeature(WILDCARD) ~
(5)hasDependencySource(?y, WILDCARD)"
(6)hasDependencyDestination(?y,?x) ~ (7)hasDependen
cyDestination(?w,?x)-> (8)sqwrl:selectDistinct(?x)

Rule 1: Consequent result

selectDistinct(?x) :Optional feature, which is excluded by a full-
mandatory feature.
Example Value:Camera ,MSM

Rule 1: Antecedent construction

. SQWR.L Definition Example Value
instruction
Excludes
-
Excludes(?y) dependencies R16,R17,R18
- Optional
2
Optional (?w) dependencies R3,R9,R15,R19,R20
Utility Functions, Settings,
Calls, Messaging, Games,
Java support, OS, Media,
MP3,MP4,
NotRoot Feat ¢ of
Feature cal ur;s]engr,:/—lroo o
%) Camera,\oice,
Data,SMS,MSM,VGA,
Megapixels

In this rul
NotRoot WI|1 LI;SCr:\F:b Utility Functions, Settings,
Feature 4 to full Calls, Messaging,Games,
(WILDCARD) correspond to full- Java support, OS
mandatory features
has Data are restricted, Value of x
Dependenc S0 X corresponds to Media, MP3,
Destinati 0):‘1 features destination Camera,Voice,Data,SMS,
w,2%) of optional MSM,VGA,
e dependencies Megapixels
has Data are restricted,
Dependency S0 Y corresponds Values of y
Source to excludes
cpendaencies whose
e dependencies wh
Wi LD-(?;/A’RD) source feature is full- R16,R17
mandatory
has Data are restricted so Values of x
Dependency X now corresponds to
Destination features excluded by Camera and MSM Both are
?y,?x) the dependency y. dead features

3.3. Natural Language Explanations

We have a predefined explanation text for each
proposed rule to identify dead features. Then, after
identifying the dead features that satisfy rules 1 or 2,
we explain the defect in natural language, as follows:

a) We determine if the dead feature satisfies rule 1 or
rule 2.

b) We generate the predefined text that explains rule
1 or rule 2 in natural language.

Text to explain rule 1 is ““Optional feature
featureName is dead because the full-mandatory feature
fullMandatoryFeatureName excludes it through the
dependency exclusionDependencyName”.

Text to explain rule 2 is “Feature featureName is dead
because parentFeatureName, its ancestor feature, is a
dead feature to0”

c) Weexecute anew SQWRL query to get dependencies
and features names related to the predefined text,
which explains the dead feature.

d) We replace information from the FM at hand as
needed in the predefined text. Figure 4 shows
and example of each explanation applied to our
application example.

3.4. Implementation Details

We implemented our approach in two stages. In the first
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stage, we created the proposed ontology with Protégé
3.4.8 to represent concepts of the FMs meta-model. In
the second stage, we developed a tool to integrate our
proposed OWL ontology with Java. This integration
allows us to manage and query information of each
analyzed FM.

The implementation process of our second stage was
as follows:

a) We read the proposed ontology in Java.

b) We use Jena [29] to populate and manage the
ontology with information of the analyzed FM.

c) We use JESS library, as reasoner engine, to execute
from Java SQWRL queries to identify dead features
(i.e., features that satisfy the rule 1 or rule 2).

d) We produce a natural language text, which explains
the cause of each dead feature. The explanatory
text depends on whether the property satisfies rule
1 or rule 2. We complete the explanations from
information gather from SQWRL queries.

Figure 4 presents one snapshot of the developed
tool with a feedback obtained when we analyzed
dead features in our application example. This
case comprises features with mandatory, optional,
excludes and group cardinality type dependencies.
It also comprises an exclusive dependency that does
not generate dead features (R18) and additional
dependencies that generate dead features.

Figure 4. Snapshot corresponding to results generated
from analyzing our FM running example

4, PRELIMINARY EVALUATION
4.1. Correctness

We assessed the correctness of our approach with 5
FMs with 25 features and 5 FM with 50 features.
We generated these FMs with the BEnchmarking and
TesTing on the analYsis (BeTTy) tool [30].

We manually tested our approach in three steps. First,
we verified that it did not generate false positives.
Second, we verified that the proposed solution
identified 100% of dead features considered in our
two rules. Finally, if the FMs had dead features, we
validated that the cause corresponds to the case that
produced the defect, and that the filled spaces in the
explanation text corresponded to the correct situation
for each one of the models.

In the first stage, we manually compared the dead
features with the results obtained using FaMa [12].
We found that our proposal identified the 100% of the
dead features that satisfied our rules, with 0% false
positive. For the second and third stage, we made
a manual inspection of correctness over 2 models
(randomly selected) of 25 features and 2 models of
50 features.

We found that our proposal constructed correct
explanations; i.e., they corresponded to the cause(s)
that originated each defect. Results are available online
in https://sites.google.com/site/raulmazo/.

4.2. Comparison of results

We compared results obtained in our proposal with the
proposals of Trinidad et al. [4] and Rincén et al. [31]
for the example application.

Table 3 presents the comparison of the results. The
first column shows dead features identified by all
approaches. The second column shows causes, in
natural language, found by our proposal. Finally, the
third column shows corrections proposed by Trinidad
et al. [4] and Rincon et al. [31] (In this case, both
approaches identified the same corrections).
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Table 3. Comparison our proposal vs other approaches

Trinidad et
al. [4]
Dead Our proposal Rincon et al.
feature [31]

Causes in natural language Corrections

Optional feature Camera is dead because R1
the full-mandatory feature Games

Camera excludes it through the dependency R6

traversal_Games_TO_Camera R17

MSN Optional feature MSN is dead because R2

the full-mandatory feature Java support R7
excludes it through the dependency

traversal_ MSN _TO_ Java support R16

R1

Mega Megapixels is dead feature because R6
Camara its ancestor feature is dead

pixels feature too R17

R19

R1

VGA VGA is dead feature because Camara its R6
ancestor feature is dead feature too

R17

R19

The results obtained shows that in the application
example all approaches identified the same dead
features. However, in other FMs, Trinidad et al.
[4] and Rincon et al. [31] could identify other dead
features that our approach will not identify. This
is because we have not implemented all the cases
to identify all dead features. Trinidad et al. [4] and
Rincon et al. [31] identify all cases because they use
a constraint satisfaction approach. However, our rule-
based approach is extensible: we can create new rules
for identifying and explaining in natural language
other cases of dead features. Regarding explanations,
Trinidad et al. [4] and Rincon et al. [31] identify the
list of dependencies that must be deleted to remove
dead features (Corrections). Our work instead focuses
on explaining the cause of each dead feature in natural
language. This information helps feature modelers to
understand why dead features appear. Therefore, our
approach is complementary to proposal of Trinidad et al.
[4] and Rincoén et al. [31] because the feature modeler
could find dead features, their causes in natural language
and possible corrections combining those proposals.

5. RELATED RESEARCH

We divide the research studies on identifying causes for
dead features into two types: studies related to using

ontologies in product line models, and those related to
identifying causes of dead features. For the first type,
Wang et al. [32] Wang et al., (2007)propose representing
FMs and their constraints in OWL ontology language.
In their proposal, the authors represent each feature as
an ontology class, and each dependency as an ontology
property. Their study identifies inconsistencies in
particular FMs configurations and provide explanations
for inconsistencies. However, their approach does not
analyze the FM itself to identify the shortcomings, but
each particular configuration.

In[15] Abo et al. propose two SWRL rules to validate
model consistency. The first one detects features
that excludes and requires the same feature, and the
second one detects cycles in the FM, i.e, feature x
requires feature y, and feature y requires feature x.
Authors define inside ontology, as an antecedent, each
situation that creates an inconsistency, and define as
the consequence, the elements involved. Our work
as the proposal of Abo et al. [15] uses ontology to
represent FM in a formal way. However, additionally
to use the ontology for formal representation, we use
ontologies for two different purposes: (a) we exploit the
ontological representation to perform dynamic SQWRL
in FMs (i.e. Table 2); and (b) we explain defects in
natural language. This is possible due to integration of
our approach with Java. Abo et al. [15] implemented
their proposal only in Protégé-OWL, therefore they do
not have those advantages.

Lee et al. [33] Lee, Kim, Song, & Baik (2007) use
ontologies to represent FMs and to analyze their
variability and commonality. However, they use
ontologies to analyze the semantic similarity of the FM,
whereas that our approach uses ontologies to identify
dead features and explain their causes.

Regarding the second category, several works were
carried out to automatically identify dead features (and
other defects) on [5, 9—11]. However, none of these
works deals with identification of causes that explain
in natural language why each dead feature occurs.

Trinidad et al. [4] present an automated method for
identifying and explaining defects, such as dead
features in FMs. For Trinidad et al. [4], an explanation
is the minimal subset of dependencies that should be
modified to remove the defect. They implemented their
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approach transforming FMs into a diagnostic problem
and then into a constraint satisfaction problem. This
Implementation is available in FaMa [12], an Eclipse
Plug-in for automatic analysis of FMs.

Rincon et al. [31] propose a method to identify
corrections in FMs. In this approach, authors transform
FMs into a constraint problem, then they identify
all minimal corrections subsets (MCSes) [34] of
dependencies that could be modified to correct each
dead feature of the FM. This approach like FaMa[12],
identify the list of dependencies that entail the fewest
changes to fix the defect, but also identify others set
of dependencies that imply more changes and fix the
defect. This information provides more complete
information about how to correct each dead feature.

Trinidad and Ruiz-Cortés [13] Trinidad & Ruiz-
Cortes, (2009)use abductive reasoning to identify dead
features and their causes. Unfortunately, the authors
did not describe a method or algorithm to support their
proposal.

Constraint satisfaction techniques are not enough to
explain causes of a dead feature in natural language
because, for instance, the structure needed to provide
these explanations, is lost when authors transform the
models into constraint programs. In fact, explanations
generated by Trinidad et al.[4] and Rincon et al. [31]
are not the causes that explain why a feature is dead,
but corrections to apply in order to remove the defect.

6. CONCLUSIONS AND DISCUSSION

In this paper, we present an approach, which takes
advantage of the inherent characteristics of ontologies,
in order to identify dead features in FMs and explain
certain causes of that defect in natural language. We
use OWL to create an ontology to represent the FMs
and their dependencies, and SQWRL as an ontology
query language. We validate our proposal through the
implementation and application of two SQWRL rules
on a well-known case study and ten other FMs.

Our approach, in contrast to the black box-like
approaches found in literature, can be easily extended
with other rules to identify and explain other causes
that create dead features.

Although ontologies were initially proposed for the
semantic web, given their expressive power and formal
semantics, they are useful in product lines to support
identification of defects in feature models and to
obtain information to produce explanations in a human
understandable form.

We are currently extending this approach to identify
other causes to explain dead features and other defects
on FMs (e.g., false optional features or void FM).
Other future directions include validating performance,
accuracy, and scalability of the proposed approach for
application to industrial cases.
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ABSTRACT: In Colombia the agro-industrial process of fique generates approximately 20 800 kg of waste / ha planted, consisting of
bagasse and juice. These wastes are discarded over soil and water generating a problem of environmental pollution. The fique bagasse (FB)
has a calorific value of 3 297.91 kcal / kg, high concentrations of cellulose, hemicellulose and C / N ratio that make it appropriate for biogas
production. However, the presence of lignin in the FB requires specific microbial consortia for its degradation. Therefore, in this research the
biogas production from FB on a laboratory scale was studied through the Anaerobic Digestion (AD) process using a consortium of ruminal
fluid (RF) and pig manure (PM). A methane production of 0.35 m*CH,/kg volatile solids (VS) added during two weeks, equivalent to 1.38
kWh/kg VS added, indicated that FB is an attractive residual to be used as a source of renewable energy.

Key words: Anaerobic digestion, fique bagasse, inoculums, lignocellulosic waste, ruminal fluid.

RESUMEN: En Colombia, el procesamiento agroindustrial de fique genera aproximadamente 20 800 kg de residuos/ha sembrada que
corresponden a. jugo y bagazo. Estos residuos son descartados al ambiente generando problemas de contaminacion. El bagazo de fique tiene
un valor calorifico de 3 297.91 kcal/kg, altas concentraciones de celulosa, hemicelulosa y una relacion C/N favorable para tratar este residuo
mediante conversion anaerobia. Sin embargo, la presencia de lignina en el bagazo hace que se requiera un consorcio microbiano especifico
para llevar a cabo la degradacion. En este trabajo se estudio la produccion de biogas a partir del bagazo de fique, empleando como inéculo
una mezcla de liquido ruminal y lodo estiércol de cerdo. Se alcanz6 una produccion de metano de 0.35 m*CH,/kg Solidos Volatiles (SV)
adicionados durante quince dias de digestion, equivalente a 1.38 kWh/kg SV adicionado, indicando que el bagazo de fique es un residuo
atractivo para ser usado como fuente de energia renovable.

Palabras clave: Digestion anaerobia, bagazo de fique, indculos, residuo lignocelulésico, liquido ruminal.

1. INTRODUCTION Due to the physicochemical composition of fique bagasse
(FB), this residue is considered as a lignocellulosic
Agricultural residues are an alternative source of energy waste biomass. [4].

that reduces the depletion of fossil fuels [1]. The molecular

structure of this residual biomass is responsible for their
energy content which varies between 3000 and 3500 kcal
/ kg for lignocellulosic wastes, and from 2000 to 2500
keal / kg for urban waste [2]. The agro industrial process
of fique (Agave family) generates 15000 tons of waste
(bagasse) per hectare. Bagasse is being left on soil and
thrown in rivers causing environmental pollution problems.
Waste from the fique process have been evaluated for
the production of pharmaceutical active compounds
(hecogenin and tigogenin), surfactants, bioinsecticides,
paper and fique fiber reinforced materials [3].
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Actually, one the most important impacts of renewable
energy is the anaerobic digestion process from
different substrates. The wastes’s physico chemical
characteristics condition the biomethane potential.

The Table 1 shows the yields values of 0.03 and 0.48
m® CH,/kg VS added for urban municipal solid and
cooked meat wastes, respectively.

Wastes with composition similar to Fique Bagasse,
such as sisal, maize silage and grass silage, reached
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high biogas production, with yields of 0.24 m*® CH,/
kg VS added, 0.36 m* CH,/kg VS added and 0.6 m®
CH,/kg VS, respectively [1, 5]

In terms of methane yields, the Cattail aquatic plant
reached a conversion of 66% from volatile solids, using
ruminal fluid as inoculums [6]. Sisal and corn digestion
attain methane values of 60% v/v [5, 7]. Whey, barley

and rice residues showed high biomethane potential with
values of 501,229 and 195 L CH,/kg VS, respectively [8].

The high carbon content in FB makes it a potential substrate
for methane production by anaerobic bioconversion
systems [9]. Therefore, the aim of this research was to
evaluate the production of biogas through anaerobic
digestion on a laboratory scale, using a consortium of
bacteria from ruminal fluid and pig manure.

Table 1. Potential for biogas production from different wastes

METHANE PRODUCCTION

RESIDUE REFERENCE
(m*CH,/Kg VS)
Cooked meat 0.48
Office Paper 0.37 Choetal, (1995)
Municipal Solid Waste 0.03 Forster-Carneiro et al., (2007)
Oilseeds 0.42
Straw 0.44 Petersson et al., (2007)
Corn (silage) 0.36
Sunflower 0.30 Amon et al., (2007)
Sisal 0.32
Plantain peel 0.27 .
Rotton fomatocs 0.30 Nallathambi Gunaseelan (2004)
Grass silage 0.60 Liu et al., (2009)

Source: Ward et al., 2008 modified by the authors.

Anaerobic digestion takes place in four stages:
a) hydrolysis b) acidogenesis c) acetogenesis d)
methanogenesis. These stages are carried out by
microbial consortia formed from different populations
of microorganisms. The products generated in each
stage are the nourishment of another [10].

In hydrolysis, the organic matter composed of complex
molecules must be broken to simpler compounds. The
microorganisms involved in this stage produce acetic
acid-carbon compounds, fatty acids and other organic
polycarbonate compounds. In this way, carbohydrates
are converted into simple sugars, fats into glycerol and
fatty acids and proteins are hydrolysed to peptides and
amino acids, releasing carbon dioxide and hydrogen
[11]. At the acidogenesis stage, the monosaccharides
produced are converted into organic acids of acetate,
propionate, butyrate, valerate type, CO, and H,. In
acetogenesis, acetate, H, and CO, are generated, mostly.
In methanogenesis, the methanogenic consortiums
convert acetate into methane and CO,, mainly [12, 13].

The methane production depends on its hydrolytic activity
(HA) and specific methanogenic activity (SMA). The HA
indicates the inherent ability of a microbial population to

degrade carbon and it is quantified as the specific rate of
substrate consumption [ 14]. The SMA refers to the ability
of the microbial biomass to convert organic matter into
methane and it is expressed as the mass of substrate in
terms of chemical oxygen demand (COD) that is converted
into methane per biomass unit per unit of time (gCOD-
CH,/g volatile suspended solids- VSS / day) [15].

Physico-chemical composition of FB indicates that
these residues are composed of complex polymers such
as cellulose, hemicelluloses and lignin. Therefore, FB
digestion requires a specialized hydrolytic consortium.
Different microbial consortiums have been used in
biogas production from lignocellulosic materials, such
as anaerobic sludge from primary wastewater treatment
plants, ruminal fluid, pig manure or cattle manure,
compost, and pure cultures of microorganisms [16, 17].

