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Effect of Diesel Oil and Mixture of Alcohol-Glycol Ether on
Colombian Ultrafine Coal Cleaning Using a Test-Rig
Closed-Loop Flotation Column

Efecto del diésel oil y 1a mezcla de alcohol-glicol-éter en la limpieza de
carbon ultrafino colombiano utilizando una columna de flotacion de
prueba en bucle cerrado

Jorge L. Pifieres-Mendoza(®!, Juan M. Barraza-Burgos?, and Silvia P. Bellich-Fernandez?

ABSTRACT

A test-rig closed-loop flotation column was used to observe the effect of diesel oil (collector) and Flomin F-425 (frother) on mass
yield and ash content for two Colombian coals: Caypa (northern zone) and Guachinte (southwestern zone). The coal samples of
less than 38 pm (-400 M) were processed in a collector concentration range of 0,32 to 1,60 kg/ton of coal, as well as a frother
concentration range of 10 to 50 ppm. The response surface methodology was used for the experimental test runs. The results
showed that the maximum mass yield obtained by Caypa coal was 98,39% at 1,28 kg of collector/ton of coal and 40 ppm of frother
concentration, whereas Guachinte coal obtained a maximum mass yield of 94,71% at 0,96 kg of collector/ton of coal and 30 ppm
of frother concentration. In general, for Caypa coal, the mass yield tends to increase (low ash removal) with the collector and
frother concentration increase; while the mass yield tends to decrease (high ash removal) for Guachinte coal when the collector
concentration increases (low ash removal) at high frother concentrations. It is worth highlighting that the ash content of 0,65%
obtained for Caypa coal is the lowest value reported in the literature while employing a test-rig loop flotation column in a single stage,
which is considered to be an ultra-clean coal obtained by a physical cleaning process.

Keywords: flotation column, Colombian coals, closed loop, experimental design

RESUMEN

Se usd una columna de flotacién de prueba en bucle cerrado para observar el efecto del diesel oil (colector) y Flomin F-425
(espumante) sobre el rendimiento mdsico y el contenido de cenizas de dos carbones colombianos: Caypa (zona norte) y Guachinte
(zona suroeste). Las muestras de carbon de menos de 38 pm (-400 M) se procesaron en un rango de concentracion de colector de
0,32 a 1,60 kg/tonelada de carbon y un rango de concentracion de espumante de 10 a 50 ppm. Se utiliz6 la metodologia de superficie
de respuesta para las de pruebas experimentales. De los resultados obtenidos, se observo que el rendimiento mdsico maximo para el
carbon de Caypa fue del 98,39 % a 1,28 kg de colector/tonelada de carbdn y 40 ppm de concentracion de espumante, mientras
que el carbén Guachinte presentd un rendimiento masico maximo del 94,71 % a 0,96 kg de colector/tonelada de carbén y 30 ppm
de concentracién de espumante. En general, para el carbén Caypa, el rendimiento masico tiende a aumentar (baja remocién de
cenizas) con el incremento en la concentracion de colector y espumante; mientras que el rendimiento masico tiende a disminuir (alta
remocion de cenizas) con el carbon Guachinte cuando la concentracion del colector aumenta (baja remocion de cenizas) a altas
concentraciones de espumante. Es de destacar que el contenido de cenizas de 0,65 % obtenido para el carbon de Caypa es el valor
mas bajo reportado en la literatura usando una columna de flotacion de prueba en bucle cerrado en una sola etapa, que se considera
como un carbdn ultra limpio obtenido por un proceso de limpieza fisica.

Palabras clave: columna de flotacion, carbones colombianos, bucle cerrado, disefio experimental
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They are chemically composed of oxygen, hydrogen, carbon,
and mineral matter, among others. In order to use coal
efficiently, it is necessary to implement appropriate cleaning
processes to reduce mineral matter. To clean fine coal parti-
cles, beneficiation processes focused on the use of flotation
columns have been used due to their performance (efficiency)
and wide range of operating conditions (Wieslaw, 1994; Polat
and Chander, 2003).

One of the most important achievements in fine mineral
processing has been the introduction of the flotation column
concept in the early 1960s as an alternative solution to
the difficulties encountered in mechanical flotation cells.
However, it was not until the 1980s that its popularity and
commercialization increased, given the growing development
of operation and design procedures for mineral beneficiation.
The mechanism used by the flotation columns eliminates the
entrainment problem (due of the addition of wash water at
the top), which is common in conventional flotation machines
and generates small bubbles that improve the particle-bubble
adhesion process, which contributes to fine particle recovery
(Dobby and Finch 1986; Yoon 1993).

Nowadays, flotation columns are highly preferred for the
beneficiation of ultra-fine coal. Froth flotation is a solid-solid
separation process based on the differences of hydrophobicity
between particles. During the flotation process, hydrophobic
particles adhere to air bubbles, while hydrophilic particles
remaining in the slurry. The successfulness of the mineral
matter reduction present in coal is related to the difference
in the grade of intrinsic hydrophobicity between the organic
matter and the mineral matter present in the coal (Honaker
et al., 1996; Polat and Chander, 2003; Pifieres and Barraza,
2012).

Some authors determined the effects of frother mixture on
froth flotation performance. Three mixed frother systems
are designed based on combinations of alcohol, ketone,
aldehyde, and polyglycol ether frothing molecules. Frother
x is composed of alcohol and ketone, frother y is based
on alcohol and aldehyde group chemicals, and frother z
is a mixed product of alcohol and polyglycol ether. The
results show that frother z is better than x and y in terms of
selectivity. In terms of ash reduction and recovery, frother
z is effective for coarse and ultrafine particle size fractions.
This can be explained by the presence of short chain alcohol
molecules (selective for ultrafine fraction) and polyglycol
ether molecules (stronger frother for coarse size fraction) in
frother z (Gupta et al., 2009).

Peng et al. (2015) studied the effect of flotation reagent
adsorption by different fine coal particles on coal flotation.
The authors found that low ash fine coal particles have a very
strong adsorption to both collector and frother, while high
ash fine coal particles have a strong adsorption to collector
but weak adsorption to frother, which indicates that frother
may play a very important role in the recovery of coarse coal
particles (Peng et al., 2015). Other authors studied the effect
of methyl cyclohexane methanol and cyclic frothers, as well
as comparing coal flotation performance with methyl isobutyl
carbinol using two coking coals with different floatability. The
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results showed that it was an effective alternative to methyl
isobutyl carbinol (Hangil et al., 2016).

Without chemical agents (such as collectors and frothers),
flotation would not be possible, and, without froth flotation,
the mineral processing industry would not have developed
as we currently know it. Thus, it is important to understand
the effect of the collector and the frother, as well as their role
in the performance of the process (recovery and selectivity),
especially when Colombian coals are used. The objective of
this work was to obtain the highest ash content reduction
with the highest mass yield production of two Colombian
coal samples using diesel oil (collector) and Flomin F-425
(frother) (information on the use of this frother agent is scarce
with regard to cleaning Colombian coals) using a test-rig loop
flotation column. One coal sample with high ash content
and one with low ash content were selected to evaluate
the effectiveness of the reagents (effect) on the selectivity
and performance of the process. It should be noted that,
theoretically, when a sample has low ash contents, it is more
difficult to reduce this value through a cleaning process,
because the mineral matter associated with this type of coal
(low ash) is normally part of its molecular structure, thus
making it very difficult to remove through a physical cleaning
process.

Experimentation

Materials and equipment: Two Colombian coal samples,
Caypa (North zone) and Guachinte (South western zone),
were selected in this research, one with low ash content
(Caypa) and another with high ash content (Guachinte) to
evaluate the selectivity and performance of the flotation
system. The coal particle size used in the flotation column
runs was -400 mesh (38 pm), according to the liberation study
results. Diesel oil (with a density of 832 kg/m3) and Flomin
F-425 (a mixture of alcohol-glycol ether with a density of
1009 kg/m3) were used as collector and frother, respectively.

In this project, a 0,05 m diameter, 2 m high flotation column
was used. The feed flow rate was 1,25 m, measured from
the bottom of the column, while the static mixer for bubble
generation and air flow rate was 0,2 m from the bottom
of the column. To measure pressure drops, two pressure
transmitters were installed along the flotation column (PT1
and PT2). A Danfoss solenoid proportional valve was selected
along with a PLC (programmable logic controller). Finally, for
communication between control valve and controller, the NB
Omron Designer interface was used (Pifieres et al., 2019).
The test-rig loop flotation column diagram is presented in
Figure 1.