Previous studies showed that during anaerobic
digestion from fique bagasse, the mixture Ruminal
Liquid (RL) and Pig Waste Sludge (PWS), as consortia,
showed high hydrolytic and methanogenic activities
and the best biomethane potential.

During the anaerobic digestion process, the organic
matter is converted into soluble fractions, which can be
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expressed as total reducing sugar (TRS), total volatile
fatty acids (TVA) and cumulative methane volume.

The aim of this research, was to describe anaerobic
digestion from fique bagasse, used as inoculum the
mixture ruminal liquid and pig manure sludge, through
evolution of total reducing sugar, total volatile fatty
acids and cumulative volume methane.

2. MATERIALS AND METHODS
2.1. Substrate

FB, as substrate, was collected in a fique processing
plant located in Santander —Colombia. FB chemical
composition was evaluated by: total alkalinity (TA),
concentration of total solids (TS), volatile solids (VS),
volatile fatty acids (VFA), carbon / nitrogen ratio (C / N),
cellulose, hemicellulose and lignin according to procedures
established by Van Soest and the Standard Methods for
Examination of Water and Wastewater [18, 19].

2.2. Inoculum

A mixture of 1:1 ruminal fluid (RF) and pig manure sludge
(PMS) was used in the bioproduction process. RF was
obtained from bovine stomachs collected in a livestock
processing plant. PMS was collected from pig septic tanks.
The inoculums physicochemical composition was evaluated
according to protocols established by the Standard Methods
for Examination of Water and Wastewater [18].

The microbiological characterization quantify the major
microbial groups present in the inoculum and it was carried
out using the technique of Most Probable Number (MPN)
according to protocols established [15]. Serial dilutions
were made from the mixture RF-PMS. Each dilution
were inoculated in five hungate tubes, additionally, five
un-inoculated tubes were considered as control. The tests
were performed in a CO, atmosphere to ensure anaerobic
conditions. A positive result was identified according to
the characteristics of each trophic group (Table 2). MPN
values were calculated using the Mac Grady statistical table.

Table 2. Trophic group quantification determined by the MPN technique

Incubation Time at

Trophic group Abbreviation Substrate 35°C + 2°C (days) Detection of positive tubes
Glucose-fermenting bacteria (GFB) Glucose 5to8 g;ll(();vchange from green to
Lactate fermenting bacteria (LFB) Lactate 5t08 yé)lll(())zvchange from green to
Acetate sulfate-reducing bacteria (ASRB) Acetate 7 to 15 FeS Production
Hydrogenop hilic methanogenic (HMB) H_/CO 15to0 45 Methane Detection

bacteria zT2

Acetoclastic Methanogenic bacteria (AMB) Acetate 30to 60 Methane Detection
Methanogenic bacteria for methanol (MBM) Methanol 30to 60 Methane Detection

2.3. AD process for FB

Methane production from FB using RF-PMS was carried
outin 0.5 L reactors, with an operating volume of 0.35 L.
substrate / inoculum ratio of 1 g VS /g VS was used. The
operation time was 15 days, at 39 +2°C. The concentration
of total reducing sugars (TRS), volatile fatty acids (VFA),
biogas volume and the percentage of methane produced
were considered as variables response.

TRS concentration was determined according to the
colorimetric method of dinitrosalicylic acid, using a
GENESYS 20 Thermo Spectronics spectrophotometer
at a wavelength of 540 nm [20]. VFA concentration
was quantified according to the titration procedure

[21]. Methane volume was measured by the alkaline
shift method [22] at standard conditions and the quality
of biogas produced was determined by a PGD3-IR
Status Scientific Controls infrared gas detector. All
fermentations were performed in duplicate. Experimental
result was analyzed with standard deviation.

3. RESULTS AND DISCUSSION
3.1. Characterization of FB
FB has similar physicochemical characteristics to sisal

waste, cattail and sunflower oil residues (Table 3), all of
them with high potential for biogas production [6, 23, 24].
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FB has an acidic pH that could inhibit the start of AD
process. However, the inoculum’s buffering capacity
regulates this inhibitory effect. According to the
concentration of VS, cellulose and hemicelluloses
content, FB has the capacity to produce methane and it
is coherent with the biodegradability test in sisal [25].

The C/N content varies with the type of waste and
causes inhibition in an inappropriate range. A C/N
optimal range of 15 to 25 has been recommended for
microbial growth. As examples, the co-digestion of
onion and digested sludge has a value of 15; mixtures

of corn crops with the sludge reach ratios between 15
and 18, and 21 in adverse operational conditions [13].
In this study FB has a C/N of 14.

In energy terms, olive waste has a calorific value of 4240
kecal / kg and reached the maximum biogas production
of 54.26 1/ 1 olive residue containing 83% methane [26,
27]. Sunflower oil residues has a calorific value of 3700
with productions of 0.20 L CH,/kg VS [24]. FB has a high
calorific value, 3000 kcal / kg, which can be exploited for
energy production, this value corresponds to agricultural
biomass with the low content of sulfur and ash.

Table 3. Physicochemical characteristics of FB

Parameter Units Fique Bagasse Sisal Pulp Cattail Sunflower oil residues
pH 4 5.60 nd Nd
TS % (p/p) 24 14.2 90.2 11.6
VS % (TS) 87.1 82.3 91.2 87
C/N 14 65 nd 18
Celulose % 41.81 47.1 20.8 40.7
Hemicellulose % 22.17 23.1 22.6 8.5
Lignin % 15.56 8.60 10.5 11.5
Sulfur %p/p 0.006 Nd Nd Nd
Ash %p/p 10 Nd Nd Nd
Heating Power kcal/kg 3300 Nd Nd 3700

Nd: not determined

3.2. Physicochemical and microbiological
characterization of the inoculums

RF-PMS characterization is shown in Table 4. Values
obtain from this inoculums confirm its application in
AD process in terms of pH: 8.0 TVFA: 3100 mg/L
and VSS: 21880 mg/L, among others parameters [28].

Microbial distribution of populations in RF-PMS is shown
in Table 5. High levels of GFB, LFB and ASRB confirm
the enzyme activity required for AD starting up
(hydrolytic and acidogenic stages). The last group
guarantees acetate metabolism since its ability to grow
using this substrate of the incomplete oxidation of ethanol
[29]. HBM, AMB and MBM concentrations between
10%*and 10° NMP/g VSS maintain a partial pressure of
hydrogen at a level that allows syntrophic degradation
of ethanol and propionate [30, 31]. The percentage

distribution of hydrogenophilic methanogenic archaea
group (40%) is responsible for methane production and
shown a symbiotic balance between the trophics groups.

Table 4. Physicochemical characteristics, HA and SMA of
inoculums RF-PMS

Parameter Units Value
pH -- 8
TVFA mg/L 7200
TA mg CaCO,/L 3100
TS mg/L 43 770
VSS mg/L 21 880
TVS mg/L 23 640
HA g COD/g VSS day 0.051
SMA g COD/g VSS day 0.144
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Table 5. Inoculums group trophic quantification by NMP method

i P RF-PMS
Trophic group Abbreviation (NMPJg V/SS)
Gluco_se-fermentlng (GFB) 0.8 10t
bacteria
i e (LFB)  15x 100
Acetate sulfate- N
reducing bacteria (ASRB) 1.3x10
Hydrogenophilic .
methanogenic bacteria (HMB) 1.8x10
Acetoclastic \
Methanogenic bacteria (AMB) 4.0x 10
Methanogenic bacteria (MBM) 5 0% 10¢

for metanol

3.3. TRS and VFA variation in AD from FB

TRS are soluble compounds, easily metabolized by
microorganisms, which allow the AD first stage to

take place [24]. The high concentration of TRS at
the beginning encourages the process to start (Figure
1). The rapid consumption of sugars, until the fourth
day, is consistent with microorganisms metabolism in
the hydrolysis and acidogenesis stages and shows its
enzymatic capacity [26]. The TRS concentration was
kept constant during the fermentation.

During VFA production, a simultaneous TRS consumption
was observed. From the eighth day, VFA concentration
remained constant (from 4000 to 4320 mg VFA /L) and
avoids inhibition by acidification in the reactor. These
results are consistent with VFA and pH values from other
studies. For example, the variation of pH for biomethane
potential of maize in a batch test, ranged from 7.2 to 8.0,
similar results were obtained with fruit/vegetable with
maximum values before inhibition of a pH of 7.8 and
7800 mg/1 of VFA [7,33].
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Figure 1. TRS and VFA concentration during the digestion time

3.4. Methane production from FB

Methane production, for the first two weeks, was 3.6
L (Figure 2) and confirms the AD success using FB
as an organic substrate. Yields values obtained were
0.45m?* CH,/kg VS and are comparable with the AD
of grass, corn and agro-industrial wastes (0.40, 0.32
and 0.32; respectively) [8, 23, 34]. The percentage
composition of the biogas produced from FB (Table 6),
is corroborated with research about anaerobic digestion

from sisal experiments, the methane production reached
was above 50% [5]. These results indicate that FB can
be considered as a viable alternative for recovering
energy in the form of biogas with 60—65% methane
content.

In comparison with other lignocelullosic wastes, FB is
one of the most efficient biomasses in terms of electrical
energy (Figure 3) [5, 8, 35].
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Figure 2. Accumulated methane production during digestion time (STP conditions)
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Figure 3. Methane yields, during anaerobic digestion, expressed in kWh / kg VS added

Table 6. Percentage composition of biogas obtained from FB

Composition Units Value
CH, % 65
CO, % 30
Other gases % 5

4. CONCLUSIONS

Anaerobic Digestion of FB, as the lignocelullosic
substrate, produces 1.38 kwh/kgVS using a mixture of
ruminal fluid-pig sludge manure with high hydrolytic
activity and specific methanogenic activity potential.
Anaerobic digestion of fique bagasse is an alternative,
not only as areal source of energy butalso it contributes
to reduce the environmental contamination.
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ABSTRACT: This paper describes the analysis, modeling, and simulation of an electric vehicle (EV) focused on developing a test bench
for reproducing EV dynamics. The EV test bench is composed of an induction motor (IM) drive, which is directly coupled to a dc machine
and to an inertial flywheel through a transmission system with bands. The inertial flywheel and the DC machine reproduce the dynamic and
forces acting on the EV. A methodology is proposed to design EV test bench to study the EV behavior close to the real test conditions. The
EV forces and DC machine analysis can define the different conditions of the EV operation. The modeling and simulation are developed in
MATLAB/Simulink, the test bench implemented is controlled by a DSP. Finally, simulation and experimental obtained results can validate
the operation of the test bench emulator.

Key words: Electric vehicle, flywheel, model, emulator, DSP, DC machine, induction motor.

RESUMEN: Este articulo describe el analisis, modelado y simulacién de un vehiculo eléctrico (EV) enfocado al desarrollo
de un banco de pruebas para reproducir la dinamica del EV. El banco esta formado por un drive de motor de induccion (IM)
acoplado directamente a una maquina de DC y a un volante de inercia a través de una transmision. El volante de inercia y
la maquina de DC reproducen la dindmica y las fuerzas que actiian en el vehiculo. Se propone una metodologia para disefar
un banco de pruebas de EV para estudiar el comportamiento de vehiculos eléctricos cercano a las condiciones de operacion
reales. El analisis de las fuerzas en el EV en conjunto con la maquina DC define las condiciones de operacion del EV. El
modelado y la simulacion son desarrollados en MATLAB/Simulink, el banco de pruebas implementado es controlado por un
DSP. Finalmente, los resultados de simulacion y experimentales obtenidos validan el funcionamiento del banco de prueba.

Palabras clave: Vehiculo Eléctrico (EV), volante, modelo, emulador, DSP, maquina de CD, motor de induccion.

1. INTRODUCTION renewable alternative and clean energy sources are
being considered for different applications. A solution

Nowadays, worldwide environment contamination due for transportation, to solve the oil dependence, is to use

to industrial applications, to transportation and to the
strong oil dependence for electrical energy generation,
has become a big ecological and health problem [1,2].
Additionally, related to the dependence on oil as a main
source of energy, it is important to consider the fact
that oil is a non renewable source, which is becoming
exhausted worldwide. However, very interesting

Dyna, year 81, no. 183, pp. 86-96. Medellin, February 2014. ISSN 0012-7353

electric energy for electric vehicles based on different
energy sources such as biodiesel, ethanol, solar, fuel
cells, among others, which are replacing the traditional
non renewable energies [3-6]. Thus, electric vehicles
(EVs) have had a strong development for different
required applications, such as cars, scooters, bicycles,
hoist, and electrical wheelchairs, among others. These
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types of EVs are typically driven by stored electric
energy (battery, fuel cell, and ultra-capacitor); however,
one of the main EV problems is the short driving range
due to the energy storage capacity. So, the way to use
storage energy efficiently is an important issue for
designing EVs. Recently, researches about the design
and implementation of EVs have been developed;
some of them have been focused on the efficient way to
process energy in order to increase the EV autonomy [7-
11]. From the point of view of EV energy management
design, a whole analysis of the system, considering the
different energy processing elements, it is essential to
know how to manage the energy in order to improve
the EV performance [8,9,11,12]. Several control
techniques are proposed in the literature for adjustable
speed drives, trying to improve the dynamic response of
speed, torque, and slip ratio output regulation [12-14].
However, studies related to the energy management are
not always taken into account. Energy management
analysis is an important issue in the development of
electric vehicles; it is necessary to understand the
relations and interactions of the energy process during
acceleration/braking in the different parts of the system.
In the above mentioned research some are based on two
interesting approaches: simulation by models [13] and
experimentation using a test bench of the system [7] in
order to correctly describe the operation of the different
EV parts. Different approaches have been reported to
study the EV behavior; some are based on models of the
system and others on test to emulate the behavior of EV
by using dynamic loads [15-19]. EV simulation is an
interesting method to analyze the behavior, this method
is feasible and cheap, but the results obtained depend
on the model accuracy to represent the real system; so
it is related to the number of parameters considered
and consequently the simulation can take a relative
long time. The EV test bench can reproduce dynamic
conditions close to the real operation behavior of the
automobile, but this representation has to be scaled to
the real system and the cost is more expensive than
the model. These two approaches allow us to propose
improvements to the EV system design, from the point
of view of energy management by using alternative
energy sources associated with efficient energy storage
technology, such as batteries, fuel cells, ultracapacitors,
flywheel, among others.

The most interesting contributions of this work, with
regard to other works from the literature, are: a)

the study of EV systems is based on modeling and
experimentation approaches; and b) the test bench
includes an inertial flywheel that allows the EV
dynamic behavior to be emulated. In this sense, this
paper presents the analysis, modeling and Matlab/
Simulink implementation of an EV. Furthermore,
the design and experimental implementation of a test
bench to emulate a scaled EV. The simulation and
experimental obtained results are analyzed based on
the energy balance approach.

2. ELECTRIC VEHICLE ANALYSIS

The EV analyzed considers the EV dynamics, the
transmission, the source voltage, the control and the
induction motor drive, Figure 1. The EV dynamics
takes into account all the forces on the EV, and it is
possible to observe the behavior under linear or angular
acceleration, this behavior is important to compare
the EV performance and the rated characteristics of
the motor drive. The transmission is represented by
a gain relation in order to simplify the system. And
finally, the induction motor drive is modeled taking
into account the inverter and the induction motor.

2.1. Vehicle Dynamics

The EV model is based on the mechanical and
aerodynamical theoretical bases [13]. Figure 2 shows
the different forces acting on the EV [4]. The equation
(1) describes the EV dynamic, which is defined by the
total traction force minus the road load forces acting
on the EV.

m?;:F,—Fg—Fa—Fr (1)

Figure 1. Block diagram of the EV drive system
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Figure 2. Forces acting on the vehicle.

Equations (2) to (4) describe the opposed forces to the
movement and the parameters considered for each one.

F. =f,mgcosa (2)
F,= % PACV? 3)
Fg =mgsena 4)

Therefore, the EV dynamic equation is given by:

m%:ﬁ—mgsena—%pACvz— f mgcosa (5)

2.2. Transmission system

One of the most important issues is the torque imposed to
the electric motor. The EV total force (F,) of equation (5)
for linear speed, can be converted to the equivalent motor
torque and the angular speed by means of a transmission
system (G), Figure 3 shows simplified transmission.

Angular speed (o) in the electric motor can be related
to linear speed (v) of the electric vehicle by (7) through
the tire radius (r) and the transmission ratio.

o=—0G (6)
r

In the same way, motor torque (t,) in the electric motor
can be related to the total force (Ft) applied to the
electric vehicle by (9) through the tire radius (r) and
the transmission ratio (G).

Fr
T, =

G
From (5), the EV dynamic equation (8) can be obtained
by introducing the equivalences given in (6) and (7),

(7

which is referred to the shaft of the electric motor.
Equation (8) is given in terms of torque and angular
speed.

Jd—a)=r -7 -7 —7 ()

Figure 3. Transmission system of an EV

Hence, the equivalent inertial moment (J) of the total
mass of the electric vehicle can be given by (9), also
based on the tire radius (r) and the transmission ratio

(G).

_mr
=
Also, equivalent expressions of forces acting on the

vehicle can be deduced by multiplying by r and divided
by G.