In this work, for the contact angle measurements, a goniome-
ter (Rame-Hard) was used using the sessile-drop technique.
For the preparation of the polished section specimens, the
coal samples were introduced into a hardener solution. Subse-
quently, the specimens were subjected to a polishing process
with sandpaper and, finally, with a solution of aluminum
oxide. For each specimen, ten contact angle measurements
were made at different sites on the surface of the coal and



then averaged. Measurements were made with methylene
iodide and double distilled water. These experiments were
reproducible within + 2°. Further description of the experi-
mental development is provided in the referenced literature
(Brady and Gauger, 1940; Gutiérrez et al., 1984; Pifieres
and Barraza, 2011). For FTIR analysis, Shimadzu IRAffinity-
1 equipment was used to account for the identification of
functional groups on the coal samples.

Feed (Water+ coal + collectar +
frother)

Clean
Coal

Rl Air Rommeter

RZ: Water Rotameter
WWash water
Static

-
]
N Bir 1|

Campressar

PTI and PT2

Pressure Transducer

FLC

Tailing \E%’%

Figure 1. Schematic representation of the test-rig loop flotation column.
Source: Authors

Control Yahe

Flotation test: Initially, water was added to the preparation
tank. Then, the collector was added to the desired concentra-
tion, and the specific quantity of coal and frother was added,
which produced a slurry concentration of 2,5% w/w used
in all experimental tests. This slurry was mixed for 10 min
until a homogeneous mixture was obtained. Finally, the feed
valve was opened until the desired level height (interface)
was obtained inside the flotation column. Table 1 shows a
summary of the operating conditions used in the flotation
column. The tuning process of the level control loop depends
on pressure drop data obtained by the transducers. A set
point was selected for the pressure transducers (1,01 psi), in
which a froth depth of 58 cm + 3% and a tail velocity (Jsl) of
0,76 cm/s = 6% were maintained inside the flotation column
in accordance with the design (Bellich, 2016). The float and
tailing streams were collected in containers and subsequently
filtered, dried, and prepared for the necessary analyses.

Table 1. Operation parameters

Parameter Values (cm?/s)
Feed flow rate 13,6
Tailing flow rate 14,9
Wash water flow rate 2,2
Bias flow rate 1,3

Source: Authors

Experimental design: In this research, a response surface
methodology was used (Hicks, 1982; Montgomery, 2013),

PINERES-MENDOZA, BARRAZA-BURGOS, AND BELLICH-FERNANDEZ

where the effect of diesel oil (collector) and a mixture of
alcohol-glycol ether (frother) on mass yield and ash content
of two coal samples was evaluated. Table 2 shows the coding
used during the experimental development (A: collector con-
centration, B: frother concentration). Collector concentration
was selected because of its influence on coal hydrophobic-
ity, while frother concentration was selected because of its
influence on bubble diameter.

Table 2. Data and nomenclature

Nomenclature code Values
A (Collector) -1 Low level: 0,64 kg/ton of coal
1 High level: 1,28 kg/ton of coal
0 Mid level: 0,96 kg/ton of coal
*1 Low axial level: 0,32 kg/ton of coal
*2 High axial level: 1,60 kg/ton of coal
B (Frother) -1 Low level: 20 ppm
1 High level: 40 ppm
0 Mid level: 30 ppm
*1 Low axial level: 10 ppm
2 High axial level: 50 ppm

Source: Authors

The experimental error was 5%. Initially, experimental tests
that make up factorial design and its center points were
performed. Later, the correlation between the response
variables and the input variables was determined using a
second-order model. If the quadratic terms (curvature) were
not significant, the experimental test stopped and the data
were fixed to a first-order correlation. Otherwise, it was
necessary to perform the axial points and propose a new
model (Hicks, 1982; Montgomery, 2013). The ash analysis
was performed in duplicate, and the deviations from the
average value of the response were a mass yield of 5% and
an ash content of 0,5%.

Results and discussion

Coals: Tables 3 and 4 show the proximate analysis and
contact angle values of raw coal.

Table 3. Properties of coal samples (raw)

Analysis (db) Caypa coal Guachinte coal

Volatile matter (%) 40,89 29,80
Ash (%) 3,97 31,40
Sulphur (%) 0,65 0,80

Heat value (KJ/Kg) 32003 21174

Source: Authors

Table 4. Contact angle values of coal samples (raw)

Contact angle Caypa coal Guachinte coal
Distilled water + 2° 63,1 60,9
Methylene iodide + 2° 27,2 31,0

Source: Authors

INGENIERIA E INVESTIGACION vor. 42 No. 1, ApriL - 2022 3 of 8
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The results indicate that Caypa coal and Guachinte coal
are bituminous (Leonard and Hardinge, 1991). Caypa coal

exhibits higher values in volatile matter than Guachinte coal.

It was observed that the ash content for Guachinte coal

(31,4%) exhibits a higher value than Caypa coal (3,97%).

Caypa coal and Guachinte coal had relatively close sulfur
contents (0,65 and 0,8%, respectively). Ash content, heat
value, and contact angle are correlated with each other, as
can be seen in Tables 3 and 4, where Caypa coal has a
low ash content (3,97%) with a higher heat value (32003
KJ/kg) and contact angle (63,1°), compared to Guachinte coal,
which has higher ash content (31,40%), with low heat value
(21174 KJ/kg) and contact angle (60,9°). These results may
be attributed to the difference in hydrophobic sites on the
coal surface of each sample, indicating that the Caypa coal
could have a higher degree of hydrophobicity than Guachinte
coal. This result may be due to the chemical (quantity and
types of functional groups on the surface of the coal) and
geological nature of each sample. The contact angle values
in methylene iodide are lower than those measured with
water (Table 4), which could be due to the increase in the
dispersion component on coal surface. (Gutiérrez et al., 1984;
Piferes and Barraza, 2011, 2012). Figures 2 and 3, which do
not have the same scale, show the spectra obtained using
Fourier Transform Infrared Spectroscopy (FTIR) on both coal
samples, with which it was possible to qualitatively identify
the functional chemical groups present. Qualitatively, the
intensity of each peak at a given wavelength is considered to
be directly related to the group concentration. The spectrum
shows a vibration variety corresponding to groups such as:
-NH-NH,-OH- (3 400-3 700 cm™!), CH,, CH3 (2 850-2
920 cm™!), -C=0-0O-CO, C=C-OH (aromatic), C=0, C=C,
aromatic —OH (1 580-1 800 cm™!), minerals (460-540 and 1
000-1 050 cm™1), aromatic (600-920 cm~1), C=0, aromatic—
O-aromatic (1 100-1 380 cm™}), nitrite groups attached to
alkenes and aromatic structures (1330-1 530 cm™!), short
aliphatic chains (2850 cm™), and long aliphatic chains (2920
and 3920 cm™1).