2

J )

2.3. Induction motor drive

Important researches about electric motors have been
reported in literature [20,21]; however, the induction
motor remains an interesting alternative with a lot of
control strategies as proposed in [17]. So, an induction
motor drive is developed in this work. The motor drive
system consists of an induction motor (IM) and a
source voltage inverter with space vector modulation-
SVPWM.

The inverter circuit consists of three legs with two
current bidirectional switches (IGBT-diode); Figure
4, which is connected to the induction motor by the
ABC terminals.
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Figure 4. EV drive system.

V, represents the dc link voltage of the inverter. The
three phase voltages needed to supply the induction
motor is obtained from ABC output terminals of the
inverter and by SVPWM gate signals of the switches
(IGBT). A mathematical representation of the inverter
is given by (10) [22]. The phase voltages V,,, Vg,
and V are dependent of dc link voltage (V ;) and
the modulation signals m_, m, and m_. The modulation
signals m_, m,and m_ can be only values of 0 or 1,
which indicate 0 the switch is opened and for 1 the
switch is closed.

V., 2 -1 1m,
VCD
Ve, 11 2 ||m,

Figure 5 shows the equivalent circuit of a squirrel
cage induction motor (IM). The equivalent circuit of
the IM is composed of three phases represented by
three L-R circuits, for stator and rotor, connected in a
Y arrangement.

Figure 5. Electric diagram of IM

Each winding produces a magnetic flux, voltages and
currents are represented by as, bs, s (stator), ar, br and
cr (rotor). The angle of the magnetic axes of rotor and
stator of the same phase represents the angular position
of rotor 6 and the angular speed by . Figure 5 shows
electric diagram of the IM, this diagram is used in order
to obtain the mathematical representation of the IM.

Based on the analysis of the electric diagram of IM,

the stator and rotor behavior can be represented by
(11) and (12):

A

7 b
Vabcs - labcsRs + 6; <
t (1)
. dA
Vabcr = labchr + aber
dt (12)

Where the flux linkage A for a linear magnetic system
is defined by (13)

b

Hence, the relation between the position and angular
speed of the rotor is given by expression (14).

do.
=n,0,
dt (14)

And the equation (15) represents the electromagnetic
torque, which is dependent in the number of poles (P),
the stator currents (i, ).

PV, w @ ..,
T, = (Ej(labcs )T a_gr[l—sr ] Laber

(15)
Where:
L, =L, M (16a)
coso, cos[@r +2—”j cos(ﬁ, —z—ﬁj
3 3
2 2z
M= cos(ﬁ, _Tj cosf, cos[@r +?j (16b)
cos(ﬁ, +2—”j cos[@r _le cosé.
| 3 3
L = Nisz . L“Orl
ms T 2 g (160)

The electromagnetic torque is an important parameter
to define the power specification of the electric motor
in order to achieve the dynamic imposed by the vehicle.
If no other torque is considered then t=r..

The modeling process developed is carried out for
each subsystem with the equations (2-4) and (7-16c¢),
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which represent the electric vehicle. The subsystems
of'the EV are the induction motor, inverter, powertrain
of the vehicle, controller strategy, among others,
which are implemented in Matlab/simulink in blocks
[23-24]. The developed models are implemented
with Simulink tools or “S” functions according to the
particular requirements of the model. This allows the
subsystem models to be used in other applications.
The inter connection of the model subsystems is
possible by defining the input and output variables for
each subsystem; for example the model of the electric
vehicle and the induction motor (IM) is connected by
the electromagnetic torque (z, =t,). The three phase
power supply of the IM is generated by a mathematical
function given by (10), which consider voltage level
V, thatrepresents the storage system, such as batteries.

3. TEST BENCH OF EV EMULATOR

The design methodology of the test bench has been
focused on the reproduction of the EV dynamics close
to the real application. Two approaches of analysis
have been taken into account in this methodology:
a) the simulation of an EV by the implementation of
a mathematical model and b) an experimental way
using a test bench implementation, which is controlled
by a Digital Signal Processor (DSP). The EV model
developed is close to the real application with a great
flexibility to modify all the parameters of the EV.
However, in spite of having a test bench close to the real
application, the parameters to be changed are limited by
the natural configuration of the test bench. However,
flexibility of variation is possible in the moment of
inertia (J), variation of the equivalent forces acting on
the EV (represented by torques) and also the flexibility to
investigate different types of control strategies. Once the
analysis of the dynamic movement of the electric vehicle
has been defined, the EV test bench can be designed
from the mathematical representation obtained, Figure 6.

Based on the equation (8) the dynamic of movement
of'the EV can be emulated by the proposed test bench,
which is composed of an inertial flywheel and a DC
machine. The flywheel can emulate the dynamic
behavior of the EV through the moment of inertia (J),
which represents the equivalence of the mass of the
EV. The forces acting on the EV (Fg, F,and F) are
represented by the equivalent torques referred to the
motor shaft (T, T, and 7))

do
J—=1,-1,-7,—-7 (17)
dt & e

Figure 6. EV test bench

In order to achieve the emulation of the EV by the
proposed test bench, some considerations have to be
taken into account:

a) A transmission ratio (G) has to be included to have
a relation of angular speed-torque in the IM to the
EV tires. It is possible with two pulleys in the IM
shaft and the tires shaft, which are interconnected
by a transmission band.

b) The moment of inertia and the torques have to
be affected by a scaling factor (Rt) in order to
reproduce the dynamic of a particular EV of interest.
This can be defined by the rates of the motor power,
the EV of interest and the motor of the test bench.

Pm2
P

m

=Rt (18)

The torque emulation is possible using the DC machine.
Firstly, it is necessary to identify the different terms from
the dynamic equation (8) of the EV. Secondly, the dc
machine model is analyzed to define the parameters to be
controlled in order to match torques defining the forces
acting on the EV. The torques can be emulated with the dc
machine operating as a generator with a separate dc power
supply to the field windings. A load has to be designed in
order to emulate the different torques desired.

1) Torque due to the road resistance force ('rg)
This torque can be emulated by the dc machine, as

it can be seen, this kind of torque is a constant value
depending only of constant coefficients.
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Vehicule Test bench

JGgsina
r

JGgsina (RP)

2) Torque due to the aerodynamic resistance force (t1a)

This kind of torque is dependent on the angular speed
(®) or linear speed and also can be emulated by the
dc machine.

Vehicle Test bench
3.3 3 3
e ey

3) Torque due to the rolling resistance force (tr).

This torque is defined by constant parameters and is
easily emulated by a dc machine, it depends on the angle
(), if o is constant, this torque remain constant too.

Vehicle Test bench

JGgf . cosa
r

JGgf, cosa
r

(R?)

Analysis and design of torques

In order to correctly emulate the above mentioned
torques, it is important to consider the DC machine
model. So the torque of the dc machine (t,) has to be
equal to the torques due to the forces acting on the EV
(rg, 7, and 7). Therefore:

| JGgsina s PACr @’ s JGgf, cosa
r 2G° r

In order to simplify (19) a substitution can be made.
Hence,

(Rt)  (19)

L

7, =Ysina+Zcosa+ X’ (20)
where: 5
JGg(Rt) pACr JGgfy

r Y . 2G3 (RE) , T (RE) )

The DC machine torque (t,) is given by (21),

TL:Laf]F]ar (21)

But considering L and |_as constants, then (21) can
be simplified replaced by (22),

7, =KI, (22)

Equations (20) and (22) are equaled and |  is given by,

Ysina + Zcosa + Xw?
Iar = K

(23)

In equation (23), the current | is the parameter that can
be adjusted for defining the three terms of the left side
of the expression (23). However, (23) has two constant
terms that can be reduced to one constant term and the
other term depends on the angular speed (o).

The term | can be adjusted using a commutation
(converter with current input). Figure 7 shows the
proposed circuit configuration. According to the circuit
of Figure 7, the following analysis can be done in order
to define I . Two parameters are introduce R, , and
duty cycle D

IIoald = Iar (1_ D) (24)

Va = Rload Iar (1_ D) (25)
o Vo (26)
* Rload (1_ D)

The armature voltage can be given by (27), under
constant excitation and considering the armature
resistance I, to be negligible.

V. =K @ 27)

a

Figure 7. Circuit proposed to emulate the EV forces.

By substituting (27) in (23), the expression (28) can
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be obtained. It is interesting to carry out an analysis
in order to optimize the R, value and the modulation
of duty cycle D by defining a signal reference for D.

| . Ko _Ysena+Zcosa+X o’

* Rgg (1-D) K (28)
K?w

~R (29)

load (Ysena+Z cosa + X wz)(l— D)

Figure 8. Simulation result for R, _, behavior versus
angular speed (o) for D=0

Figure 8 shows a simulation varying R, _, with D=0.
This situation is a limiting condition and the current only
depends on the R, and the angular speed with constant
parameters of the EV. The R, value is selected to be a
value within the rated characteristics of the dc machine
(voltage and power). In a practical implementation, R, _,
cannot vary continuously. For this reason R, is defined
to be 500 Q. This value allows the angular speed to be
varied from zero beyond the nominal speed (Figure 9).
ThisR,,, only depends on angular speed and the electric
vehicle parameters. Equation (30) gives the duty cycle
(D) as a function of the forces acting on the EV. Equation
(30) is obtained from (28) for a given I_, it is possible to
follow the dynamic behavior of the EV.

Figure 9. Simulation result for duty cycle behavior versus
angular speed (o) for R =500 Q

load

Figure 9 shows the evolution of duty cycle D when
angular speed () varies from zero to the rated speed.

D=1-
(Ysena+Z cosa + X a)z)R

load

Finally, the EV test bench has been implemented
according to the design considerations taken into
account; Figure 10 shows the test bench implementation.

Figure 10. Test bench implementation
4. SIMULATION RESULTS

Now, some simulations are presented for three different drive
cycles: 1) City, 2) Road, and 3) under extreme conditions.
The results obtained, about instant power and energy, allow
the test bench characteristics to be designed and defined.

Figure 11. EV city drive cycle
1) City drive cycle

The energy calculated for a city drive cycle is 0.78
MJ at 1400s, this energy allows to design the minimal
capacity of battery bank.
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2) Road drive cycle

The energy consumption for this type of drive cycleis 1.2
M]J at 800s. Proportionally, this result shows that the energy
consumed is greater than in the city drive cycle. This is
due to the different driving conditions imposed on the
EV, the recovered energy during regenerative braking for
road driving conditions is lower than the city drive cycle.

3) Simulation under extreme conditions

The energy consumed for a single cycle defined in
Figure 15 is of 34 KJ. In order to compare the energy
consumed in this case with the two cases presented
before is necessary to consider the same time of driving.

For a case of 800s, the cycle mentioned before has to
be repeated 20 times, so the total energy consumed is
0.680MJ. The recovered energy is 15 KJ by cycle, so the
total recovered energy during the drive cycle is 0.3M1.

Figure 12. Energy for a city drive cycle

Figure 13. Road drive cycle of EV

Figure 14. Energy of road drive cycle

Figure 15. Linear speed of EV for cycle

During a road drive cycle the power imposed by the
EV remains almost constant and its value depends
on the speed reached. Under these drive conditions,
due to the few regenerative brakes, the consumed
energy depends mainly on the speed of the EV.

The city drive cycle imposes to the EV several
repeated accelerations-decelerations (1.5m/s2),
which allows to recover additional energy. During
this drive cycle is important to impose an adequate
control of the braking in order to maximize the
available energy to be recovered.

The proposed drive cycle is designed in order to be
used under different driving conditions. The way to
design this drive cycle is possible from an analysis
of the EV dynamics based on the instant power,
the average power, and the energy. From the above
information, it is possible to define a hard or soft drive
cycle in order to select the rated power of the motor.
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Figure 16. Energy consumed for the cycle proposed
5. EXERIMENTAL RESULTS

The experimental results have been obtained for the
parameters given in Table 1; these parameters represent a
typical EV of 1600Kg. An interesting test bench characteristic
is the possibility of changing the parameters to correctly
reproduce the behavior of the EV. Experimental results
show the emulation of EV dynamics for different conditions.
The phase current before a deceleration is shown in Figure
17. Figure 18 shows the phase current before and during
EV acceleration. An increase of current can be observed
due to the inertial mass of the vehicle (), which demands
additional power during the acceleration or deceleration
period. This requires an increase of the instant power, as a
consequence the torque demanded from the induction motor
(t ) is increased. During the deceleration period regenerative
braking is possible, so an amount of energy can be recovered
and stored to be used during the acceleration period. This
can increase the autonomy of the EV.

Table 1. Parameter values of EV and Test bench
Parameters/Coefficient Value
Electric vehicle (EV)

m: EV mass 1600 Kg

C: Aerodynamic drag coefficient 0.42

R: Tire radius 0.32m

f: Rolling resistance force 0.008

G: Transmission ratio 12.8

A: Area 2.2 m/s?

J : EV equivalent inertia (or J,) 0.2467 kg m?
Motor

P_.: Rated power of motor 3 hp (2.24 kW)

7,: Rated torque 12 N-m

Parameters/Coefficient Value
: Rated angular speed 1800 rpm
V: Stator rated Voltage 230V
I: Rated current 8A
n,: Efficiency 89.5%
Drive

n,: Inverter efficiency 90 %
IGBT: Module CM100DU-24HB 1200 V/100 A
V.. dc voltage (26 batteries) 312V

e  Battery voltage 12V

e  Battery capacity 12 Ah

e Total Energy 13.48 MJ

Figures 17 and 18 show the correct dynamic emulation
of the EV by the test bench. In Figure 19, it can be
observed that the mechanical speed of the motor
correctly follows the dynamic of the speed imposed
by the reference control signal.

5. CONCLUSIONS

A methodology to analyze the EV dynamic based on
simulation and experimentation has been proposed in this
paper. The mathematical analysis allows a model to be
developed and a test bench to be designed based on typical
EV parameters. The test bench implemented can emulate a
scaled EV. The equivalences between a real and the scaled
EV, can be from the EV dimensions or from the capacity
of the motor. The acceleration curves of the EV and the
test bench motor have been presented; these curves show
the demands of power, torque and energy to be taken into
account to define the EV design considerations, such as
specifications of the motor, converters, and others elements.
Also, the necessary energy to handle the EV during a drive
cycle can be used to design the battery bank.

The results obtained with the test bench and by simulation
give a more complete and detailed information for the
design. The tool proposed allows the EV dynamic to
be studied by simulation varying the parameters and
conditions with wide flexibility. These results can be
validated with the experimental test bench tool. The
EV has been correctly emulated by the test bench under
different operating conditions (starting, cruising speed
and braking). It is important to mention that the proposed
test bench considered improves the EV behavior, which
is close to real EV applications.
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Figure 17. Phase Current during deceleration (1800 to
1200 RPM)

Figure 18. Phase Current during acceleration (1200 to
1800 RPM)

Figure 19. Motor speed and reference speed in
acceleration
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ABSTRACT: The anticorrosion performance of an Epoxy-Mastic organic coating was evaluated during continuous immersion in saline
solution using electrochemical impedance spectroscopy (EIS). The typical parameters of pore resistance and charge transfer resistance
were determined employing an equivalent electric circuit. Constant phase elements (CPE) were used in order to determine fraction of water
absorbed, mass diffusion, solubility and the swelling coefficients, as well as to predict the failure times of the coating. The results found by
EIS measurements match very well with the high resistance to deterioration exhibited by the coating. It was also found that the excellent
protection performance of the coating was mainly due to low water solubility and low permeability.

Key words: Organic coatings, electrochemical impedance spectroscopy, water diffusion, delaminated area, failure time prediction.

RESUMEN: El desempeifio anticorrosivo de un recubrimiento organico tipo Epoxy-Mastic fue evaluado en condiciones de inmersion
continua en solucidn salina usando espectroscopia de impedancia electroquimica (EIS). Se determinaron los parametros tipicos como la
resistencia de poro y resistencia a la transferencia de carga usando un circuito eléctrico equivalente. Se usaron elementos de fase constante
(CPE) para determinar la fraccion de agua absorbida, coeficientes de difusion de masa, solubilidad y coeficientes de hinchamiento, asi como
también para predecir los tiempos de falla de dicho recubrimiento. Los resultados hallados por medio de medidas EIS concuerdan con la
alta resistencia al deterioro que exhibe el recubrimiento. El excelente desempefio protector es debido principalmente a la baja solubilidad
y permeabilidad de agua.

Palabras clave: Recubrimientos anticorrosivos, espectroscopia de impedancia electroquimica, difusion de agua, area delaminada,
prediccion de tiempos de falla.

1. INTRODUCTION behavior or to evaluate pore-free coatings. However,
the Randles circuit becomes useless after a few hours

Two decades ago Haruyama [1] proposed a method of continuous immersion because new time constants

for calculating the deterioration of organic coatings
exposed to a corrosive environment using the equivalent
circuit shown in Fig. 1. Haruyama’s methodology
phenomenologically explains the processes that occur
inside organic coatings when they are exposed to
an electrolyte and when there are minor defects or
imperfections, such as small pores, in the coating. The
Randles circuit (Fig. 2) has been used extensively to
evaluate organic coatings that exhibit highly capacitive

in the impedance spectra may appear. A complete
description of each of the passive elements making up
the two circuits shown in Fig. 1 and 2 can be found in
numerous sources [2, 3]. The coating resistance (R,) is
closely related to the state of the coating, its additives
or pigments, porosity and type of resin. The coating
capacitance (C_) is associated with the amount of
water absorbed during the initial stages of exposure to
the electrolyte [4]. The charge transfer resistance (R,
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is directly related to the susceptibility to corrosion of
the substrate and theoretically is the most appropriate
parameter for measuring the protective properties of the
coating [5]. The double layer capacitance (C) is almost
unanimously associated with the delaminated area of
the coating [2]. When the diffusion process is shown
in the impedance spectrum, the use of the Warburg
impedance (Z,) is normally accepted in order to give
a physicochemical explanation to these processes [6].