022
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0.20 vpa

018

2358
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Figure 2. FTIR Analysis for Caypa coal.
Source: Authors

It is worth highlighting that these bands represent characteris-
tic groups, and a specific structure cannot be specified, which
may be attributed to the complex chemical structure of coal.
For example, the C=C group can be attached to simple or
complex aromatic structures. The characteristic wavelengths

4 0f 8  INGENIERIA E INVESTIGACION voL. 42 No. 1, ApriL - 2022

of these groups were taken from other works carried out with
bituminous coals (Sobkowiak et al., 1984; Cooke et al., 1986;
Solomon and Carangelo, 1988; Shu et al., 2002). Based on
the reported wavelengths, Figure 3 shows that Guachinte coal
presents a large number of functional groups that contain
oxygen, -C=0-0O-CO, C=C-OH (aromatic), C=0, C=C,
and aromatic—(OH) in comparison with Caypa coal (Figure 2).
Caypa coal has less minerals than Guachinte coal, which can
be corroborated through proximate analysis (Table 3), with
Guachinte coal having the highest mineral quantity (Table 3)
and the highest intensity of the corresponding band. Caypa
coal has a lower concentration of the aromatic-O-aromatic
group compared with Guachinte coal. It was also observed
that the two coal samples show close values regarding the
CH,, CH3 and -NH-NH,—OH- groups.
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Figure 3. FTIR Analysis for Guachinte coal.
Source: Authors

Effect of Flomin F-425 and diesel oil on mass yield and ash
percentage of the clean coal: The effect of collector and
frother concentration on mass yield, ash content, and ash
removal of floats on a dry basis is shown in Table 5. It was
observed that Caypa coal reported a yield higher than 80%
(84,63-98,39%). The highest value was obtained by adding
1,28 kg/ton of coal and 40 ppm of collector and frother
concentration, respectively; while, for the Guachinte coal,
a yield range between 74,63 and 94,71% was obtained. Its
highest value (94,71%) was reached at 0,96 kg/ton of coal of
collector concentration and 30 ppm frother concentration. It
is also shown in Table 5 that, for all the conditions used in the
experimental procedure, the coal samples generally showed
a significant decrease in the ash content with respect to their
initial value (3,97 and 31,4%, Table 3). The largest value in
the ash removal for Caypa coal was 83,75% (0,65% of ash
content), obtained at a collector and frother concentration of
0,64 kg/ton of coal and 20 ppm, respectively; whereas, for
Guachinte coal, the greatest ash removal value was 71,46%
(8,96% of ash content), which was reached at 0,96 kg/ton
of coal of collector concentration and 10 ppm of frother
concentration.

It is worth highlighting that the obtained ash content of 0,65%
is the lowest value reported in the literature using a single-
stage test-rig loop flotation column (without chemical reagent
addition such as HF and HCI, among others), which is con-
sidered to be an ultra-clean coal obtained through a physical



cleaning process. The sample had an initial ash content of
3,97%, which is considered relatively low. Theoretically, the
lower the ash content in a coal sample, the greater the degree
of difficulty in reducing this value through a physical cleaning
process, because the mineral matter associated with this coal
type (low in ash) is normally part of its molecular structure,
thus making it very difficult to eliminate. This indicates that
the coal sample used had a high degree of mineral matter
release. Likewise, the flotation column had a bubble size dis-
tribution that promoted a good bubble-coal particle adhesion,
thus proving the effectiveness and selectivity of test-rig loop
flotation columns (Pifieres and Barraza, 2012).

Table 5. Results of float samples

CC(kg/ton)/ Mass yield (wt %) Ash (wt %) db  Ash removal (wt %) db

FC(ppm) Caypa Guachinte Caypa Guachinte Caypa  Guachinte
0,64/20 84,63 84,65 0,65 11,71 83,75 62,71
0,64/40 90,97 89,94 1,12 13,98 72,00 55,48
1,28/20 91,34 82,04 0,76 11,84 81,00 62,29
1,28/40 98,39 91,20 1,33 17,83 66,75 43,22
0,96/30 96,67 90,02 0,94 14,95 76,50 52,39
0,96/30 97,59 9471 0,85 1588 78,75 49,43
0,96/30 9562 90,90 0,96 1510 76,00 51,91
0,96/30 97,46 92,49 1,13 14,93 71,75 52,45
0,96/30 96,00 94,51 122 1522 69,50 51,53
0,96/50 97,74 86,18 1,61 1542 59,75 50,89
1,60/30 97,32 84,80 124 12,28 69,00 60,89
0,96/10 90,98 74,63 0,68 8,96 83,00 71,46
0,32/30 91,34 88,94 0,74 16,99 81,50 45,89

Source: Authors

The results show that the mass yield tends to increase with
the frother concentration increase for the two coal samples
(Table 5). The maximum mass yield values for Caypa coal
(98,39%) and for Guachinte coal (94,71%) were obtained by
adding 40 and 30 ppm of frother concentration, respectively;
whereas, for ash removal, an opposite effect was observed:
with the frother concentration increase, the ash removal
tends to decrease (the ash content increases when the frother
concentration increases) for both samples. The maximum
value of the ash removal for Caypa coal was 83,75% (the
lowest value for ash content was 0,65%), and, for Guachinte
coal, it was 71,46% (ash content of 8,96%). They were
obtained when 20 and 10 ppm of frother concentration were
added, respectively.

The high mass yield obtained at high frother concentrations
is due to the decrease in bubble diameter obtained under
these conditions (increase in the frother concentration) as a
consequence of water surface tension decrease (Fuerstenau
and Pradip, 1982; Finch et al., 2008; Pineres and Barraza,
2012). This effect may be attributed to mass transfer at the
water-frother interface, which produces a surface tension
gradient, thus generating spherical, small-sized air bubbles
with a rigid surface (increase in available surface area of air
bubbles) and, likewise, increasing air bubble hydrophobicity,
favoring particle-bubble adhesion and increasing the mass
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yield. According to the results in Table 5 we can see that
the test-rig loop flotation column used reported a good
performance for coal beneficiation (Fuerstenau and Pradip,
1982; Finch et al., 2008).

The frother used was Flomin F-425, a non-ionic, completely
water miscible reagent that has a hydrophilic polar group
(mixture of alcohol) at one end and a hydrophobic non-polar
group (glycol ether) at the other. Its molecular structure
can be represented as: CHj3-[-O-C3Hs],-OH. Due to its
amphiphilic nature, Flomin F-425 orients its hydrophilic group
(polar) towards water, while its hydrophobic group (non-
polar) is oriented towards the air bubble. The action of
Flomin F-425 at the air bubble-water interface seems to
be halfway between being completely lying down and fully
standing, which suggests the formation of loops and coiling
up at the interface with the frother molecule. The addition of
Flomin F-425 to the slurry (coal-water) breaks the hydrogen
bridges that form the water molecule (the hydrogen bridges
create high surface tension in the water) and decreases
its surface tension, causing the molecules to tend to lie at
the surface, possibly increasing the viscosity of the froth
and, therefore, their stability. The action of this frother
can be attributed to the interaction of the Flomin F-425
oxygenated polar group (Flomin F-425 has several oxygenated
groups in the molecular chain), which acts strongly with the
oxygen-containing functional groups on the surface of the
coal through hydrogen bridges (decreasing hydrophilic sites
on coal surface), thus generating a stable coal particle-bubble
adhesion (Fuerstenau and Pradip, 1982; Finch et al., 2008;
Gupta et al., 2009).

Table 5 shows that the mass yield tends to increase lightly
with the collector concentration increase for Caypa coal, the
maximum mass yield value (98,39%) was reached when 1,28
kg of collector/ton of coal was added. On the other hand, the
opposite effect occurred with ash removal; when the collec-
tor concentration increases, ash removal tends to decrease
slightly (ash contents increase with the collector concentra-
tion increases). The maximum value of the ash removal
for Caypa coal was 83,75% (ash content of 0,65%), which
was obtained at 0,64 kg of collector/ton of coal. Similarly,
for Guachinte coal, the mass yield tends to decrease when
the collector concentration increases. The maximum value
obtained for mass yield (94,71%) was reached when 0,96
kg of collector/ton of coal were added. The opposite effect
occurred once more with ash removal; with the increase in
collector concentration, ash removal tends to increase slightly
(ash contents decrease when the collector concentration in-
creases). The maximum ash removal value for Guachinte
coal was 71,46% (ash content of 8,96%), which was obtained
at 0,96 kg of collector/ton of coal.

Diesel oil, a non-polar type of hydrocarbon (insoluble in wa-
ter), was used as collector. It is approximately 75% aliphatic
and 25% aromatic with the following molecular structure:
CiaHyg. It adheres to the coal surface in order to increase
hydrophobicity and improve particle-bubble adhesion. The
action mechanism of diesel oil may be due to the interaction
of the non-polar chain with the carbonaceous (hydrophobic)
sites on the surface, displacing the water molecules and
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facilitating their adhesion. The action of this collector can be
attributed to hydrophobic bonding of the aliphatic chain and
7t bonding of the aromatic rings with the hydrophobic and
aromatic sites on the coal surface (Jia et al., 2002).

The differences in the behavior of the two coal samples with
respect to the employed frother and collector concentrations
mainly depend on the mineral types, occurrence mode, and
ion concentration (valence) of the coal structure. Never-
theless, the liberation grade of the mineral matter during
the grinding process and the interaction between flotation
reagents (collector and frother) and coal surface affects floata-
bility and the selectivity of the test-rig loop flotation column
(Fuerstenau et al., 1983; Arnold and Aplan, 1986a,1986b).