Figure 1. Equivalent electrical circuit used by Haruyama
to explain the deterioration of a barrier organic coating
using electrochemical impedance spectroscopy [1]

Figure 2. Randles circuit commonly used to simulate the
electrochemical impedance of a defect-free barrier coating

2. THEORETICAL TREATMENT

The five EIS parameters described above have been used
to evaluate the protective properties of organic coatings
and even obtain empirical correlations [7-9]. However,
when it is desired to adjust the EIS response using these
passive elements of the equivalent circuit, in most cases,
the fit is poor due to lack of uniformity in the coating
or in the substrate [10]. Additionally, other phenomena
can reduce the quality of the experimental EIS fit, for
example geometrical effects such as polymer swelling
[11], non-Fickian diffusion or variations in the time
constants related to the corrosion processes. A commonly
used alternative to reduce fit problems is to use constant
phase elements (CPEs) instead of pure capacitances. It
has been suggested that the existence of a distribution of
relaxation times is the cause of CPEs [12]. A CPE can be
thought of as an imperfect capacitor and allows a better fit
of the experimental impedance when there is a flattening
of the semicircle represented in the Nyquist plot [10, 13,
14]. According to Eq. 1, CPEs provides two terms: the
pseudo-capacitance (Y ) and an exponential constant (n).

(1

In many cases the pseudo-capacitance can be
represented as a simple capacitance (occurring when n
= 1 since there is an absence of deviations from ideality
in a perfect capacitor, i.e. there are no interferences
caused by factors already cited). When equations
and empirical relationships are used it is necessary to
perform a conversion that enables the computation of
the actual capacitance from a simulated CPE. This can
be done with Eq. 2 [15].

C. =Y, (Op)" @)

Now, considering o = 1/RC, where o__ is the
frequency of the local maximum in imaginary region
obtained from the Nyquist diagram, the actual
capacitance can be calculated with Eq. 3.
n
C GO (3)
R

Using the above relationships, several methods
have been developed to evaluate the performance of
organic coatings, as well as correlations and methods
derived from the parameters obtained by the use of
the circuit proposed by Haruyama (Fig. 1). One of the
most popular methods for evaluating the performance
of organic coatings, but also subject to substantial
restrictions, is the breakpoint frequency method. This
method, initially proposed by Haruyama [ 1], describes
the relationship between the delaminated area and the
total area of the sample, in accordance with Eq. 4 and 5.

f, = be% @)
1
0
- 5
’ 2rpee, ©)

Where A, and A are the delaminated area and the
total area of the substrate, respectively. f? is the
proportion constant, which can be obtained from Eq.
5. p is the electrical resistivity of the coating. € is the
relative electric permittivity and €; is the vacuum
electric permittivity (8.86x10-'* F/cm). The breakpoint
frequency can be obtained by performing a scan at high
frequencies and is located exactly at the point where
the phase angle falls for the first time to 45° [1].
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One of the first approaches when studying the lifetime
of an organic coating using electrochemical impedance
measurements is to determine the time to failure of the
coating. This is the time after which the coating no
longer offers significant protection against corrosion.
Eq. 6, obtained by Bierwagen [ 16], makes it possible to
establish the time after which a coating fails, according
to an arbitrary failure impedance value.

1z|, -|Z], 6)

|Z|fail _|Z|m

Where |Z| is the impedance modulus of the substrate,
|Z], is the initial coating module and 0 is considered as the
characteristic decay time of the material. The difficulty
of this method is in establishing a real value for |Z]
from which it can be assumed that the coating has lost its
protective properties. The impedance module used in this
equation must be taken at a low experimental impedance
frequency range, generally between 1x10° and 5x107
[16]. A coating is usually considered to have inadequate
protection when the charge transfer resistance exhibits
values below 10° ohm [10].

All organic coatings are somewhat permeable.
This permeability may worsen with the addition of
certain types of pigments, for example zinc powders,
producing a significant reduction in the barrier property.
However, there is an increase in the corrosion resistance
of the coatings after prolonged periods when coating
has a pigment volume concentration (PVC) greater
than 60 [17]. The absorbed water content is of special
interest since once the polymer has been saturated with
water, even in the absence of electro-active species, the
occurrence of corrosion phenomena, swelling, loss of
adhesion and deterioration of mechanical properties of
the coating are significantly enhanced. Furthermore, it
has been found that the diffusion of water controls the
start time of delamination and consequently the loss
of protective capacity [18, 19].

The parameter most related to the amount of water
absorbed is the coating capacitance, (C_), expressed as:

A
‘ = _— 7
c 660 d ( )

Coating capacitance is directly related to the electrical
permittivity of the medium ( ¢ ), the permittivity of the

vacuum ( &, ), the coating area (A), and the thickness
of the coating (d). When the absorption process starts,
coating capacitance changes due to the incorporation
of water molecules. Water has a relative permittivity
of 80, while the resins used in anticorrosive coatings
have permittivity value typically in the range of 2.5 to
10. Therefore, the more water absorbed, the greater
the capacitance.

Brasher and Kinsgbury [20], in their widely cited
research, proposed a relationship to calculate the
amount of water absorbed. This relationship is shown
by Eq. 8.

« _ log(CC(t) /CC(O))
' log 80

Where X, is the fraction volume of absorbed water,

®)

and Cc(t) and CC(O) are the capacitance of the coating at
a given time and at the initial time, respectively. To
make use of this expression it is necessary to fulfill
several requirements, such as the absence of swelling
in the coating, homogeneous distribution of the water,
and absence of polar solvents. Additionally, the fraction
of water absorbed must be relatively small [21].
Furthermore, it has been numerically shown that the
values reported with this equation differ considerably
from gravimetric data [22]. If the above conditions are
satisfied, mathematical expressions may be obtained
for calculating the diffusivity of the water using the
relationship proposed by Brasher-Kingsbury. Eq. 9 for
example, can be used to calculate water diffusivity [ 18],
whereas more complex correlations can be used to
obtain the swelling coefficients, such as Eq. 10 [11,
23].

InC., ~InC,y _ 2D NG
InC,, ~InCy, L7

)

Co)
logC, =log| ——
Cuo)
8 & —(2n+1)’ D7*
__ZZ 2 eXp ( 2 t
T n=0 (27’1 + 1) 4L
+SC.t+logC,

(10)
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As previously mentioned, CC(O) and Cc(t) are the initial
coating capacitance and the coating capacitance at a
given time, respectively. C_ is the capacitance of water
saturated coating, i.e. when the capacitance does not vary
significantly with time. D is the diffusion coefficient of
water in the coating. L and SC_ are the thickness and

swelling coefficient of the coating respectively.

The solubility (S) and the permeation coefficient (P)
can be calculated with simple relationships expressed
in Eq. 11 and 12 respectively. These parameters are
usually employed for comparison purposes.

V log Cc(oo) / CC(O)
= c—X =X 11
V. +V, P log 80 Pu (1
P=DxS (12)

Where p, is the water density in kg.m? and V_ and V,
are the volume occupied by the water to infinite time
and the volume of the dry coating respectively.

2. MATERIAL AND METHODS

Carbon steel specimens were prepared by sandblasting
to white metal grade SP-3, followed by washing with a
mixture of ethanol/water and degreasing with acetone
before applying the organic coating. The steel samples
were painted with a commercial high solids epoxy
mastic coating by spraying. In order to facilitate the
coating application, 30% v/v of solvent was added.
Table 1 shows general characteristics of the coating.
Additionally, the coating was characterized by Micro-
Raman Spectroscopy (Micro-Raman, HoribaJovinYvon),
in order to corroborate the coating composition. As can be
seen in Raman spectrum shown in Fig. 3, the characteristic
vibration bands related with polydiphenylsiloxane [24],
titanium dioxide (rutile phase) as pigment [25] and epoxy
compounds [26] appear in the Raman spectrum. This is in
agreement with information presented in Table 1.

Table 1. General characteristics of the studied coating

Coating Epoxi Mastic Polysiloxane
Chemical nature  Epoxy-silicone hybrid
Catalyzer Organosilane

Pigments TiOz, CaSiO3, Silica

Solid Volume 93 % (Catalyzed)

Figure 3. Raman spectra of mastic epoxy coating

Before the test, the painted specimens were kept in a
natural dry room for 4 weeks to achieve a convenient
curing and drying of the coating. The average thickness
of the coatings dry film was 172 + 19 microns. The
painted steel coupons were exposed in continuous
immersion in a 3% NaCl solution (0.5M NaCl) for
about 440 days. The protective properties of the coating
and corrosion phenomena were evaluated by measuring
open-circuit potential and electrochemical impedance
over time, following visual inspection. Electrochemical
tests were conducted with a conventional three
electrode cell, using the painted samples (38.5 cm?
exposed area) as the working electrode. A saturated
calomel electrode (SCE) and Pt plate were used as
reference and counter electrodes respectively. The
impedance measurements were performed at open
circuit potential in a frequency range of 40 kHz to 3
mHz, using a perturbation amplitude of 10 mV. An
AUTOLAB PGSTAT-30 potentiostat/galvanostat was
used.

3. RESULTS AND DISCUSSION

Fig. 4 shows the Nyquist and Bode plots of impedance
measurements of epoxy mastic coating taken during
441 days of continuous immersion in 0.5 M NaCl
solution. The excellent performance and the efficient
barrier protection at the beginning of the test can be
clearly seen, as practically all diagrams consist of an
open capacitive loop, with impedance values of 10%°
ohm.cm?. The capacitive loop tends to lean toward the
real axis as the time of immersion increases, which
means diminishing of the coating resistance and
increases of capacitance due to electrolyte permeation.
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Fig. 5 presents the evolution of the resistances related
to the coating/metal system. The coating resistance (R )
and charge transfer resistance (R_) tend to fall during the
first days of immersion as a result of the absorption of
water and the establishment of oxy-reduction reactions
at the metal-electrolyte interface. However, this process
seems to stop after 100 days of immersion since the
charge transfer resistance tends to stabilize after this
time. The modulus of the impedance follows the
behavior of the charge transfer resistance more closely
than the resistance of the coating. This suggests that
the evaluation of the general anticorrosive performance
of the coating should be done preferably by assessing
the behavior of the (R,) during the evaluation time. It
can be seen (R,) does not fall below a protection level
value of 10° ohm.cm* at any time and that (R_) is also
maintained high, although with a tendency to decrease.
It was confirmed visually that there were no defects
such as blistering, delamination, cracking or corrosion.
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Figure 4. Electrochemical impedance spectra of epoxy
mastic coating at different times of exposition in 3% NaCl
solution: (A) Nyquist plots. (B) Bode plots

The open circuit potential (OCP) vs SCE values are
presented in Fig. 6. A rapid evolution of (OCP) to anodic

values was observed, from -250 mV in the first days of
immersion up to -0.02 mV after 100 days, from then
on the potential remained almost constant at -0.02 mV.
The progressive increase of the OCP and stabilization
in anodic values is consistent with that observed in the
evolution of the (R,), which tends to remain constant
after 100 days of exposure. The progressive increase
of the OCP and its subsequent stabilization at positive
potentials indicates the existence of an anodic control of
the oxidation-reduction process on the metal substrate
and the anodic area decreases as a result of the barrier
imposed by the polymeric coating. Because of the high
barrier property of the coating against the diffusion of
oxygen molecules and the passage of the electrolyte, a
cathodic control, which is commonly observed in the
initial stages of the under-film corrosion process [27],
is not present.
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Figure 5. Evolution of coating resistance (R.), charge
transfer resistance (R ) and impedance module at 12 mHz
(121,,,,,,,) of epoxy mastic coating at different times of
exposition in 3% NaCl solution

3.1. Delaminated Area

One of the most cited methods for delaminated area
calculation is the breakpoint frequency method [1].
As mentioned in the introduction section of this
work, to properly use this method the experimental
measurements must match the impedance of the circuit
of Fig. 1. Furthermore, the two time constants associated
with the coating and the metal-coating interface must
appear sufficiently spaced to allow the direct reading
of the breakpoint frequency from the phase diagram.
In this study, even though the experimental data fits
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very well with the impedance of the electrical circuit
using constant phase elements, the separation between
the two time constants of the phenomena is not clear
and the breakpoint frequency is not easily detected. For
this reason the aforementioned analysis method is not
suitable for the quantitative evaluation of the coating
deterioration and coating delamination.

The inability to evaluate the anticorrosion performance
of intact coatings by the breakpoint frequency method
has previously been reported by Pistorius [28]. Pistorius
establishes that intact coatings only show one time
constant in the impedance spectrum or two time
constants very close to each other. According to the
Haruyama postulation, for a clear observation of the
two time constants, the relationship C_.R. << C R
must be satisfied. This situation prevents the accurate
determination of the breakpoint frequency value.
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Figure 6. Open circuit potential vs SCE of epoxy mastic
coating at different times of exposition in 3% NaCl
solution

3.2. Failure time determination

The time to failure of the coating (t,,) was calculated
once parameter 8 was known. The 0 parameter can
be easily obtained from Eq. 6 and by performing a
linear regression of the impedance module (when f
— ()) versus immersion time. It was necessary to use
a minimum frequency of 12 mHz to calculate the
impedance module, since this is the lowest frequency
that can be attained without data dispersion. The |Z|
value must be negligible compared to |Z] . After
completing the regression process, a slope of 1/0 =
0.01058 was obtained, which corresponds to 6 = 94.5

days. Upon defining a failure impedance of 9.9x10°
ohm.cm?, i.e. when the resistance of the system drops
to the range of minimum protection (10° ohm.cm?) [ 10,
29], the failure time found was t., = 851 days. This
result is the predicted time from which the coating
would not be expected to offer enough corrosion
protection to the substrate under immersion conditions
in 0.5 M NaCl solution, and coating damage signs
would be observable. The experiment performed in
this study was carried out for about 441 days. Neither
coating damage nor signs of corrosion were observed
during this time, as predicted by the Bierwagen
expression [16] and experimentally corroborated using
electrochemical impedances and visual inspection.

3.3. Fraction of water absorbed and diffusion
coefficients for the Fick process

The calculation of the fraction of water absorbed X, was
performed using the Brasher and Kinsgbury expression
[20], as can be seen in Eq. 8. The real coating capacitance
(C,) was calculated from the pseudo-capacitance (Y.)
and CPE values using Eq. 3. Fig. 7 shows the variation
in the fraction of absorbed water (X ) and the pseudo-
capacitance (Y,.) during the immersion of metal coated
samples in 0.5M NaCl solution. It can be seen that
even after 441 days of immersion, no stabilization of
the fraction of water absorbed is reached. Therefore, it
can be said that complete water saturation of the epoxy
mastic coating is not achieved. This corroborates the
good performance of the barrier and anticorrosion
properties of the coating, as the barrier properties are
shown to persist longer than 400 days of immersion.
The variation of the CPE exponential term for coating
capacitance (n) over time is shown in Fig. 8. It can be
seen that the value of n_ remains relatively constant
during the first 120 days of immersion, indicating
that there is little geometric variation of the polymer
during immersion. This is due to the occurrence of low
water absorption into the polymer during this period of
time. After 120 days of immersion, a slight decrease
of the n_ value can be observed, reaching a final value
of 0.94 at the end of the immersion (441 days). This
means that geometrical change, due to swelling of the
polymer caused by water absorption, is only observable
at longer immersion times. The swelling of the coating
caused by water absorption could imply significant
changes in the model of electrolyte diffusion through
the polymer. Therefore, this must be taken into account
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for the calculation of the diffusion coefficient for longer
immersion times, as discussed in the next section.

Figure 7. Coating pseudo-capacitance (Y), and water
fraction (X,) of epoxy mastic coating at different times of
exposition in 3% NaCl solution

Figure 8. Exponential term n_ associated with the coating
CPE at different times of exposition in 3% NaCl solution

The diffusion coefficient of water was calculated using
Eq. 9. By plotting the left side of Eq. 9 vs the square
root of the immersion time a linear behavior can be seen
during the first 100 days of immersion, see Fig. 9. This
behavior corresponds to a Fick type diffusion of the
water through the coating. The calculated diffusivity
value was D, = 1.91x10"° m?/s. This diffusivity value
is significantly lower compared to values reported
for a conventional epoxy coating, which are in the
range of 10 m%/s [11, 18, 30, 31]. However, the low
diffusivity value obtained for the epoxy mastic coating
during the early stage of immersion is in agreement
with the excellent anticorrosion performance showed

by the coating, even after 400 days of continuous
immersion. In order to verify the complete water
diffusivity property of the epoxy mastic coating, a
second calculation considering the film swelling due
to water absorption was carried out. This calculation
considered the nonlinear diffusion mechanism (non-
Fickian diffusion process) shown by the coating
during a longer immersion time. In addition, swelling
and permeation coefficients of the coating can also be
obtained.