Statistical analysis: The data for mass yield and ash content
were statistically analyzed using the Design Expert software.
Table 2 presents the nomenclature used, and Table 6 shows
the results of the statistical analysis of the variables and
their interactions. The regression models for each coal are
described using Equations (1) to (4):

Caypa coal:

1/Mass yield = 0,01034535 — 2,38E*A — 2,69E™*B
+2,04E7*AB + 1,77E7*A?
+1,77E"*B? - 3,28E7*AB
+8,12E°AB?

(1)

1/Ash(db) = 0,99731899 — 0,19265115A
—0,30033308B + 0,02042366AB
+0,05638366A2 + 0,03985948B>
—2,05E72A?B +0,10173877AB>

(2)

Guachinte coal:

Mass yield = 95,53 — 0,8381A + 3,79B

(3)
+1,09AB — 2,03B% — 5,26B2

\JAsh(db) = 3,9 — 0,2184A + 0,33B + 0,1162AB
—0,0263A% — 0,2028B> (4)
—0,0554A%B + 0,344AB?

For both studied coals, Table 6 shows that these model
equations have a significant effect (F > Fc), whereas the lack
of fit shows no significant effect (F < Fc), thus indicating that
the expression found is a reasonable approximation for the
surface in the region considered in the experiment (Hicks,
1982; Montgomery, 2013).

Table 6 shows that collector and frother concentrations
present a significant effect on mass yield for Caypa coal
(F > Fc), while, for Guachinte coal only frother concentration
presents a significant effect (F > Fc). Meanwhile, collec-
tor concentration does not report any significant effect (F <
Fc). Likewise, curvature effects were found for the different
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variables used, showing that, in the case of mass yield, the
collector and frother concentrations are significant for the
quadratic terms (A2, B%) on Caypa coal (F > Fc), while Guach-
inte coal only reports a significant effect in the quadratic
term of the frother concentration (B?) (F > Fc). It is also
possible to notice that the interaction between AB and A?B
is only significant (F > Fc) for Caypa coal (Hicks, 1982;
Montgomery, 2013).

The significance of the frother concentration on the Caypa and
Guachinte coals indicates an effective interaction between
frother agent and coal surface, which increased floatability.
Nevertheless, bubble hydrophobicity can be increased as a
consequence of the association of water molecules with the
frother’s non-polar group on the surface of the bubbles, thus
promoting coal particle-bubble adhesion. The significance of
collector concentration (F > Fc) on the Caypa coal shows the
interaction between the collector and the coal’s surface. The
opposite effect was observed for the Guachinte coal, where
collector concentration was not significant (F < Fc). This may
be attributed to the lack of affinity between the collector used
and coal surface, due to the differences in their chemical
and mineralogical structures (mineral specie and valence),
surface properties, and the functional groups of the samples.
Therefore, the collector agent shows a different behavior for
each coal sample (Jia et al., 2002).

Table 6 shows that collector and frother concentrations have
a significant effect on ash content for the two coal samples
(F > Fc), while the frother concentration of Guachinte coal
(F > Fo) has a significant curvature effect (B2, AB?). It is
also possible to notice that the interaction AB and AB? is
significant (F >Fc) only for Guachinte coal, which shows
that the flotation reagents (collector and frother) interact
with mineral matter on the surface of the coal, thus affect-
ing the selectivity of the flotation process (Hicks, 1982;
Montgomery, 2013).

Table 6. Result of the statistical analysis of the variables and their
interactions

Mass yield
Caypa

Mass yield
Guachinte

Ash (db) (%)
Caypa

df F F |df F F|df F F|d F F

Ash (db) (%)
Guachinte

Model 7 203 29|5 11,0 3,1|7 80 29|7 488 29
A 1 119 66[1 09 56[1 89 661 489 66
B 1 152 661 192 56| 1 216 61| 1 111,7 66
AB 1 88 661 08 56[1 01 66[1 138 66
A2 1 11,4 661 48 56[1 13 66[1 12 66
B? 1 11,4 66| 1 322 561 06 66|1 733 66
A%B 1 11,3 6,6 1 00 661 16 66
AB? 1 00 66 1 12 661 607 66
Residual 5 7 5 5

lackoffit |1 70 773 18 661 04 77|1 39 77

Pure error | 4 4 4 4

Total 12 12 12 2,912 488 2,91

Source: Authors



PINERES-MENDOZA, BARRAZA-BURGOS, AND BELLICH-FERNANDEZ

The differences in the values of the mass yield and ash content
may be attributed to the differences in the hydrophobicity
of each coal, as a consequence of the different degrees
of carbonization, petrographic composition, mineralogical
distribution, and chemical nature.

Conclusions

Caypa and Guachinte coals presented high mass yield values
and low ash content values for all flotation column operation
conditions. Caypa coal reporded a yield higher than 80%,
(84,63-98,39%), and the highest value was reached by adding
1,28 kg/ton of coal and 40 ppm of collector and frother
concentration, respectively; while Guachinte coal obtained
a yield range between 74,63 and 94,71%. Its highest value
was obtained at 0,96 kg/ton of coal of collector concentration
and 30 ppm frother concentration. The lowest ash content
value for Caypa coal was 0,65%, obtained at collector and
frother concentrations of 0,64 kg/ton of coal and 20 ppm,
respectively; whereas, for Guachinte coal, the lowest ash
content value of ash content was 8,96%, obtained at 0,96
kg/ton of coal of collector concentration and 10 ppm of
frother concentration. For Caypa coal, the mass yield tends
to increase (low ash removal) when the collector and frother
concentrations increase, while the mass yield of Guachinte
coal tends to decrease (high ash removal) when the collector
concentration increases (low ash removal) at high frother
concentrations. The ash content of 0,65% obtained is the
lowest value reported in the literature using a single-stage
test-rig loop flotation column.
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A Structural Design Comparison Between Two Reinforced
Concrete Regular 6-Level Buildings using Soil-Structure
Interaction in Linear Range

Comparacion de diseno estructural entre dos edificaciones de concreto
armado de seis niveles utilizando interaccion suelo-estructura en el
rango lineal

Nelson A. Lépez M.(5', Gabriela E. Pérez M.(»2, Christian F. Castro P.(93, Juan C. Vielma P.(9*, Leonardo
J. Lépez M.(»°, José D. Alviar M.(5%, Carlos A. Romero R.(®7, David P. Guerrero C.(5%, and Vanessa V.
Montesinos M.(?°

ABSTRACT

Structural engineers commonly design superstructures as fixed at the base and transmit the reactions to the infrastructure in order
to design the foundation system and estimate the displacement of the soil while disregarding the change in seismic response that
this induces. In this article, the foundation system was transformed into equivalent springs, and the seismic response in the linear
range was compared and quantified, obtaining results such as increased periods, increased amounts of steel reinforcement in beams
(between 7% and 25%) and columns (between 29% and 39%), an increase in the number of stirrups per linear meter (between 3%
and 11% in columns and between 5% and 45% in beams) and drifts (between 1% and 14%), and a decrease in basal shear (up to
20%), which directly affects the design of the structure. This study concludes that the inclusion of the soil-structure interaction is
necessary for structural design in the linear range.

Keywords: seismic response, foundation system, soil-structure interaction, linear range

RESUMEN

Comunmente, los ingenieros estructurales disefian superestructuras como empotradas en la base y transmiten las reacciones a la
infraestructura para disefiar el sistema de cimientos y estimar los desplazamientos del suelo, obviando el cambio en la respuesta
sismica que esto induce. En este articulo se transformd el sistema de cimientos en resortes equivalentes y se compard y cuantifico la
respuesta sismica en el rango lineal, obteniendo resultados como aumento de los periodos, aumento de las cuantias de acero de
refuerzo en vigas (entre 7%y 25 %) y columnas (entre 29 % y 39 %) un aumento de la cantidad de estribos por metro lineal (entre 3 %
y 11 % en columnas y entre 5% y 45 % en vigas) y las derivas (entre 1%y 14 %), y una disminucion de cortantes basales (hasta 20 %),
lo que afecta de forma directa el disefio de la estructura. Este estudio concluye que es necesaria la inclusion de la interaccion suelo
estructura en el disefio estructural en el rango lineal.