3.4. Water diffusion coefficient for nonlinear
behavior

The calculation of the non-Fickian diffusion and the
swelling coefficients during water permeation into the
coating was performed using Eq. 10. It was executed
through a non-linear regression using the Levenberg-
Marquardt algorithm and truncation at the 8" term when
the summation counter was n = 7. It was also observed
that truncation at lower terms leads to similar results.
The swelling coefficient is an indirect measure of the
interaction between the incoming electrolyte and the
polymer. The swelling coefficient of the polymeric
coating can be related to the variations of impedance
parameters such as capacitance and the exponent (n p)
during the time of exposure to a corrosive media. The
diffusion coefficient obtained by non-Fickian diffusion
behavior was D, = 2.55x10"° m?/s and the swelling
coefficient was SC_ = 3.22x10" s*. It is important to
highlight that the diffusion coefficients obtained by
both linear and nonlinear methods give similar results.
The low diffusivity and swelling coefficients obtained
during the longer immersion period of the epoxy mastic
coating is consistent with the excellent anticorrosion
performance of the coating.

Using Eq. 11 and 12 it was possible to calculate the
water solubility (S) and the permeation (P) coefficients
of the epoxy mastic coating. The respective values
were S = 65.6 kg.m= and P=1.67x10"° g.m.s. The
permeation coefficient is relatively low compared
to that observed for other polymer materials, which
exhibit P values in the range of 108g.m™.s™. Similarly,
the water solubility coefficient of the epoxy mastic
coating is also low compared to other polymers [32].
This may be the main reason why the coating has high
barrier properties and high anticorrosion performance.
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Figure. 9 Coating capacitance and fitting (Eq. 9)

3.5. Evaluation of an intentionally caused defect on
delamination

During immersion of the epoxy mastic coating in
0.5M NaCl solution for 441 days, no visual signs of
coating defects or corrosion phenomena were observed.
However, due to the longer immersion time, some
micro failures or micro blisters could have occurred,
which if present would indicate the first stage of
delamination. In order to verify if the electrochemical
information of the metal/coating interface obtained
from EIS measurements was correctly related with the
anticorrosion coating performance, a small incision
on the coating (0.2 mm x 5 mm) was made, as shown
in Fig. 10. EIS measurements on coated samples with
incisions were carried out during 14 h of immersion in
0.5M NaCl solution.

Fig. 10 shows photographs of coated samples with
incision. As can be seen, no coating adhesion loss
or increase in delamination area in the incision was
observed. Fig. 11 shows Bode impedance diagrams
of the coated samples with and without incisions at
different immersion times. Unlike what was observed
for samples without defects, which exhibited only
one time constant, the impedance of the samples with
incision exhibited two distinguishable time constants.
The time constant at high frequencies can be related to
the metal/electrolyte interface. The impedance modulus
of this time constant is close to 10 kOhm.cm?. This
value is what is normally found for the charge transfer
resistance of the metal/electrolyte interface in corrosion
processes.

Figure 10. Coating photographs with incision at different
times of immersion

The impedance modulus of the second time constant
observed at a low frequency exhibits values close to 5
MOhm.cm? Clearly, these impedance modulus values
cannot be related only with the coating but rather with
metal corrosion processes under the coating near to
the incision.
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Figure 11. Bode (A) and Phase (B) diagrams for the
coating before and after a 5 mm incision
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When the coating has a defect, the overall impedance
is related with the corrosion of the substrate, with
impedance values 4 orders of magnitude lower than
those observed in the absence of a defect. This result
was confirmed when impedance measurements were
taken of coated samples with the incision covered
with paraffin. Paraffin completely covered the incision
preventing electrolyte penetration in that area. The
impedance values of the coating when the defect was
covered with paraffin were similar to those observed
in the defect-free coating, which indicates that the
impedance actually follows the evolution of the
coating defects. In addition, these results indicate
that the separation of time constants in the impedance
diagrams does not necessarily imply loss of adhesion
of the coating or the onset of delamination. Therefore,
the breakpoint frequency method for calculating the
delaminated area from impedance diagrams, in those
cases where it is possible to implement it, would be
more suitable for calculating the percentage of the
defective area than the delaminated area.

5. CONCLUSIONS

The high anticorrosion performance of the epoxy
mastic coating is due to its superior barrier property,
which is caused by low water solubility and low
diffusivity. During the evaluation of the anticorrosion
performance of a polymeric coating by EIS, the
modulus of the impedance follows most closely the
behavior of the charge transfer resistance than the
resistance of the coating, which suggests that the
behavior of this parameter should preferably be taken
into account when looking at the overall anticorrosive
coating performance.

The breakpoint frequency method, which is useful
when the two time constants are well differentiated
and used traditionally for calculating the delaminated
area, could be used to estimate the percentage of the
defective area rather than the delaminated area in a
coated sample.
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ABSTRACT: Zirconium hydroxide [Zr(OH),] was synthesized by the sol-gel method using zirconium n-butoxide and 1-butanol as
synthesis precursors. A part of the synthesized material was impregnated with phosphotungstic acid (H,PW,,0, ) in order to evaluate the
effect of this dopant agent on the thermal, textural and structural properties of zirconium oxide (ZrO,). Pure and modified hydroxides
were calcined in an air flow at 400, 500 and 600°C for 3 h and afterwards were characterized by thermal analysis, infrared spectroscopy,
X-ray diffraction and nitrogen physisorption. Results showed that the interaction between the heteropolyanion and zirconium oxide
surface produces a stabilizing effect of the crystalline structure and delays the drastic sintering of the material caused by the thermal
treatment, obtaining high specific surface areas and small crystallite size for the modified zirconium oxides.

Key words: Zirconium oxide; Phosphotungstic acid; Thermal stability; Specific surface area; Crystallite size

RESUMEN: Se sintetiz6 por el método sol-gel hidroxido de circonio [Zr(OH),], utilizando como precursores de sintesis
n-butoxido de circonio y 1-butanol. Una parte del material sintetizado se impregné con acido fosfotungstico (H,PW,,0,)) para
evaluar el efecto de este agente dopante sobre las propiedades térmicas, texturales y estructurales del 6xido de circonio (ZrO,). Los
hidroxidos puro y modificado se calcinaron en atmodsfera dinamica de aire a 400, 500 y 600°C durante 3 h y posteriormente fueron
caracterizados mediante analisis térmicos, espectroscopia de infrarrojo, difraccion de rayos X y fisisorcion de nitrogeno. Los
resultados mostraron que la interaccion del heteropolianion con la superficie del 6xido de circonio produce un efecto estabilizador
de estructura cristalina y disminuye la dréstica sinterizacion del material causada por efecto del tratamiento térmico, obteniéndose
altas areas especificas y tamafios de cristal pequefio en los 6xidos de circonio modificados.

Palabras clave: Oxido de circonio; Acido fosfotungstico; Estabilidad térmica; Area especifica; Tamaio de cristal

1. INTRODUCTION

Metal oxides are one of the most common and
outstanding categories of solid catalysts. Most
heterogeneous catalysts are composed of a support
and an active phase [1]. Many industrial applications
require supports or catalysts that combine high specific
surface areas, a suitable porous structure that allows
good reactant diffusion throughout the inner particles
of the catalyst, as well as high thermal stability [2].

One metal oxide with applications in diverse science
and engineering fields is zirconium oxide (ZrO,), one
of the most important heterogeneous catalysts [3].
The great diversity of applications for ZrO, is related
to its acid-base and oxido-reductive properties [4],
which allow it to behave as a catalyst in alkilation,
isomerization, esterification, alcohol dehydration,
combustion, hydrogenation reactions, among others
[5-9]. One of ZrO,’s disadvantages is the sudden
decrease of specific surface area during calcination
due to a sintering process which occurs slowly when
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increasing the thermal treatment temperature, and results
in the decrease in pore volume and increase of average
diameter [10]. During thermal treatment, ZrO, is also
subject to complete transformation from a tetragonal to
amonoclinic structure when the calcination temperature
reaches 600°C [11]. For zirconium oxide based materials
it is important stabilize high specific surface areas
and tetragonal structure, since these parameters are
considered as promoters of the catalytic activity [12].

Since the early developments in the decade of 1970,
chemical methods using the sol-gel route under different
experimental synthesis conditions allowed suitable
control of textural and structural properties in zirconium
oxide [13]. During the last few years the application of
new preparation methods as well as the combination of
extreme critical drying techniques has resulted in high
thermal stability, tetragonal structure and high specific
surface area for this kind of materials [14-16]. In the
same way it has been possible to stabilize the tetragonal
structure of ZrO, with high specific surface areas by
means of adding dopant agents like sulfate (SO,%),
phosphate (PO,*) and borate (BO,*) ions [17-19], as well
as by the addition of metal cations especially: Mg?, Ca®,
Sc¥, Y*, La* and Ce** [2]. The amount of dopant agent
required to stabilize the textural and structural parameters
previously mentioned depends on the nature of the dopant
agent and mainly on the preparation method.

In previous works we have reported successful
preparation of ZrO, with high thermal stability, a
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defined tetragonal structure and high specific surface
areas in the calcination temperature interval between
400 and 600°C, using the sol-gel method and 15%
weight of PO,* and BO,* ions as structure-stabilizing
agents. The synthesized materials were active in
alcohol dehydration and light paraffin isomerization
due to their excellent acid properties [20, 21].

The aim of this work is to study the thermal stability
that can be induced in zirconium oxide by impregnation
of precursor hydroxide with a heteropolyacid,
phosphotungstic acid (H,PW ,0, ), as well as its effect
on specific surface area and crystalline structure.

2. EXPERIMENTAL METHOD

2.1. Material synthesis

The synthesis of zirconium hydroxide [Zr(OH),] was
made by the sol-gel method as previously indicated
[20]. The impregnation of Zr(OH), with the acid agent
was performed by the incipient wetness method using
a H,PW 0, /ethanol solution, adding the required
volume of this solution to obtain a catalytic support with
15% by weight of the dopant agent. Pure and modified
hydroxides were dried at 100°C for 24 h and afterwards
they were calcined under dynamic air atmosphere
during 3 h at 400, 500 and 600°C. Taking calcination
temperature and acid agent as reference, Table 1 lists
the nomenclature used throughout this work.

Table 1. Nomenclature of synthesized materials

Material Calcination temperature (°C) Acid agent
Z400 400 -
Z500 500 ---
Z600 600 ---

ZH400 400 H.PW.,0,,
ZH500 500 H.PW_,0,,
ZH600 600 H,PW 0,

2.2. Characterization techniques

The characterization of synthesized materials was
carried out by thermogravimetry, infrared spectroscopy,
X-ray diffraction and nitrogen physisorption.

Thermal analyses were performed in the thermogravimetric
instrument TA Instruments STD 2960 Simultaneous DSC-
TGA. The samples were analyzed under dry air flow (10

mL/min) at a heating rate of 10°C/min in the temperature
interval from ambient up to 900°C.

Infrared spectroscopy was carried out in a Fourier
Transform Spectrometer (Perkin-Elmer Spectrum One)
with transparent wafers containing the sample to be
analyzed and KBr as a binder. Spectra were recorded
at a resolution of 4 cm™ and by co-adding 16 scans.
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The crystalline structure of zirconium oxides was determined
in a Bruker Advance D800 diffractometer which used Cu
Ka radiation (4 = 1.5406 A) and graphite monochromator
in the secondary beam; the intensities of the diffraction lines
were obtained in the range of 0-70° in the 20 scale, with
0.02° steps and 2.4 s per point.

Nitrogen physisorption was used to determine the specific
surface areas of the materials at the temperature of
liquid nitrogen (-196°C) in a Quantachrome Autosorb-1
instrument. Prior to the measurements, samples were
outgassed at 350°C for 2 h. The specific surface area was
calculated using the BET equation and the BJH method was
used to calculate the average pore diameter and the pore
volume of the samples.

3. RESULTS AND DISSCUSION
3.1. Thermal analysis

By means of thermogravimetry, the physical and chemical
processes developed in the synthesized zirconium
hydroxides (Zr(OH), and Zr(OH),-H,PW 0, ) versus
thermal treatment temperature were studied.

Figure 1. TGA-DTA profiles of Zr(OH),

In the thermogravimetric profile of Figure 1 that
corresponds to Zr(OH),, multiple-stage decomposition of
material can be seen, with three important weight losses.
The first one is recorded in the interval of temperature from
ambient to 200°C, and is related with the evaporation of
water and alcohol that remain from synthesis, occluded
up to that moment in the material’s porous structure, in
the curve of thermodifferential analysis such material

releases are shown as endothermal signals near 50°C and
200°C [10]. The second weight loss is detected in the
temperature range from 200°C to 370°C and is attributable
to the combustion process of residual organic matter,
related with the exothermal signals located at 258°C and
285°C in the thermodifferential profile. The last stage of
weight loss recorded above 370°C could be related to
de-hydroxylation of the material and the possible change
of zirconium oxide from the amorphous to crystalline
phase [10,22]; the thermodifferential analysis showed
an exothermal change at 404°C during this weight loss.
The transformation to zirconium hydroxide led to a total
weight loss of 24%, which stabilized after 500°C.

Figure 2. TGA-DTA profiles of Zr(OH),-H,PW_,0O,,
The thermograms of Figure 2 corresponding to sample
Zr(OH),-H,PW ,0,,, show a behavior similar to the
thermograms of Zr(OH),, with a slight shift in temperatures
at which the physical and chemical processes previously
described occur, which indicates the presence of a different
specie in the Zr(OH),. The broad endothermal change
centered at 493°C is attributable to a slow transition
from the amorphous state of the material to a crystalline
state, probably caused by the interaction between the
heteropolyanion ([PW,0, %) and zirconium atoms.

Figure 3 shows the thermogravimetric and
thermodifferential analysis for phosphotungstic acid
(H,PW_,0,)). The curve of the thermogravimetric
analysis shows that the most important transitions
of weight loss for this material are located in the
range from ambient temperature to 300°C. The
thermodifferential analysis profile shows endothermal
signals near 68°C and 190°C that are result of the
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elimination of physisorbed and structural water
contained in the heteropolyacid. The exothermal peak
located at 612°C is characteristic of this material and is
related with the decomposition of its Keggin structure
in oxides of tungsten and tungsten-phosphorus [23],
this change takes place without weight loss.

Figure 3. TGA-DTA profiles of H,PW 0,
Thermal analyses of samples Z600 and ZH600
showed a very similar behavior between them. In the
thermogravimetric analyses it can be noted that calcined
materials have a fast initial weight loss characteristic
of a desorption or drying process, this weight loss
is not very significant and it was approximately 4%
(Figure 4). The endothermal signal for these catalytic
solids observed in the thermodifferencial analysis
curve near the temperature of 60°C is associated
with the evacuation of physisorbed water in the solid
surface, after this change, the materials appeared to
be thermally stable up to 900°C (Figure 5). Some
studies reported that degradation or transformation of
heteropolyacid (H,PW,,0,)) supported in ZrO, occurs
at temperatures greater than 500°C [24], nevertheless,
in this work there were no evidence of changes related
to this transformation, this fact could be related to
the interaction between the heteropolyanion and the
ZrO, surface. Thermal analyses performed by Ivanov
et al. [23] to H,PW,,0,; and the H,PW 0, /ZrO,
system showed that the decomposition temperature
of heteropolyacid is located around 612°C, however,
for the H,PW ,0, /ZrO, system there were no changes
attributable to heteropolyacid and with this can be
corroborated the high stability of the material, which
coincides with results obtained in the present work.

Figure 4. TGA profiles of materials H,PW,,0,, ZrO, and
ZrO,-H,PW 0

12740

Figure 5. DTA profiles of materials H,PW 0, , ZrO, and
Zr0,-H,PW ,0

12740

3.2. Infrared spectroscopy

Table 2 summarizes the most important data of infrared
spectroscopy analyses carried out to heteropolyacid and to
synthesized zirconium oxides. The infrared spectroscopy
study of phosphotungstic acid with a Keggin structure
(H,PW_,0,,) consists of five characteristic bands in the
zone 1100-400 cm™: 1081, 984, 891, 795, and 593 cm™.
The position of these bands can be assigned, in turn, to the
stretching vibrations associated to P-O, W=0, W-O-W bonds
and to the bending vibration movement of in and out of the
plane caused by P-O bonds, respectively [25]. These signals
show a slight shift when heteropolyacid is introduced in the
matrix of zirconium oxide, suggesting a strong interaction
between the heteropolyanion coming from H,PW O, and
the oxide surface. Although the bands slightly change in
position, they do not disappear from this spectrum, only
those that coincide with the absorption bandwidths shown
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by pure zirconium oxide in the region 750-500 cm™* overlap.
These signals associated to Zr-O stretching also slightly
modify their position; this is possibly caused by material
re-crystallization [26]. In the synthesized oxides also there
are signals located at 3500 and 1620 cm™, related with some
hydroxyl groups that exist after the calcination process [27].
The hydroxyl groups contained in Zr(OH), at the moment of
impregnation are responsible for the fixation and stabilization
of the heteropolyanion in zirconium oxide.

3.3. X-ray diffraction

By means of X-ray diffraction the crystallization process
of materials thermally treated in the temperature interval
between 400°C and 600°C was studied. Figure 6 shows
the development of crystalline structures as a function of
thermal treatment temperature. In the diffraction patterns
of pure zirconium oxide it can be noted that the material
7400 is mainly composed of tetragonal crystalline structure
according to pattern card number JCPDS #80-2155. Also
low intensity signals are seen at 20 = 17.55, 24.52, 28.24,
31.53, 38.61, 41.22, 45.59, 54.10, 55.54 and 65.75° that
characterize the existence of zirconium oxide with a
monoclinic structure if compared to card number JCPDS #7-
3430. These signals intensify as the calcination temperature
increases, showing an almost completely monoclinic
structure in the material Z600, and the full transformation
of this structure at temperatures higher than 600°C can be
predicted. With these results it can be concluded that the
concentration of the crystalline phases in pure zirconium
oxide depends mainly on the thermal treatment temperature.

The X-ray diffraction patterns of zirconium oxide modified
with phosphotungstic acid are different to those of pure
zirconium oxide. In these materials there could be seen
only reflections at 30.25, 35.10, 50.41, and 60.02° in
the 20 scale that are characteristic of the formation of

Table 2. Infrared absorption frequencies of materials H.PW,,0

zirconium oxide with a tetragonal structure. The material
ZH400 shows an X-ray diffraction pattern with incipient
signals of very wide bases that are characteristic of
materials with poor crystallinity. The increase in calcination
temperature generates an intensification of signals shown
in diffractograms of materials ZH500 and ZH600, which
is related to an increase in crystallite size. The absence
of diffraction lines associated to phosphotungstic acid in
materials ZH400, ZH500 and ZH600 could be related to
the good dispersion ability of the acid agent in zirconium
oxide as well as with its low concentration.

The relationship between crystallite size and diffraction

line width is given by the Scherrer formula. By means

of equation (1) it was possible to estimate the crystallite

sizes for the synthesized materials, knowing that 4 is the

wavelength radiation used (4 = 1.5406 A), 6 is the Bragg

angle and £ is the line width at half maximum height.
0.94

b= pcosb ®

In Figure 6 the crystallite sizes obtained with ZrO, and
Zr0,-H,PW .0, calcined at different temperatures
are shown. It was found that before the complete
transformation from the tetragonal to the monoclinic
structure take place, the crystallite size of pure zirconium
oxide was between 4 and 16 nm. The Figure shows a
sudden increase in the crystallite size for this material,
which depends on the thermal treatment temperature.
The crystallite size difference between pure oxide and
the modified material with phosphotungstic acid is
remarkable. The interaction between heteropolyanion
and zirconium atoms limits solid state diffusion and
delays crystal growth [28], obtaining values between
2 and 7 nm, making the influence of calcination
temperature on this parameter less significant.

ZrQ,, and ZrO,-H,PW ,0

12~ 40’ 12~40

Assignments and Wavenumbers (cm™)

Material
v (P-0) v (W=0) v (W-O-W) v (W-O,-W) 3 (P-0) v (Zr-0)

H,PW_,0,, 1081 984 891 795 593

Z400 754,617 508
7500 754,615 505
Z600 747, 580 502
ZH400 1081 969 867 822 627,519
ZH500 1081 969 867 820 628,519
ZH600 1074 958 863 820 624,515
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Figure 6. Crystalline structures of materials ZrO, and ZrO,-H,PW 0, : tetragonal (t) and monoclinic (m)

3.4. Nitrogen physisorption

Figure 7 shows specific surface areas of synthesized
materials and their evolution according to thermal
treatment temperature. Zirconium hydroxide [Zr(OH),]
showed a specific surface area of 595 m?/g, which
decreases to 144 m?/g when the calcination temperature
of the material reaches 400°C. It is worth mentioning
that major physical and chemical changes of the
samples take place during thermal treatment, in the
range between 100 and 400°C, which lead to a sudden
decrease in the specific surface area.

12740°

The material’s sintering process that occurs after 400°C
causes a decrease of 88% in the specific surface area.
Impregnation of Zr(OH), with phosphotungstic acid
showed a beneficial effect on specific surface areas
obtained in the materials after the calcination process.
The presence of a dopant agent reduces the loss of
the material’s specific surface area in the studied
temperature range. Therefore, material modified with
phosphotungstic acid and calcined at 600°C (ZH600)
surpasses by up to six times the specific surface area
value obtained with pure zirconium oxide calcined at
the same temperature (Z600).
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Figure 7. Effect of calcination temperature on specific surface area and crystallite size of materials () ZrO, and (©) ZrO,-

H,PW

4. CONCLUSIONS

With the addition of phosphotungstic acid in the phase
of hydroxide precursor, the crystallization behavior
of zirconium oxide was modified. The presence
of heteropolyanion in zirconium oxide inhibited
monoclinic structure formation, limited diffusion in the
solid state, favored stability of the tetragonal structure
in the interval of temperatures studied, delayed
crystal growth and also encouraged development of
nanocrystalline materials with high specific surface
area values. The heteropolyanion coming from
phosphotungstic acid caused a thermal stability effect
similar to the one obtained with SO 42‘, PO 42' and BO33‘
ions and some metal cations like Y®*, La®" and Ce*".

ACKNOWLEDGEMENTS

The authors are grateful to Division de Estudios de
Posgrado e Investigacion at the Instituto Tecnologico
de Ciudad Madero for the support given during the
stage of post-doctoral studies, from which this research
work was taken.

)

12740

REFERENCES

[1] Ready, B. M. and Khan, A., Recent advances on TiO,-ZrO,
mixed oxides as catalysts and catalyst supports, Catal. Rev., 47,
pp. 257-296, 2005.

[2] Mercera, P. D. L., Van Ommen, J. G., Doesburg, E. B.
M., Burggraaf, A. J. and Ross, J. R. H., Stabilized tetragonal
zirconium oxide as a support for catalysts. Evolution of the
texture and structure on calcination in static air, Appl. Catal.,
78, pp. 79-96, 1991.

[3] Restrepo, G., Marin, J. M., Rios, L., Macias, M. y Navio,
J. A., Sintesis, caracterizacion y evaluacion fotocatalitica de
sistemas Zr0,-Si0,, Dyna, 73 (150), pp. 67-74, 2006.

[4] Chary, K. V. R,, Seela, K. K., Naresh, D. and Ramakanth,
P., Characterization and reductive amination of cyclohexanol
and cyclohexanone over Cu/ZrO, catalysts, Catal. Commun., 9,
pp. 75-81, 2008.

[5] Senso, N., Jongsomjit, B. and Praserthdam, P., Effect
of calcination treatment of zirconia on W/ZrO, catalysts for
transesterification, Fuel Process. Technol., 92, pp. 1537-1542,
2011.

[6] Lavrenov, A. V., Bogdanets, E. N. and Duplyakin, V. K.,



114 Hernandez-Enriquez et al / Dyna, year 81, no. 183, pp. 107-114, February, 2014.

Solid acid alkylation of isobutane by butenes: the path from
the ascertainment of the reasons for fast deactivation to the
technological execution of the process, Catalysis in Industry, 1
(1), pp. 50-60, 2009.

[7] Sato, S., Takahashi, R., Yamamoto, N., Kaneko, E. and
Inoue, H., Vapor-phase dehydration of 1,5-pentanediol into
4-penten-1-ol, Appl. Catal. A, 334, pp. 84-91, 2008.

[8] Brown, A. S. C. and Hargreaves, J. S. J., Methane
combustion in the presence of zirconia-based catalysts, Top.
Catal., 52, pp. 458-463, 2009.

[9] Yung, M. M., Zhao, Z., Woods, M. P. and Ozkan, U. S.,
Preferential oxidation of carbon monoxide on CoO /ZrO,, J. Mol.
Catal. A, 279, pp. 1-9, 2008.

[10] Hernandez, J. M., Garcia, L. A., Garcia, R., Cortez, L. A.
y Cueto, A., Sintesis, caracterizacion y evaluacion catalitica de
un ZrO, con fase monoclinica, Superficies y Vacio, 22 (2), pp.
1-9, 2009.

[11] Quifiones, J. y Lee, Y., Zirconia en polvo de alta area
superficial: influencia de los parametros de sintesis, Rev.
LatinAm. Metal. Mater., 21 (1), pp. 12-17, 2001.

[12] Heshmatpour, F. and Aghakhanpour, R. B., Synthesis and
characterization of superfine pure tetragonal nanocrystalline
sulfated zirconia powder by a non-alcoxide sol-gel route, Adv.
Powder Technol., 23, pp. 80-87, 2012.

[13] Colén, G., Navio, J. A., Macias, M., Hidalgo, M. C.
y Sanchez, P. J., Procedimiento para la obtencion de polvos
nanométricos de 6xido de circonio con modificacion de su
superficie especifica y estructura tetragonal estable, Patente
Espaifiola ES 2 190 300 B1, 2004.

[14] Kazemi, F., Saberi, A., Malek Ahmadi, S., Sohrabi, S.,
Rezaie, H. R. et al, A novel method for synthesis of metastable
tetragonal zirconia nanopowders at low temperatures, Ceramics-
Silikaty, 55 (1), pp. 26-30, 2011.

[15] Suh, Y. W, Lee, J. W. and Rhee, H. K., Synthesis of
thermally stable tetragonal zirconia with large surface area and
its catalytic activity in the skeletal isomerization of 1-butene,
Catal. Lett., 90 (1-2), pp. 103-109, 2003.

[16] Cao, Y., Hu, J. Ch,, Hong, Z. S., Deng, J. F. and Fan,
K. N., Characterization of high-surface-area zirconia aerogel
synthesized from combined alcohothermal and supercritical
fluid drying techniques, Catal. Lett., 81 (1-2), pp. 107-112, 2002.

[17] Chen, F., Zhu, K., Huang, L., Chen, Y. and Kooli,
F., Preparation of rodlike t-ZrO, nanoparticles by two-step

calcination of 1,12-diaminododecane-zirconia mesostructured
composites, Mater. Res. Bull., 41, pp. 10-18, 2006.

[18] Yadav, G. D. and Nair, J. J., Sulfated zirconia and its
modified version as promising catalysts for industrial processes,
Micropor. Mesopor. Mater., 33, pp. 1-48, 1999.

[19] Mekhemer, G. A. H., Characterization of phosphate zirconia
by XRD, Raman and IR spectroscopy, Colloids Surf. A, 141, pp.
227-235, 1998.

[20] Hernandez, J. M., Cortez, L. A., Garcia, R., Castillo, A.,
Sandoval, G. et al, Synthesis and characterization of mesoporous
and nano-crystalline phosphate zirconium oxide, J. Alloys
Compd., 483, pp. 425-428, 2009.

[21] Cortez, L. A., Hernandez, J. M., Castillo, A., Rivera, J. L.,
Sandoval, G. et al., Isomerizacion de n-pentano mediante oxidos
de circonio dopados con ion borato, Rev. Mex. Ing. Quim., 5 (3),
pp. 321-327, 2006.

[22] Shibata, K. and Kiyoura, T., Acid property of titania-
zirconia, J. Res. Inst. Catalysis, 19 (1), pp. 35-41, 1971.

[23] Ivanov, A. V., Vasina, T. V., Nissenbaum, V. D., Kustov,
L. M., Timofeeva, M. N. et al, Isomerization of n-hexane on the
Pt-promoted Kegging and Dawson tungstophosphoric heteropoly
acids supported on zirconia, Appl. Catal. A, 259, pp. 65-72,2004.

[24] Lopez, E., Hernandez, J. G., Schifter, 1., Torres, E.,
Navarrete, J. et al, Thermal stability of 12-tungstophosporic acid
supported on zirconia, Appl. Catal. A, 193, pp. 215-225, 2000.

[25] Haber, J., Pamin, K., Matachowski, L. and Mucha, D.,
Catalytic performance of the dodecatungstophosphoric acid on
different supports, Appl. Catal. A, 256, pp. 141-152, 2003.

[26] Lopez, T., Tzompantzi, F., Hernandez, J., Gomez, R.,
Bokhimi, X. et al., Effect of zirconia precursor on the properties
of ZrO,-SiO, Sol-Gel oxides, J. Sol-Gel. Sci. Technol., 24, pp.
207-219, 2002.

[27] Skoog,D.A.y Leary, J. J., Analisis Instrumental, Mc-Graw
Hill, México, pp. 325-328, 2003.

[28] Sunita, G., Devassy, B. M., Vinu, A., Sawant, D. P.,
Balasubramanian, V. V. et al., Synthesis of biodiesel over

zirconia-supported isopoly tungstate and heteropoly catalysts,
Catal. Commun, 9, pp. 696-702, 2008.



LANDMINE DETECTION TECHNOLOGIES TO FACE THE
DEMINING PROBLEM IN ANTIOQUIA

TECNOLOGIAS PARA LA DETECCION DE MINAS FRENTE AL
PROBLEMA DE DESMINADO EN ANTIOQUIA

LORENA CARDONA

Ph.D.(c), Universidad Nacional de Colombia, Icardon0@unal.edu.co

JOVANI JIMENEZ

Ph.D., Universidad Nacional de Colombia, jajimenl@unal.edu.co

NELSON VANEGAS

Ph.D.(c), Universidad Nacional de Colombia, nvanegas@unal.edu.co

Received for review March 14 ", 2013, accepted August 22th, 2013, final version September, 20", 2013

ABSTRACT: This paper presents a review of existing landmine detection techniques. The review is made with an analysis of the strengths
and weaknesses of each technique in relation to the landmine detection problem in Antioquia, which ranks first in Colombia by the number
of victims from landmines. According to the uniqueness of landmines and terrains in Antioquia, this paper suggests some research topics
that may help in the demining task for this affected department.

Key words: ammonium nitrate, APM, demining, explosive detection, IED, improvised explosive devices, landmine, landmine detection.

RESUMEN: En este articulo se hace una revision de las técnicas existentes para la deteccion de minas antipersona. La revision se acompafia
de un analisis de las fortalezas y debilidades de cada técnica frente al problema de deteccion de minas en Antioquia, el departamento con
mayor nimero de victimas por minas antipersona en Colombia. De acuerdo a las caracteristicas de las minas y de los terrenos antioquenos,
se sugieren areas de investigacion que pueden ayudar a resolver el problema de desminado en este departamento tan afectado.

Palabras clave: AEI artefactos explosivos improvisados, desminado, deteccion de explosivos, deteccion de minas, MAP, minas antipersona,
nitrato de amonio.

1. INTRODUCTION been found with more than 20 kg [4]. Due to government
controls, the mines of illegal groups rarely contain military
explosives, instead they contain ANFO (Ammonium Nitrate/
Fuel Oil) [5] to which some products, like coffee or paint, are
added to avoid canine detection. Due to the characteristics
of Colombian landmines mentioned above, these are called

improvised explosive devices (IEDs) [6].

Landmines are weapons, usually buried, that explode
when stepped on and are designed to injure or kill, leaving
long-term psychological effects and posing a financial
burden to the community [1]. Colombia ranks second in
victims from landmines [2]. From 1990 to April 2011,
Colombia recorded 9.277 victims, and 22.68% of them

were in Antioquia [3], the most affected department.
Colombia is seriously affected by this problem because
landmines are currently used by groups outside the law
to protect coca plantations and to counter the army [4].

Colombian mines usually include some elements that
complicate the wounds caused by the explosion, as feces,
glass and plastic scrap, which cause infections due to
fragments that are not detected by x-rays [4]. In addition,
these mines are enclosed in casings of various shapes,
materials and sizes (e.g. wooden boxes, PVC pipes, glass
and plastic bottles), that may contain more explosive: while
conventional mines contain from 30 to 520 g, mines in
Colombia usually contain from 250 g to 4 kg, and some have

A crucial step to prevent further victims from landmines and
IED:s is to detect them and destroy them. Today, detecting
IEDs is a problem in Antioquia due to the characteristics of
these devices and of the land where they are buried. Here, a
review of landmine detection technologies is made, in order
to orient future research in the topic.

2. EXPLOSIVE DETECTION
2.1. Explosive trace detection

These technologies detect traces of explosives on the
soil surface or in the air. The explosive’s transportation
from the mine to the soil surface begins with the
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diffusion of the explosive vapor through the mine casing
or through its cracks and seals. About 95% is absorbed
by the ground, and only 5% migrates towards the surface
as vapor (although much is lost in degradation processes
[7]). Several factors affect its arrival to the surface:
diffusion is inversely proportional to mine casing density,
casing paint absorbs chemical signals [7]; explosive
degradation increases with temperature, moisture and
organic matter; and finally, soil disturbances generated by
mine burying can cause dispersion of chemical signatures
[8]. Explosive residues in the soil are not uniform and
the highest concentrations are not always at the mine
location [9]. Additionally, the vapor pressure for most
common explosives is very small, requiring highly
sensitive sensors [10].

2.1.1. Biological methods

Dogs. Dogs outperform the best chemical sensors and
can detect various byproducts from mine explosive
degradation, however, they require constant training,
and their performance decreases with time. In addition,
they have mood and behavior variations difficult to
predict [11], [12].

Rats. As an alternative to dogs, the use of giant African
rats is being researched [13], [14]. They are trained
with food to indicate the presence of explosives
by scratching the ground with their feet. Rats have
advantages over dogs: they are cheaper, can be
deployed in large numbers, are lighter and resistant to
tropical diseases [15].

Bees. Bees are trained to associate the odor of an
explosive with food, by placing a mixture of sugar
and the explosive nearby their hive. The use of bees
is limited because they are difficult to track [16], can
only work under limited climatic conditions, and their
performance with multiple sources is unknown, being
it possible that they only detect the strongest ones [15].

Ants. It has been found that ants can locate piles of
explosives (TNT and RDX) and carried them to their
ant hill. In [17], anecdotal evidence is discussed and in
[18], a possible application is proposed for producing
smart-landmines capable of self-passivation with time.