Palabras clave: respuesta sismica, sistema de cimientos, interaccion suelo-estructura, rango lineal
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A STRUCTURAL DESIGN COMPARISON BETWEEN TwoO REINFORCED CONCRETE REGULAR 6-LEVEL BUILDINGS USING SOIL-STRUCTURE INTERACTION IN LINEAR...

Introduction

Structural engineering always aims for the best way to rep-
resent a real structure in a mathematical model in order to
obtain the best approach to the reality. Soil-structure interac-
tion is one of many ways to get closer to the behavior of a real
structure. There are many ways to represent this relationship:
it could be static or dynamic, linear or non-linear, and the
possible combinations among them (Zeevaert, 1980; Mejia-
Bermejo, 2017; Hernandez-Velasco, 2013; Galicia and Ledn,
2007; Villareal, G. 2009). To represent soil and substructure
displacements, it is necessary to calculate the foundation
system, in order to substitute it with equivalent springs using
the concepts of rotational and translational stiffness (Uribe-
Escamilla, 2000; Weaver and Gere, 1990; Lopez et al., 2019),
which express that a structural element can be represented
through its rotational and translational stiffness coefficients,
as shown in Equations (1) and (2).

F =Krd (1)

F = Kr0 (2)

where F is the force applied on a structural element; Kr
is the element’s translational stiffness constant; d is the
displacement in the force’s direction; M is the torsional or
bending moment applied on the structural element; K is the
element’s rotational stiffness constant; and 6 is the rotation
in the moment’s direction. To make soil-structure interaction
possible, it is necessary to obtain the values of F, 4, M, and
0. Thus, the values of Kt and Kg, can be calculated for each
direction, representing the equivalent spring constants for the
foundation system, as shown in Figure 1. It is worth noting
that that Kr and F = Kg remain linear, with a single value for
each direction (Wu and Pantelides, 2019).

4
K - %KD

Figure 1. Equivalent springs for foundation system.
Source: (Castro-Pilco and Pérez-Martinez, 2020)

After calculating the equivalent springs, the initial structural
model fixed at the base is submitted to a new structural
analysis using springs (Figure 2), thus allowing changes in
global stiffness and, hence, a variation in the results.

Methodology

This research was based on basic structural concepts for soil-
structure interaction in linear range. The structure used for
this research was residential and consisted of six levels, one
elevator, one stair module, with 3 types of foundation soil and
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Figure 2. Structural model with fixed supports (left) and equivalent
springs (rigth) at the base.
Source: (Authors)

spectral parameters typical from Quito, Ecuador. The main
objective of this research was to quantify the differences in
seismic response and structural members design of the same
regular reinforced concrete structure using soil-structure in-
teraction in linear range. Basic structural dynamics applied to
building analysis and design explains how to obtain the main
structural criteria in order to accept or reject the structural
member cross section, with the vibrational modes, periods,
and drifts being the most important, including the force di-
agrams for structural member design. Based on the basic
concepts of structural dynamics, the modal matrix and the
structure’s frequencies can be calculated from Equations (3),
(4), and (5).

[M]{} + [C] {#} + [Ke] {x} =0 (3)
¢ = eigenvectors {[Ke],[M]} 4)
w? = eigenvalues {[Ke],[M]} (5)

where [Ke] is the structure’s equivalent stiffness matrix, which
depends on the cross section, inertia, length, supports, and
material of each structural member for 2D planar analysis;
[M] is the mass matrix of the structure; [C] is the matrix
of damping factor, which is considered to be constant in
this research; ¥ is the structure acceleration vector; x is the
structure velocity vector; x is the structure displacement
vector; ¢ is the modal matrix; and w is the angular velocity
for each vibrational mode.

In this research, three different inelastic spectra were consid-
ered, and the general solution was obtained by performing
modal-spectral analysis, with modal truncation for three vi-
bration modes per floor, and then obtaining the response of
each degree of freedom (DOF) by applying Equations (6) and
(7).

Dy + 28w, Dy + WDy, = ilg (6)
T
M
Uy = (nbn L¢nDn (7)
my

where C, is the damping value per mode; w, is the angular
velocity per mode; D, is the modal displacement value per
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mode; ii, is the spectral acceleration; t is the directional vector
for the spectral acceleration (x, y, z); u, is the displacement
for each DOF and each vibrational mode; m is the modal
mass; and 7 is the number of each vibrational mode. The
total response is estimated through the CQC method. These
calculations were made with Autodesk Robot Structural 2020,
academic version (54711, 900-95470127).

The [Ke] factor is the key for the structural changes in results
using soil-structure interaction due to the change in stiffness
in the first level, which directly affects global stiffness. If a
structure is assumed to be fixed at the base or uses equiv-
alent springs, stiffness changes according to the case. The
fixed element has translational and rotational restrictions at
the base, whereas the non-fixed element has no restrictions,
thus allowing displacements and rotations at the base and
increasing displacements. According to the literature (Fal-
coni, 2008; Chopra, 1980); Reyes, 1998; Paz, 1992), stiffness
decreases are in accordance with equivalent stiffness the-
ory, which expresses an equivalence with the configuration
through Equation (8), for springs in parallel arrangement, and
Equation (9), for springs in continuous arrangement.

Ke=Zn:K (8)
1

1 |

Ez;ﬁ 9)

The stiffness modification at the base directly affects the [Ke]
structure matrix, modifying the periods, frequency, modal re-
sponse, and modal displacements. Some studies express that
damping is another important factor (Lutes and Sarkani, 1995;
Cruz, and Miranda, 2017). However, this value has remained
constant, imposing a 5,00% damping value corresponding to
structures provided with reinforced concrete.

Analysis and discussion

Inelastic design spectrum

This research was based on three typical soil types from the
city of Quito, Ecuador, with an acceleration value on rock
according to a seismic hazard of 0,40 g. The three soil types
were A, C, and E, based on the scale from A to E, with A
being the best soil type, with a shear wave velocity greater
than 1500,00 m/s; C, an intermediate soil, with shear wave
velocities between 360 m/s and 760 m/s; and E, the worst
soil type, with a shear wave velocity of less than 180 m/s.
The inelastic spectrum by soil type used for the analysis
are shown in Figure 3, as a fraction of gravity according
to the Ecuadorian building regulations for seismic hazard
(NEC, 2014).

Fixed superstructure analysis and design

The first step in the analysis is the correct design of the
structure, in accordance with the regulations (ACI, 2014
2019; NEC, 2015; ASCE/FEMA, 2000), aiming to guarantee a

= Inelastic spectrum

0.18 e S011 A

-==Soil C —--Soil E

0,00 1,00 200 3,00 4,00 5,00
Period (s)

Figure 3. Inelastic seismic design spectrum for each soil type.
Source: Authors

good capacity, stiffness, and seismic response. Vibrational
modes and displacements (mm) for the three main periods
are shown in Figures 4, 5, and 6 for modal analysis with fixed
structure. Note that these displacements are the result of
the application of Equations (6) and (7) for each DOF and for
each vibrational mode.

Figure 4. First vibrational mode (period 0,78 s).
Source: Authors

Figure 5. Second vibrational mode (period 0,65 s).
Source: Authors

Substructure analysis and design

Following the traditional procedure, reactions from the super-
structure are turned into actions on the substructure, in order
to analyze and design the foundation system for the three
soil types. The sizes of the foundations have been selected
so as not to exceed the allowable stresses at the foundation
level, which are represented in Figures 10 and 11 by soil
type. The influence of the foundation system was checked,
concluding that there was no considerable difference in stress
and displacements. The foundation system was analyzed
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using equivalent springs for vertical displacements at the
base to simulate soil elasticity (Figure 7), based on Ballast
coefficient (Meli Piralla, 1986). The equivalent soil stiffness
is shown in Table 1, using a finite element node spacing of
25 cm (de Macedo Wahrhaftig, 2020) (Figures 8 and 9).

oes il
g

o

Figure 6. Third vibrational mode (period 0,58 s).
Source: Authors

28 Edge(9)

Figure 7. Isolines for displacements.
Source: Authors

FX=-5226.944

FY=-5867.319

FZ=-423161.851

M(X,Y,Z)=(3549.027 -4366.901,156.906)

Figure 8. Foundation system using equivalent springs at the isolated
foundation base (kN, kN.m).
Source: Authors

Table 1. Ballast coefficient for each soil type

Ballast Coefficient ~ Equivalent stiffness

Soil type

(N/em®) (N/cm)
A 470,88 294 300,00
B 196,20 122 625,00
C 78,48 49050,00

Source: Authors

The definitive dimensions for each foundation system and for
each soil type are shown in Figures 10 and 11, according to
(Pérez-Valcarcel, J., 2013; Garza-Vasquez, 2000; Paz, 1992).

B 40f10  INGEniERIA E INVESTIGACION voL. 42 No. 1, ApriL - 2022

FX=-8561.205

FY=4880.770

FZ=-966295.316
M(X,Y,Z2)=(-9697.796,-10822.619,464.835)

“ FX=4599.319
FY=4496.349
b FZ=-976512.864
; M(X,Y,2)=(-8827.946,1867.186,401.092)
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Figure 9. Foundation system using equivalent springs at the combined

foundation base (kN, kN.m).
Source: Authors
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Figure 10. Foundation system for soils A and C (m).
Source: Authors

Figure 11. Foundation system for soil E (m).
Source: Authors

According to Equations (1) and (2), stiffness constants for
each soil type are shown in Tables 2 to 7. After calculating
the equivalent spring constants, the fixed supports were
replaced, thus changing structure stiffness. Please note that,
on average, stiffness decreases for soils A to E, with soil A
being the best, and E the worst in terms of behavior.
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Table 2. Equivalent translational springs constant for soil A

Translational stiffness (MN/m)

Axis 4 3 2 1

A kx 164,41 127,78 126,47 56,81
A ky 50,99 21,72 59,45 63,80
A kz 103000 1442,00 1442,00 765,19
B kx 242,20 122,52 131,38 49,58
B ky 56,22 30,46 59,48 62,03
B kz 117700 117700 1177,00 1000,00
C kx 158,67 124,10 126,78 62,73
C  ky 55,48 58,61 52,50 63,09
C kz 117700 117700 1177,00  1000,00
D kx 202,59 134,92 125,81 50,78
D ky 54,24 72,36 41,95 84,62
D kz 1030,00 1442,00 144200 765,15

Source: Authors

Table 3. Equivalent rotational springs constant for soil A

Rotational stiffness (MN.m/rad)

Axis 4 3 2 1
A kx 393,65 243,77 247,05 94,97
A ky 23322 267,74 169,1 77,18
A kz 540 6,40E7*  8,30E°  1,50E*
B kx 196,61 25429 247,51 113,36
B ky 220,77 250,66 169,24 81,66
B kz 9,50E-05 2,70E™*  2,40E7°>  7,80E7°
C  kx 400,97 260,23 245,77 76,69
C ky 22048 173,36 189,31 77,78
C kz 2,80E-04 560E* 1,60E*  3,80E°
D kx 287,98 224,1 248,88 111,68
D ky 224,77 134,98 216,23 18,68
D kz  2,20E* 1,80E%  8,80E*  5,00E™*

Source: Authors

Table 4. Equivalent rotational springs constant for soil C

Rotational stiffness (MN.m/rad)

Axis 4 3 2 1
A kx 462,38 243,77 247,05 94,97
A ky 24721 267,74 169,1 77,18
A  kz 490E* 6,40E* 8,30 1,50E*
B kx 196,61 254,29 247,51 113,36
B ky 220,77 250,66 169,24 81,66
B kz 950E° 2,707  2,40E5  7,80E7°
C kx 400,97 260,23 245,77 76,69
C ky 22048 173,36 189,31 77,78
C kz 2,80E* 560E* 1,60E*  3,80E7*
D kx 341,03 224,1 248,88 111,68
D ky 237,49 134,98 216,23 18,68
D kz 1,90E* 1,80E  8,80F* 5,00E*

Source: Authors

Analysis and design of the superstructure using equiv-
alent springs

As shown in Figure 2, the fixed supports were replaced, and
a new modal analysis including the new global stiffness was
made. The first main comparison takes place on displace-
ments and periods, as shown in Figures 12 to 14. Periods
and displacements remained closer with the use of equiva-
lent springs, and they were located at different points of the

Table 5. Equivalent translational springs constant for soil C

Translational stiffness (MN/m)

Axis 4 3 2 1
A k< 19312 127,78 126,47 56,81
A ky 5405 21,72 59,45 63,8
A kz 772,52  1.079,13 1.078 527,32
B kx 2422 122,52 131,38 49,58
B ky 5622 30,46 59,48 62,03
B kz 87672 876,77 876,81 472,11
C kx 158,67 124,1 126,78 62,73
C ky 5548 58,61 52,5 63,09
C kz 87672 876,77 876,81 472,11
D kx 23991 134,92 125,81 50,78
D ky 57,31 72,36 41,95 84,62
D kz 772,54 1079,10 1079,00 527,34

Source: Authors

Table 6. Equivalent translational springs constant for soil E

Translational stiffness (MN/m)

Axis 4 3 2 1
A kx 164,41 127,78 126,47 56,81
A ky 50,99 21,72 59,45 63,8
A kz 103000 1442,00 1442,00 76519
B kx 2422 122,52 131,38 49,58
B ky 56,22 30,46 59,48 62,03
B kz 117700 117700 1177,00 1000,00
C kx 15867 124,1 126,78 62,73
C  ky 55,48 58,61 52,5 63,09
C kz 117700 117700 1177,00  1000,00
D kx 202,59 134,92 125,81 50,78
D ky 54,24 72,36 41,95 84,62
D kz 103000 1442,00 1442,00 76515

Source: Authors

Table 7. Equivalent rotational springs constant for soil E

Rotational stiffness (MN.m/rad)

Axis 4 3 2 1
A kx 393,65 243,77 247,05 94,97
A ky 23322 267,74 169,1 77,18
A  kz 540E*  6,40E* 8,30  1,50E*
B kx 196,61 254,29 247,51 113,36
B ky 220,77 250,66 169,24 81,66
B kz 950E° 2,70  2,40E5  7,80E7°
C kx 400,97 260,23 245,77 76,69
C ky 22048 173,36 189,31 77,78
C kz 2,80E* 560E* 1,60E*  3,80E7°
D kx 287,98 224,1 248,88 111,68
D ky 224,77 134,98 216,23 18,68
D kz 220* 1,80E2 880F* 5,00E*

Source: Authors

structure, in comparison with Figures 4 to 6, which means
that foundation equivalent system reflects a similar response.
On the other hand, results for frequencies and periods are
shown in Tables 8 and 9, and the maximum displacements
are shown in table 10 for each soil type and the first three vi-
brational modes. The frequencies decrease while the periods
increase, as well as the maximum displacements. Addition-
ally, the global stiffness estimate is shown in Table 11, which
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decreases from soil E to soil A, meaning that the stiffness is
not related only to the size of the foundation system, but also
to the Ballast coefficient and the type of foundation (isolated
or combined).