Bacteria. There are genetically modified bacteria
that emit fluorescence in the presence of TNT [19].

A bacterial detection process involves spraying the
bacteria in the minefield, letting them grow for several
hours and then returning to search for fluorescence
signals. It is possible to cover large areas rapidly with
these bacteria [20], however they are highly sensitive to
environmental conditions and false alarms of unknown
cause have been found. Also, there is no known strain
of bacteria capable of detecting other explosives than
TNT.

Plants. Aresa Biodetection company has genetically
modified a thale-cress plant called Arabidopsis
Thaliana to change color when in contact with nitrogen
dioxide emanating from explosives [21]. This technique
has associated problems: nitrogen oxides are also
formed by denitrifying bacteria, causing false alarms
[22], these plants do not grow to be high, making it
difficult to watch the results, and there is some concern
about native plants contamination [21].

Human role. Humans play an important role in
biological landmine detection, especially when dogs or
rats are used. They are required for animal training and
for interpretation of animal signals. A human and an
animal comprise a unique team to perform the detection
task together [23].

2.1.2. Chemical methods

Mass and ion mobility spectrometry. In mass
spectrometry, a sample of air is introduced into a
vacuum chamber where it is ionized. In ion mobility
spectroscopy, ions are formed in a reactor. In both
techniques ions are accelerated and separated according
to their mass/charge ratio which is used for detecting
explosives. However, these techniques have false
alarms caused by non-explosive substances [24].

Infrared absorption spectroscopy. This technique
relies on the fact that molecular vibrations have
characteristic frequencies in the infrared spectrum.
Resonant absorption of light by these vibrations is
observed when the molecule dipole moment changes
[24]. However, infrared spectra of large molecules
can have broad bandwidths, leading to an indistinct
spectrum. Also, many explosives decompose at the
high temperatures needed to achieve the vapor pressure
required for detection.
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Opto-acoustic spectroscopy. This technique relies on
the fact that optical energy absorbed by molecules is
partially transformed into thermal energy by means of
relaxation processes. Using pulsed radiation to excite
the sample, pressure pulses are detected by sensitive
microphones, yielding a photo-acoustic spectrum [25].

Raman scattering. Raman scattering is an inelastic
scattering of light by molecules or atoms. During the
interaction of light with the molecule, the energy of the
vibrational and rotational states can be exchanged and
a lower energy quantum of light is emitted. However,
the Raman effect is extremely weak, having insufficient
sensitivity for the landmine detection application [26].

Immuno-chemical sensors. Antigen-antibody
complexes are formed for proteins containing the
molecule of interest. When the substance is bound to
an antibody, there is a change in some physical property
which serves for detection. Although their selectivity,
antibodies are not easily applied in field because they
are not reusable [27].

Electronic noses. They are combinations of multiple
sensors with pattern recognition algorithms, constituting
an artificial olfactory system. They reduce the demand
for highly selective sensors and put more emphasis on
the algorithms to identify the sample [28]. Sensors used
in electronic noses are: fluorescent polymers, optical
fiber, polymeric films, gold nanoclusters, piezoelectric
materials and micro-electromechanical systems [29].

2.1.3. Explosive trace detection techniques for IEDs
detection in Antioquia

Most of the chemical and biological sensing research
has focused on military explosives such as TNT,
DNT, RDX, tetryl and PETN. Antioquia requires the
development of new sensors capable of detecting
Ammonium Nitrate (AN). However, AN is a common
fertilizer and traces of it may be present around the
minefield confusing such sensors. Moreover, vapor
concentration of explosives depends on several factors
that should be studied. It has been found that paint
absorbs explosive vapors, preventing their escape to
the surface, and it is usual to find a mixture of paint
with the explosive in IEDs of Antioquia. The incidence
of this mixture should be investigated, or perhaps
exploited for IEDs detection. Also, explosive trace

dispersion should be studied, since it is known that it
could move within 10 meters from the mine location,
and the current knowledge on vapor transportation
from mines is insufficient for a reliable location [30].

Among biological systems, dogs and rats are the most
suitable for I[EDs detection in Antioquia, since bacteria
are only able to detect TNT, plants suffer from high
rates of false alarms and their effect on native plants
has not been studied, and bees would be very difficult
to track in the high vegetation lands of Antioquia; its
use would depend on the development of new strategies
for tracking bees in poor visibility conditions.

Currently dogs are used for IEDs detection in
Colombia. Although reliable, dogs are slow and armed
groups have begun to place anti-dog mines around
IEDs, and also IEDs are being buried at greater depths
to prevent explosive vapors from reaching the surface
[6]. Alternatively, a research is being carried out on
using Wistar rats for IEDs detection in Colombia [31].
According to the researchers, Wistar rats are better than
African rats because African rats can damage the local
habitat and they weigh three times more than Wistar
rats, so they could trigger IEDs.

2.2. Bulk explosive detection
2.2.1. Neutron analysis methods

Thermal neutron analysis (TNA). In TNA neutrons
are emitted and when absorbed by a nucleus, gamma
rays are emitted with an energy that is specific to the
nucleus. However, TNA cannot distinguish nitrogen
oxides in the explosives from those in the surroundings,
having a high rate of false alarms. In addition, its
sensitivity is limited, its price is high and it is bulky
and slow for use in field [32].

Fast neutron analysis (FNA). This technique uses
high-energy neutrons to detect and differentiate
gamma radiation at different energies. FNA technique
is sensitive to almost all elements in explosives and
allows their identification, but the equipment is usually
complex and expensive [33].

Pulsed fast neutron analysis (PFNA). This technique
applies the same concept of FNA, using a pulsed beam
of neutrons. PFNA allows explosive composition to be
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determined, as well as its location and concentration,
however, it needs large particle accelerators, which are
bulky and expensive [34].

Pulsed fast thermal neutron analysis (PFTNA).
PFTNA applies long-lasting beams of neutrons. Its main
advantages are high reliability and mobile construction
[34]. Its main disadvantage is an insufficient sensitivity
to effectively detect the sub-kilogram amounts of
explosive in the mines.

2.2.2. Nuclear quadrupole resonance (NQR)

This technique sends radio frequency pulses that
excite nitrogen nuclei in the explosive, which induces
an electric potential at a receiver coil. The spectrum
recorded from each explosive is unique and thus the
detection is highly specific and less susceptible to
false alarms [34]. Its major drawback is a low signal/
noise ratio (SNR) [30]. Also, it is affected by radio
frequency interference (RFI), by the distance between
the detection coil and the explosive, and by temperature
[35].

2.2.3. Bulk explosive detection techniques for IEDs
detection in Antioquia

Bulk explosive detection has advantages over trace
explosive detection because the last one is affected by
factors that are difficult to characterize, cannot locate
IEDs accurately and suffers from insufficient sensitivity
and false alarms because the pressure and concentration
of the explosive vapors are too low.

With neutron analysis methods, there is a concern about
the radiation dose that a human operator can receive,
and even if it is within safe limits, a perceived risk
may hinder its acceptance. Furthermore, it has been
found that hydrogenated materials, such as water, can
produce false alarms, preventing its use when humidity
is above 20% [30]. It has also been found that by using
neutron sources of low intensity to get a portable
equipment, the detection task takes longer [30]. In
addition, there are some concerns about the high cost
of both neutron sources and gamma rays detectors. It
would be necessary to study the incidence of the factors
mentioned above in the detection of IEDs in Antioquia,
and to determine infrastructure requirements to support
research on neutron techniques.

NQR technique has the advantage of detecting the
landmine explosive without emitting harmful radiation
and with high chemical specificity. Despite of some
drawbacks of this technique, much research has been
carried out to deal with them [36], [37], [38]. These
research results can be exploited to create a system for
IEDs detection in Antioquia. However, in the literature,
few works are found about AN detection by NQR [39],
[40], [41] and none of them is related to landmine
detection. Despite this, for NQR, AN detection is
easier than TNT detection, the most used explosive in
landmines [41].

3. MINE CASING DETECTION
3.1. Electromagnetic methods
3.1.1. Metal detector (MD)

MD measures the disturbance of an emitted
electromagnetic field, caused by the presence of
metallic objects in the soil. A major disadvantage of
this sensor is that each piece of metal scrap triggers
an alarm. The large number of false alarms makes the
landmine detection task to be slow and costly [42].

3.1.2. Ground penetrating radar (GPR)

GPR emits radio waves into the earth and analyzes
the returning signals produced by reflections at the
discontinuities of the dielectric constant. Ultra-Wide
Band Synthetic Aperture Radar (UWB SAR) with
the ground penetrating capability has become an
alternative way to detect landmines over large areas
from a safe standoff distance [43]. The main drawback
of GPR is that irregularities in the soil (e.g. roots,
rocks) can produce false alarms [44]. Additionally,
its performance is sensitive to complex interactions
between mine casing material, soil texture and
moisture, wave frequency and soil surface roughness.
Another limitation is the detection of small shallow
mines because the reflection at the soil surface masks
the response of such mines [30].

3.1.3. X-ray backscattering
This technique exploits the fact that mines and soil have

densities and effective atomic numbers that differ by a
factor of two [45]. However, it is non-portable because
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of the size and weight of the x-ray generators, and of
the power requirement to reach enough penetration
[46]. Also, it emits radiation, hindering its acceptance.

3.1.4. Electrical impedance tomography (EIT)

EIT uses a two-dimensional array of electrodes placed
on the ground to construct a map of conductivity
distribution in which mines are seen as anomalies
[47]. This technology is especially suited for wet soils,
because water enhances conductivity. Also, EIT is
cheap enough to be disposable and remotely inserted
to improve safety [22]. The main drawback of EIT is
that it requires physical contact with the soil. It cannot
be used on very dry soils and it is sensitive to electrical
noise. Its resolution does not reach that of a GPR [30].

3.1.5. Electromagnetic techniques for IEDs
detection in Antioquia

Among the electromagnetic techniques, GPR is likely
to be the most convenient for Antioquia. MDs are not
suited because most IEDs have little or no metal content
at all. X-ray backscattering equipment is not portable
and in Antioquian minefields, it may be impossible
to drive a bulky transportation platform. EIT requires
physical contact with the ground and Antioquian lands
are irregular, with high vegetation and IEDs can be
activated with an uncertain weight.

GPR is regarded as one of the best subsurface
investigation techniques and its potential application
in Colombia has already been researched [48], [49].
As mine detection using GPR becomes very complex
in the presence of clutter, its outcome depends on the
knowledge of prevailing environmental conditions,
soil texture and moisture [50]. These factors should
be studied in the most affected areas of Antioquia
(Taraza, Guadalupe, Ituango, Toledo, Anori and
Campamento [3]), and tests should be made to validate
GPR performance.

3.2. Mechanical methods
3.2.1. Seismic-acoustic techniques
Seismic-acoustic systems introduce sound and/or

seismic waves into the earth that are partially reflected
when they reach a landmine, causing vibrations at the

soil surface. This technique has a low false alarm rate
[51], however, sound waves are significantly attenuated
by soil, so mines at depths greater than a mine diameter
cannot be detected. Additionally, surface vibrations are
small and difficult to measure when there is vegetation,
turning it into a slow detection system. However the use
of sensor arrays has proven to accelerate the detection
[52].

3.2.2. Ultrasound

Emitted ultrasound waves are reflected at interfaces
between materials with different acoustic properties,
which could be used to create images of hidden internal
anatomy. Its main advantage is the ability for good
penetration into wet lands. However, the sound waves
attenuate significantly at the soil-air interface [22].

3.2.3. Prodding

In prodding, a trained operator prods the ground with
a stick of about 25 cm long, forming a small angle
with the ground surface. Today, prodding the land is
used to confirm the presence of a landmine and it is
considered the only way to guarantee an exhaustive
detection [53]. It is a very slow and dangerous
technique because landmines can have any orientation
due to soil movement or to nearby explosions and they
can be detonated by the probe [46].

3.2.4. Mechanical techniques for IEDs detection
in Antioquia

Ultrasound and acoustic/seismic systems have high
probability of detection and low false alarm rate,
however, they are not portable, seismic waves can
detonate IEDs and they cannot detect deep objects.
They also have issues with, dense vegetation, such as
there is in Antioquia.

Prodding has several disadvantages, but it is still the
quintessential confirmatory method for landmine
detection. Although probes have been developed
which can identify the landmine casing material,
they are rarely used in field because, in the hands of
a skilled operator, a normal probe may give enough
information for landmine detection [46]. Moreover,
instead of upgrading the probe for prodding, it would
be ideal to have an alternative confirmatory method
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without the hazards of prodding. In this sense, NQR
can constitute a reliable landmine confirmation
system because of its high specificity and because its
SNR increases with sensing time.

4. INFRARED AND HYPERSPECTRAL
DETECTION

Infrared and hyperspectral methods detect abnormal
variations in the electromagnetic radiation reflected
or emitted by landmines or by the ground above them.

4.1. Millimeter wave radar (MMWR)

This technique relies on the fact that in the millimeter-
wave band, soil has high emissivity and low reflectivity,
while metals behave in the opposite way [54]. Active
MMWR uses an excitation source while passive
MMWR does not, relying only on environmental
temperature. MM WR is a good technique for detecting
metallic objects, but not for detecting plastic ones.

4.2. Infrared cameras (IR)

This is a thermal detection method that relies in the
fact that diurnal temperature variations in areas close to
landmines differ from surrounding areas [55]. By using
high power radiation (i.e. active IR), these temperature
differences can be induced [56], but a landmine
could be detonated. IR performance is affected by
factors such as weather conditions, landmine size and
composition. IR sensors have trouble detecting deep
objects and are most suited to detect mined areas than
individual mines [22].

4.3. Laser induced breakdown spectroscopy (LIBS)

LIBS uses a high intensity laser to generate a micro-
plasma at high temperatures, dissociating the material
into atoms and ions. Electron-ion collisions produce a
continuous spectrum whose analysis allows element
identification. LIBS has been used in identification of
different types of anti-personnel and anti-tank landmine
casings [57]. LIBS is capable of in-situ point probing
and of chemical sensing for landmine detection. It is
being directed towards a development of a probe for
prodding the soil that emits laser light and collects
plasma emissions through an optical fiber [58].

4.4, Visible light

Mine detection by this technique involves the capture of
light in the visible wave range using an optical system
for imaging [59]. The main limitation of this technique
is that it can easily be blocked by camouflage or foliage,
so it can only be used on flat lands with little vegetation
[22]. It is more suited to detect surface-laid mines.

4.5. Optical light detection and ranging (LIDAR)

LIDAR detects polarization changes in the back-
scattered light after illuminating an object with linearly
polarized light. Landmines on soil surface can be
detected because of their smooth nature compared with
the rough background [60]. This method is not capable
of subsurface imaging, and does not work well when
there is vegetation.

4.5. Infrared/hyperspectral techniques for IEDs
detection in Antioquia

Passive IR methods are slow and not suitable for close
landmine detection, and active techniques can detonate
IEDs and require high power supply, which is difficult
to provide in a portable system [46]. MMWR gets
weaker signals than infrared ones and it is ineffective
in detecting plastic landmines.

There was a research about LIBS in Colombia [61]
intended to identify the polymers used for IEDs
manufacture and for explosive trace detection, but
it was concluded that LIBS has a limited use in
Colombia due to the wide variety of IEDs, and to
the low sensitivity of the technique at the explosive
concentrations. A recent work on AN and fuel oil
detection by LIBS [62] showed its ability to identify
AN, but not to identify fuel oil when mixed with soil;
they also found that the technique had trouble with wet
soils and mentioned potential false alarms produced
by fertilizers.

LIDAR and visible light techniques do not work well
when there is vegetation. Even so, in [63] the images
taken by an on-board camera were used, looking for
texture and color abnormalities at the regions where the
mines were buried. Tests were conducted on soil with
gravel and short grass, demonstrating the feasibility of
this technique for landmine detection.
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5. SENSOR FUSION

A general conclusion of the reviewed papers about
landmine detection is that no technology is capable of
detecting all types of landmines under all environmental
conditions and that there is a need for developing multi-
sensor detection systems in order to overcome each
sensor limitations [30], [46], [50], [64], [65].

Sensor fusion for landmine detection has been
mainly dedicated to the combination of GPR and MD
technologies, and in some cases IR sensors [66]. In
Colombia, the Universidad de los Andes together with
Indumil developed a detection system that combines a
GPR with a MD [67]. However, they have not reported
any experimental results.

Further research in sensor fusion is needed to include
other technologies besides MD, even more so in
Antioquia where most IEDs do not contain metallic
pieces. A good solution could be to include an explosive
detection technology, since it would decrease false
alarms from non-explosive objects in the soil.

6. FINAL RECOMENDATIONS

In this paper a review was made about the existent
technologies for landmine detection, showing their
advantages and disadvantages and analyzing their
prospect to become IEDs detection systems for
Antioquia. It is concluded that no single technique is
capable by itself of solving the IEDs detection problem
and that the integration of two or more sensors is
required. For Antioquia, the combination of GPR and
NQR technologies is suggested. The reason is that GPR
is a mature technology, portable equipment is available
and there is research that shows its feasibility for IEDs
detection in Colombia; and NQR detects the explosive
inside IEDs, complementing GPR. However, there is a
need for research on AN detection inside IEDs by NQR.