‘ ‘ ‘.-, S £ = ’LQQ'L.Q_ Lod b4

Figure 12. Maximum displacements for soil A (cm): 1 mode on the
left, 2" mode in the middle, and 3"/ mode on the right.
Source: Authors

Figure 13. Maximum displacements for soil C (cm): the 18 mode on
the left, the 2" mode in the middle, and the 3™ mode on the right.
Source: Authors

1137

l,5,b

Figure 14. Maximum displacements for soil E (cm): 15 mode on the
left, the 2" mode in the middle, and the 3" mode on the right.
Source: Authors

Table 8. Frequencies

Frequencies w (rad/s)

Mode  Fixed  Springs (A)  Springs (C)  Springs (E)
1 1,27 1,19 1,18 1,17
2 1,54 1,44 1,42 1,41
3 1,73 1,60 1,59 1,58

Source: Authors

Comparisson between fixed models and with springs
models

To compare the structural response among the fixed and non-
fixed models, a complete design for each soil type was made.
The final dimensions for the fixed structure remained the same
for the non-fixed structure, in order to compare them against

6 of 10 INGENIERIA E INVESTIGACION voL. 42 No. 1, ApriL - 2022

Table 9. Periods

Periods T (s)

Mode  Fixed  Springs (A)  Springs (C)  Springs (E)
1 0,78 0,84 0,85 0,85
2 0,65 0,70 0,70 0,71
3 0,58 0,62 0,63 0,63
Source: Authors
Table 10. Maximum displacements
Maximum displacements (cm)
Fixed  Springs (A)  Springs (C)  Springs (E)
1,158 1,131 1,134 1,137
1,648 1,565 1,531 1,510
2,051 2,002 2,003 2,002
Source: Authors
Table 11. Global stiffness
Kx (kN/mm) Ky (kN/mm) K average (kN/mm)
Fixed 166,69 126,38 146,53
A 129,06 123,17 126.12
C 137,56 100,11 118.83
E 133,79 98,65 116,22

Source: Authors

the reinforcement steel areas and drifts. Reinforcement steel
areas for beams and columns for each model are shown
in Tables 12 to 16. It can be observed that, for soil A, the
required reinforcement increase is related to the stiffness,
which is the highest among the three soil types, approaching
to fixed model (Wahrhaftig and Brasil, 2017).

Table 12. Average required reinforcement

Average required Average required

reinforcement (cm?) reinforcement (%)

Fixed Equn{a[ent Difference
springs
Soil type  As-  As+ As-  As+ As- As+
A 3,98 2,61 437 324 989 24,04
C 4,74 2,90 4,97 3,18 4,75 9,97
E 4,78 2,87 512 3,15 7,05 9,79

Source: Authors

Table 13. Total required reinforcement for beams (entire structure)

Total required reinforcement for beams (cm?)

Fixed EquiYaIent
springs
Soil type As- As+ As- As+
A 312823 205005 3437,65 2 542,90
C 372582 227583 3902,86  2502,73
E 3 759,05 2 256,32 4 024,00 2 477,18

Source: Authors

The increase in positive and negative reinforcement areas
implies an increase in the maximum deflection of beams,
as shown in Table 17. Please note that these increases
were negligible, but, if a structural design is susceptible
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Table 14. Differences on total required reinforcement for beams (entire
structure)

Difference (cm?) Difference (%)

Soil type As- As+ As- As+
A 309,42 492,85 9,89 24,04
C 177,04 226,90 4,75 9,97

E 264,95 220,86 7,05 9,79

Source: Authors

Table 15. Total reinforcement required for columns (entire structure)

Average required Total required reinforcement

reinforcement for columns
(cm?) (cm?)
Soil type  Fixed Equi\‘/alent Fixed EqUiYalent
springs springs
A 16,92 23,54 1 760,00 2 448,51
C 18,12 23,54 1 884,86 2 448,50
E 17,30 23,54 1799,25 2 448,37

Source: Authors

Table 16. Differences on total reinforcement required for columns
(entire structure)

Soil type Difference (cm?) Difference (%)
A 688,51 39,12
C 563,64 29,90
E 649,12 36,08

Source: Authors

to deflections, the amplification must be considered, even
though the increases for positive bending moments are being
countered by the increase in negative bending moments,
thus compensating the deflection increase. For columns, the
quantities of reinforcement areas remain almost equal for
each soil type, but, for all cases, there was a considerable
increase associated with the new bending moments of the
beams.

Table 17. Average maximum deflection for beams

Average deflection (mm)

Level  Fixed A C E
1 412 420 416  -421
2 -4,08  -405 -406 -4,12
3 4,10  -408 -410 -4,13
4 411 -410  -411  -4,14
5 419  -416  -416 -4,19
6 3,37 3,37 -3,37 -3,46

Source: Authors

The direct relationship between bending moment and shear
force implies an increase in shear effects; hence, a measure-
ment of quantities of stirrups per length was established, as
shown in Tables 19 and 20. Please note that stirrups quanti-
ties increase in average for beams and columns, and this is
related to the increase bending moments due to gravitational
effects and the reduction of the stiffness. Tables 21 and 22
show the base shear, and, for soil E, there is an amplification

Table 18. Average ratios for maximum deflection for beams

Average ratios (spring/fixed)

Level A C E
1 1,0196 1,0103 1,0218
2 0,9919  0,9940 1,0087
3 0,9946 0,9998 1,0062
4 0,9991  1,0004  1,0066
5 0,9936  0,9943 1,0009
6 1,0002 1,0009 1,0272
Average 0,9998 0,9999 1,0119

Source: Authors

consistent with these results, whereas, for soils A and C, a
reduction is observed while gravitational forces still increase.

Table 19. Stirrups per length in columns (16 mm)

. . Equivalent Difference
Soil type  Fixed .
springs (%)
A 4,51 4,67 3,55
C 4,71 5,01 6,45
E 4,55 5,03 10,56

Source: Authors

Table 20. Stirrups per length in beams (10 mm)

. . Equivalent Difference
Soil type  Fixed .
springs (%)
A 7,50 7,86 4,8
C 8,88 9,44 6,31
E 7,55 11,00 45,7

Source: Authors

As an example, the calculation of drifts for soil E are shown
in Tables 21 and 22, while the total drifts and ratios for each
soil type are shown in Table 23. Ratios were calculated using
Equation (10). Elastic drifts were calculated according to
(NEC, 2014), which specifies that, if ratio > 1, then drifts
using equivalent springs are greater than drifts using fixed
supports, and vice-versa.

. Equivalent springs drits
ratio = - -
Fixed drifts

(10)

The procedure shown in Tables 21 and 22 was applied to all
frames in both directions to obtain a global average for each
structure (Table 23).

The results for drifts were as expected, which means that they
were greater in models based on equivalent springs than in
the fixed models. Although drifts for models with equivalent
springs are greater, all models still remained within admissible
values, which did not exceed the value of 0,02. Ratios
increased from soil A to soil E, which is related to the global
stiffness, modified due to the change from fixed supports to
spring supports. Torsional irregularity was checked according
to regulations and standards (FEMA, 2006, 2018; NEC, 2014),
by applying Equation (8). If r > 1,4, then the torsional
irregularity is extreme. If 1,2 < r < 1,4, then the torsional
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Table 21. Example for calculation of inelastic drifts for spectral Y
displacements (soil E, one frame)

Spectral (Y)

Equivalent
Level  Fixed (mm)  Drifts springs Drifts ~ Ratio
(mm)
6 29,195 0,004 34,847 0,005 1,15
5 26,665 0,006 31,946 0,007 1,10
4 22,613 0,009 27,499 0,009 1,08
3 17,146 0,010 21,593 0,011 1,07
2 10,671 0,010 14,639 0,011 1,09
1 4,052 0,006 7,432 0,008 1,28
0 0,000 0,000 2,251 0,004 -
Average ratio Y 1,13

Source: Authors

Table 22. Example for calculation of inelastic drifts for spectral X
displacements (soil E, one frame)

Spectral (X)

Equivalent
Level Fixed (mm) Drifts springs Drifts Ratio
(mm)
6 15,662 0,002 17,594 0,003 1,19
5 14177 0,004 15,825 0,004 1,09
4 11,923 0,005 13,369 0,005 1,04
3 9,006 0,005 10,324 0,005 1,02
2 5,617 0,005 6,855 0,005 1,01
1 2,170 0,003 3,365 0,003 1,02
0 0,000 0,000 1,159 0,002 -
Average ratio X 1,06

Source: Authors

Table 23. Average ratios for each soil type (all frames)

Average ratios

Soil type  Spectral X Spectral Y  Average
A 1,04 0,98 1,01
C 1,04 1,01 1,02
E 1,16 1,12 1,14

Source: Authors

irregularity must be considered in the structural analysis and
design by reinforcing columns or changing their configuration
or orientation. If » < 1,2, then the torsional irregularity can
be dismissed from the analysis. The results for torsional
irregularity are shown in Tables 24 to 26.