IEDs detection in Antioquia is a complex problem
because of the difficulty accessing the areas, because
IEDs are non-metallic and because they are currently
being placed by armed groups that tailor IEDs to the
current demining technologies in order to hinder their
detection. But demining of out-of-conflict areas is
possible if further research is carried out on adapting

the existing technologies to the local problem.
However, there is a barrier because the Army and the
government do not seem to understand that research
costs a substantial amount of money and that results are
uncertain and will only appear over the medium to long
term. Landmine clearance in Antioquia is subjected
to the amount of investment in research on this topic.

In the development of a technology for IED detection
in Antioquia it is important to maintain communication
with the demining groups to meet their needs.
According to [46], many scientists have attacked the
problem without an ongoing discussion with users, and
as aresult, they have obtained technologies that cannot
be used in the field.

The way information is presented to the operator is
also an important research area. Most existing systems
give a sound signal difficult to interpret and to hear in
certain conditions. The advanced landmine imaging
system (ALIS) [68], which shows images from two
sensors (MD and GPR) in real time, is one of the most
important contributions in this area.

Knowing the research carried out in Colombia in the
context of demining is important to avoid repeated
work [46]. Besides the works already mentioned
(research using rats to detect explosives, the fusion of a
GPR and MD, research on LIBS for the characterization
of materials, and mine detection by surface image
analysis), there are other two works developed in
robotics: a remotely operated robot [69] and a study
on snake-type modular robots for use in landmine
detection [70]. These works are important for two
reasons: first, some researchers might be encouraged
to develop detection technologies that are not suitable
for hand-held use, but that would be effective onboard
arobot; and second because ideally, the mine detection
task should be carried out by autonomous or semi-
autonomous systems to prevent exposure of people or
animals to the hazards of landmine detection.

Finally, current detection technologies are unable to
detect mines at great depths and a sensor fusion will
not solve this problem. This is a major research focus
since [EDs are currently being placed by armed groups
seeking smarter ways to make these artifacts difficult
to detect.
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ABSTRACT: We report the synthesis, the structural characterization, the ferroelectric behavior and the electronic properties of complex
perovskite Ba,ZrTiO,. Samples of Ba,ZITiO, were synthesized through the standard solid state reaction method. The crystalline structure was
studied by means of X-ray diffraction experiments and Rietveld-like analysis. Results reveal that the material crystallizes in a rhomboidal
structure, space group R-3 (#148), with cell parameter a=5.8038(7) A. The ferroelectric response of material was established from curves
of polarization as a function of applied electric field. Our results reveal that the double perovskite Ba,ZrTiO, has a ferroelectric hysteretic
behavior at room temperature. The studies of the electronic structure show that Ba,ZrTiO behaves as a nonmetallic material with gap energy
2.32 eV. The structural parameters obtained from energy minimization, through the Murnaghan equation state are 99.5% in agreement with
the experimental data.

Key words: Double perovskite, ferroelectric properties, electronic structure

RESUMEN: En este trabajo reportamos la sintesis, la caracterizacion estructural, el comportamiento ferroeléctrico y las
propiedades electronicas de la perovskita compleja Ba,ZrTiO,. Las muestras fueron sintetizadas mediante el método estandar
de reaccion de estado sélido. La estructura cristalina se estudio a través de experimentos de difraccion de rayos X y analisis de
tipo Rietveld. Los resultados revelan que el material cristaliza en una estructura romboédrica, perteneciente al grupo espacial
R-3 (#148), con un parametro de red a= 5,8038(7) A. La respuesta ferroeléctrica del material se establecié a partir de curvas
de polarizacion en funcién del campo eléctrico aplicado. Nuestros resultados muestran que la perovskita Ba,ZrTiO, evidencia
un comportamiento histerético ferroeléctrico a temperatura ambiente. Los estudios de la estructura electronica muestran
que esta ceramica se comporta como un material no metalico con brecha de energia 2,32 eV. Los parametros estructurales
obtenidos a partir de la minimizacion de energia, a través de la ecuacion de estado Murnaghan, son 99.5% acordes con los
datos experimentales.

Palabras clave: Perovskita compleja, propiedades ferroeléctricas, estructura electronica

1. INTRODUCTION

Complex perovskites with formula A,BB’X,, where
A represents an alkaline earth, B and B’ are metal
transition and X is the oxygen, have been studied
because of their physical properties [1], which
depend on structural distortions and the characteristic
properties of B and B’ cations. This chemical
configuration results in multiple opportunities to
combine different elements of the periodic table,
generating the possibility of synthesizing new materials
that involve a larger gamma of physical properties. One
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well-known simple perovskite, which is well known
because it exhibits a ferroelectric character, is BaTiO,
[2]. Partial substitutions of Ti by the Zr cation have
been done by other authors, showing the evolution of
the electric behavior from a ferroelectric response, for
low concentration of Zr, to a ferroelectric relaxor [3]
and a dielectric behavior for high concentrations of Zr
[4]. However, the position of the substitutive cations in
the crystallographic cell of the material is not usually
reported. Location of all ions in the lattice is important
for inferring the possibility of obtaining spontaneous
polarization, in order to give rise to ferroelectric
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behavior. In the case of polycrystalline samples, the
ferroelectric behavior depends greatly on the grain
size, because the effects of imperfection frequently
dominate the ferroelectric response of small grains,
where a significant fraction of the material volume
may be influenced by grain boundaries. It is known
that cationic disorder produces substantial changes of
the ferroelectricity of complex perovskites [5]. The
aim of this paper is to show the synthesis process for
producing the double perovskite Ba,ZrTiO; to analyze
the crystallographic single phase; to study the electronic
structure; and, the most important objective of the
study being to investigate the ferroelectric response
of the material at room temperature. Our results reveal
that Ba,ZrTiO, crystallizes in a rhomboidal double
perovskite structure, which is a convenient lattice for
determining the occurrence the ferroelectric character,
observed by the occurrence of hysteretic curves of
electric polarization as a function of variable applied
fields.

2. EXPERIMENTAL PROCESS

Samples were synthesized by means of the solid
state reaction recipe. The precursor powders BaCO,
(Aldrich 99.9%), TiO, (Aldrich 99.99%) and ZrO,
(Aldrich 99.99%) were stoichiometrically mixed
according to the chemical formula Ba,ZrTiO,. The
mixture was ground to form pellets of 9.55 mm
diameter and 1.85 mm thickness. Then the material
was annealed in a sequential thermal procedure at
850, 900, 950, 1000, 1100 and 1150 °C for 144 hours,
including five regrinding and pelletizing procedures
to make six thermal steps of 24 hours each. An X-Ray
diffraction (XRD) experiment was performed by means
of a PW1710 diffractometer with A =1.54064 A.
Rietveld refinement of the diffraction pattern was made
by the GSAS code [6]. Electric polarization curves were
obtained by means of a Radiant Ferroelectric Tester,
which included a £10 kV source for measurements in
bulk-samples.

3. CALCULATION METHOD

We applied the Full-Potential Linear Augmented Plane
Wave method (FP-LAPW) within the framework of
the Kohn-Sham Density Functional Theory (DFT)
[1], and adopted the Generalized Gradient (GGA)
approximation for the exchange-correlation energy

due to Perdew, Burke and Ernzerhof [7]. The self-
consistent process was developed using the numeric
package Wien2k [8]. Taking the experimental unit cell
data as input, the structures studied in this work were
fully relaxed with respect to their lattice parameters
and the internal degrees of freedom compatible with
the space group symmetry of the crystal structure. The
resulting energies versus volume functions have been
fitted to the equation of state due to Murnaghan [9] in
order to obtain the minimum energy value, the bulk
modulus, its pressure derivative and the equilibrium
lattice parameters and associated volume. The muffin-
tin radiuses used were 2.40, 1.74,2.14 and 1.53 for Ba,
Ti, Zr and O respectively, angular momentum up to 1
= 10 inside the muffin-tin sphere, a maximum vector
in the reciprocal space of Gmax =12.0, RMT*K
= 7.0, and a mesh of 800 points in the first Brillouin
zone (equivalent to a maximum of 85 k points in the
irreducible Brillouin zone). Finally, the convergence
criteria for the self-consistent calculation was 0.0001
Ry for the total energies, 0.0005 u.a. in the charge and
1.0 mRy/u.a. in the internal forces.

4. RESULTS AND DISCUSSION
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Figure 1. Diffraction patterns showing results of thermal
treatment for obtaining rhomboidal structure for the
double perovskite Ba,TiZrO,.
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The sequence of crystallization obtained by the
thermal process, described in the experimental setup,
for Ba,TiZrO, samples is shown in the diffraction
patterns of Figure 1. As shown in Figure 1, the fourth
thermal step, at 1000 °C, evidences the perovskite
phase of Ba,TiZrO,. However, some incipient peaks
corresponding to impurities are observed close to
24°. These impurities vanish after the last thermal
treatment at 1150°C. A rigorous Rietveld refinement
from experimental data of the diffraction pattern reveals
that crystallization of material occurs in a rhombohedral

double perovskite, which belongs to the space group
R-3 (#148).

The difference between simulated and experimental
patterns is shown in Figure 2. The lattice parameters
obtained from the refinement process were a=5.803(8)
A; primitive vectors angle a=59.9675°. This result is
~ 98.5% in agreement with the value supplied by the
Structure Prediction Diagnostic Software [10], which
gives a=5.7177 A.

In Figure 2, the top plot represents experimental data,
the middle plot is the simulated refined diffractogram,
and the line at the bottom corresponds to the difference
between experimental and simulated patterns. Indexes
of crystallographic planes are indicated in figure 2. The
parameters of refinement are: R *=4.69 % and x?=2.26.
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Figure 2. Experimental and simulated diffraction patterns
of Ba, TiZrO, material after Rietveld refinement. The bottom

line corresponds to the difference between experimental and

theoretical diffractograms.

Atomic positions and occupancies of ions in the
structure are shown in table 1.

Table 1: Atomic position for the rhomboidal structure of
Ba,TiZrO,, obtained by Rietveld refinement of diffraction
patterns through the GSAS code.

Atom X y z
Ba 0.7558 0.7558 0.7558
Ti 0.0000 0.0000 0.0000
Zr 0.5000 0.5000 0.5000
@) 0.7745 0.7745 0.2255
Ba 0.2442 0.2442 0.2442
) 0.2255 0.7745 0.7745
) 0.7745 0.2255 0.7745
) 0.2255 0.2255 0.7745
) 0.7745 0.2255 0.2255
@) 0.2255 0.7745 0.2255

One important parameter in perovskite materials is the
tolerance factor, which is related to the probability of
the formation of octahedral coordination of B and B*
cations with the oxygen anion. The tolerance factor
calculated for Ba,TiZrO, material was 1.0312. This
value, above 1.0, suggests the possibility of obtaining
spontaneous polarizations from structural distortions
that give rise to the ferroelectric character in the simple
perovskite BaTiO, [11], for example.
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Figure 3. Ferroelectric hysteresis measured at ambient
temperature for the perovskite Ba, TiZrO,, for several
applied fields up to 2.16x10* V/cm.

Another important characteristic for the possible
application of the material in ferroelectric devices is the
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response to high applied fields. In Figure 3 sequence
of polarization for applied electric fields up to 22.5 kV/
cm is shown. As observed in Figure 3, for the higher
applied field we determine a saturation polarization of
0.175 uC/cm?, in a curve with a remnant polarization
0f 0.3125 uC/cm? and a coercive field of 12.0 kV/cm.
These values are in agreement with strong ferroelectric
materials of the BaTiO, family [12,13] that evidence
polarization saturation, remnant polarization and
coercive fields, which are appropriate for technological
applications in ferroelectric memories.

Figure 4 shows the optimization of energy as a function
of volume. The minimum energy value is obtained
for -42368.114575 Ry. The equilibrium volume is
945.7608 Bohr3, which corresponds with a lattice
constant a=11.0206 Bohr [a=5.831(8)] with a volume
modulus Bo=155.9553 GPa. The lattice parameter
obtained from the GGA approximation is 99.5% in
agreement with our experimental results.

Figure 4. Calculated total energy as a function of volume
and c/a factor for the Ba,TiZrO, material

Figure 5. Rhombohedral structure of the Ba, TiZrO,
perovskite for the R-3 space group.

The difference between the two minimums is less
than the convergence parameter. The minimums for
the energy as a function of volume were obtained by
adjusting Murnaghan’s state equation to the square
points [9]. The rhombohedral structure obtained by
both procedures, Rietveld refinement of diffraction
patterns and theoretical minimization of energy by the
DFT method, is shown in figure 5.

Figure 6 corresponds to electronic properties of the
perovskite Ba,TiZrO,. The Density of States (DOS)
along the high symmetry directions in the first Brillouin
zone and the band structure are shown. The energy of
the electrons as a function of the wave vector K is also
observed, which was taken along the I'-X-M-K-A-I"
directions.

Figure 6. Band structure and total DOS for the Ba,TiZrO, mate-

rial. The Fermi level is the energy reference.

The DOS and band structure are calculated for the
equilibrium configuration by using the lattice constant
corresponding to the volume which minimizes the
energy of the system.

The energy reference is selected to be the Fermi level in
E=0. Itis observed that the Ba, TiZrO, material presents
anonmetallic behavior with a direct energy gap of 2,32
eV at the Fermi level. Furthermore, a valence sub-band
sited in the regime between -4 eV and the Fermi level
is observed in Figure 6, due to principal contributions
of the 2s-0, 3d-Ti and 4d-Zr orbital, as corroborated in
Figure 7. A minority contribution of the 4s-Ti and 5s-Zr
electrons is also observed. In the intermediate region
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of the conduction band, between 2,32 eV and 3,7 eV,
the majority contribution is due to the 3d-Ti orbital.

Figure 7. Partial DOS calculated for the Ba,TiZrO,
material.

On the other hand, from 3,7 eV up to 4,71 eV a gap of
forbidden energies, internal to the conduction band, is
determined. Likewise, the 6s-Ba, 4d-Zr, 3d-Ti and 2p-O
electron contributions give rise to the regime between
4,74 eV and 12,0 eV, with a small share of 4s-Ti, 5s-Zr
and 2s-O orbitals.

5. CONCLUSIONS

In summary, we report the synthesis of polycrystalline
Ba,TiZrO, double perovskite. The complete thermal process
is seen through a sequence of diffraction patterns. Rietveld
refinement reveals that a single crystallographic phase
of rhombohedral perovskite was obtained, space group
R-3 (#148), with lattice parameters a=5.803(8) A. The
tolerance factor was calculated to be 1.03. Measurements
of polarization as a function of applied electric fields show
a hysteretic behavior, which is characteristic of ferroelectric
materials. Values of saturation and remnant polarization
suggest that this material may be used for technological
applications in devices for information storage. Lastly,
calculations of band and electronic structure reveal the
nonmetallic behavior of Ba, TiZrO,, with an energy gap of
2.32 eV and B0o=155.9553 GPa volume modulus.
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ABSTRACT: The aim of this research was to determine the influence of certain variables (e.g., collector addition, pulp dilution, conditioning
times, pH and pulp agitation speed) on the yield for feldspar sand flotation aimed at separating quartz from feldspar and to estimate the values
that provide an optimum yield. The feldspathic sands were obtained from a sedimentary deposit located in the Sarreaus region (Ourense
province, NW Spain).

Flotation yield was based on two parameters: grade and recovery. Each of these parameters was determined in a series of experiments in which a
single parameter was varied at a time while the remainder were kept constant. The results indicate that it is possible to obtain a high flotation yield
using optimum process variables. With these optimum variables, the average concentrate grade and recovery were 95.1% and 25.6%, respectively.

Key words: Mineral processing, froth flotation, flotation reagents, flotation depressants, flotation collectors.

RESUMEN: EIl objetivo de este trabajo es determinar la influencia que determinadas variables (como son, concentraciones del colector,
dilucion de la pulpa, tiempos de acondicionamiento, pH y velocidad de agitacion de la pulpa) ejercen en el rendimiento del proceso de flotacion
de arena feldespatica, utilizado para separar el cuarzo del feldespato, asi como estimar los valores que proporcionan un rendimiento 6ptimo.
Las arenas feldespaticas provinieron de un depoésito sedimentario ubicado en Sarreaus, provincia de Orense al noroeste de Espaia.

El rendimiento de flotacion se basa en dos parametros: ley y recuperacion. Cada uno de estos parametros fue determinado en una serie de
experimentos en los cuales se vari6 cada vez una de las variables manteniéndose fijos los valores del resto. Los resultados indican que es
posible obtener un rendimiento elevado en la flotacién habiéndose determinado las variables 6ptimas de proceso. Con dichas variables 6ptimas
la ley media del concentrado fue del 95.1% y la recuperacion media del 25.6%.

Palabras clave: Procesamiento de minerales, flotacion por espuma, reactivos de flotacion, depresores de flotacion, colectores de flotacion.
1. INTRODUCTION collectors, reagents, depressants and other substances
to the flotation of feldspars [2-14].

Feldspathic materials for the glassmaking and pottery
industries are obtained from feldspathic sands. However,
in order to obtain an end product of suitable quality, a
series of separation tasks need to be implemented, given
that these minerals are - to a greater or lesser degree -

Feldspar in Spain is generally recovered either by means
of magnetic separation or in flotation circuits.

The lack of physical, chemical and size standardization

generally rendered impure by ferromagnesian minerals.
The flotation process to separate feldspar from quartz
was developed in the 1930s [1]. Since then, many papers
have been published on the application of different
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in 