Table 24. Average ratios for soil A (all frames)

Condition Fixed Equi\{alent
springs
Direction X Y X Y
Displacements (mm) 14,17 13,25 14,58 14,96
965 1531 1062 12,81
Average (mm) 11,91 14,28 12,60 13,88
r(mm/mm) 1,19 1,07 1,16 1,08

Source: Authors

Tables 24 to 26, show that torsional irregularity values remain
admissible, and that the difference between fixed and equiva-
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Table 25. Average ratios for soil C (all frames)

Condition Fixed Equl\falent
springs
Direction X Y X Y
Displacements (mm) 21,71 21,07 26,89 23,75
17,94 24,96 18,81 27,70
Average (mm) 22,83 23,01 22,85 25,73
r (mm/mm) 1,21 1,08 1,18 1,08
Source: Authors
Table 26. Average ratios for soil E (all frames)
Condition Fixed Equl\falent
springs
Direction X Y X Y
Displacements (mm) 22,58 24,93 28,51 34,87
14,22 28,92 18,13 29,88
Average (mm) 18,40 26,92 23,32 32,37
r(mm/mm) 1,23 1,07 1,22 1,08

Source: Authors

lent springs models remain closer. Despite using equivalent
springs, the structure still has admissible values. Additionally,
the ratios for torsional moments were evaluated. Therefore,
if ratio > 1, then the torsional moment increases using equiv-
alent springs and vice versa. The same equation was used
to calculate ratio for base shear forces; Figure 15 shows
the results for base shear forces and torsional moments for
soil C.

Tables 27 to 29 show a decrease in shear forces in directions
X and Y for soil A and C, although, for soil E, an increment is
visible in the direction of the applied spectral forces. These
results reflect that the displacements and rotations at the
base using equivalent springs not only imply that the behavior
of the structure changes for bad (in the form of drifts, rein-
forcement, or increasing torsional moments), but the spectral
forces can also be reduced for each spectral load state. Table
30 shows similar results for torsional moments, decreasing
for soils A and C, and increasing for soil E. These results can
be attributed to the stiffness, given the fact that it decreased
from soil A to E.

T I
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Figure 15. Base shear for soil C (kN, kN.m).
Source: Authors
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Table 27. Soil A (spectral)

X Y
Level Base shear ratio
Fx Fy Fx Fy
6 091 088 087 0,9
5 089 088 088 0,86
4 088 088 088 0,85
3 088 088 089 0,85
2 089 089 09 0,86

1 0,91 0,91 0,91 0,88
Average. 0,89 0,89 0,89 0,88

Source: Authors

Table 28. Soil C (spectral)

X Y
Level Base shear ratio
Fx Fy Fx Fy
6 0,96 0,92 0,93 0,94
5 095 091 093 0,94
4 0,95 092 093 0,94
3 0,95 0,92 0,93 0,94
2 0,96 0,93 0,94 0,95

1 098 095 095 0,98
Average. 0,96 0,92 0,93 0,95

Source: Authors

Table 29. Soil E (spectral)

X Y
Level Base shear ratio
Fx Fy Fx Fy
6 1,05 1,00 1,01 1,00
5 1,05 099 1,01 1,01
4 1,05 1,00 1,01 1,01
3 1,05 1,00 1,02 1,02
2 1,06 1,02 1,02 1,03

1 1,07 1,03 1,03 1,05
Average. 1,05 1,01 1,02 1,02

Source: Authors

Table 30. Ratios for torsional moments for each soil type

Level Soil A Soil C Soil E
X Y X Y X Y
Torsional Moment ratio (Mz)
6 081 09 082 1,02 087 1,08
5 0,81 0,95 0,82 1,02 0,88 1,09
4 0,80 0,95 0,82 1,02 0,88 1,09
3 080 095 0,83 103 08 1,10
2 0,81 0,85 0,83 1,04 089 1,11
1 0,83 0,98 0,85 1,06 0,91 1,13

Av. 081 094 083 103 08 1,10

Source: Authors

Conclusions

According to the results, for this regular structure, soil-
structure interaction in linear range has an impact on the
analysis and design. The former is related with reinforcement
areas for structural elements which increased for positive and

negative bending moments in all the structural models, while
also increasing the quantities of stirrups per length.

Drift values showed an expected increase, being greater for
soil E (14%), which was the most critical in terms of stiffness
and soil resistance, as well as subjected to gravitational and
seismic influences, thus allowing more displacements and
rotations at the base. However, it could be enhanced by
giving more stiffness to its foundation system by mechanically
altering the soil properties to preserve the superstructure’s
cross section.

A similar response was obtained for torsional irregularity,
but, in this case, it remained almost equal in terms of dis-
placement, which is related with stiffness reduction and
increasing displacements. Despite this, the torsional risk is
the same, and it does not imply a significant change in the
superstructure’s design, so it could be enhanced by changing
the substructure’s stiffness.

A structure generally functions as a filter for seismic move-
ment, that is, depending on the structure and its transfer
function, it can be susceptible to the frequencies a certain
earthquake. The transfer function, in turn, depends directly
on the stiffness of the structure; when the structure is fixed
at the base, it has more stiffness than it would with springs
on it, but even so, this does not mean that the structure with
springs at the base will have greater lateral displacements
than the fixed structure, given that, when placing translational
and rotational springs, vertical and lateral displacements and
rotations will occur at the base, which can even reduce lateral
displacement.

The shear forces and torsional moments increased and de-
creased, and so did the drifts, but the stiffness of the structure
with springs decreased, which produced a reduction of shear
forces in soils A and C, but increased with soil E, which is not
the case for torsional moments, (it only increased for soils
C and E). The explanation for this lies in the linear stiffness
of the structure (translational and rotational). In the case
of springs, the stiffness decreased, but the displacements
increased, so there is a compensation comparable to the fixed
model.

It is highly recommended to apply this study for other soil
types and the same structure by optimizing the superstructure
and substructure. Additonally, it is recommended to avoid
displacements with higher variations at the base, which allows
to control additional stresses on the superstructure.
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Overview of the Constitutive Model and Numerical
Calibration by FEM to Compute Bearing Capacity and
Embankment-Core Deformability

Una mirada a los modelos constitutivos y la calibracion numérica
mediante MEF para calcular la capacidad de carga y la deformabilidad
del nucleo del terraplén
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ABSTRACT

Numerical modeling is a powerful tool to determine the stress-strain relationships of structures. However, for a reliable application,
physical and mathematical models must be calibrated and validated. This paper presents an overview of numerical calibration through
the finite element method and plate-load tests in an embankment. Additionally, an analysis of the constitutive models used in soils
is performed, and the elastic-plastic constitutive model of Mohr-Coulomb was selected since it is the best suited for this study.
The results from three test areas within a refinery project that the Cuban government undertook in the province of Cienfuegos are
used. The numerical model used in this study was calibrated by means of the error theory and the non-parametric hypothesis tests
from Mann-Whitney U. From the practical point of view, this study gives two procedures to calibrate the numerical model with
experimental results.

Keywords: constitutive models, load-plate test, finite element method, numerical calibration, embankment stress-strain relationship

RESUMEN

El modelado numérico es una herramienta poderosa para determinar la relacion esfuerzo-deformacion de las estructuras. Sin embargo,
para una aplicacion confiable, los modelos fisicos y matematicos deben ser calibrados y validados. Este articulo presenta una mirada
a la calibracion numérica empleando el método de elementos finitos y ensayos fisicos de placa de carga en un terraplén. Se realiza
ademds un andlisis de los modelos constitutivos empleados en suelos y se selecciona el modelo constitutivo eldstico-pldstico de
Mohr-Coulomb por ser el que mejor se acomoda a este estudio. Se utilizan los resultados de tres dreas de prueba dentro de un
proyecto de refineria que el gobierno cubano llevd a cabo en la provincia de Cienfuegos. El modelo numérico empleado en este
estudio se calibré empleando la teorfa de errores y la prueba de hipdtesis no paramétrica U de Mann-Whitney. Desde un punto de
vista préctico, este estudio brinda dos procedimientos para calibrar un modelo numérico con resultados experimentales.

Palabras clave: modelo constitutivo, ensaye de carga con placa, método de elemento finito, calibracion numérica, relacion
esfuerzo-deformacion en terraplenes
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To determine the stress-strain states generated within em-
bankments due to applied loads and gravity, researchers
have developed analytical and empirical methods (Lamas et
al., 2011; Standing et al., 2020) that enable the design and
enforcement of the project within the admissible parame-
ters of durability and deformability. Moreover, modelling
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OVERVIEW OF THE CONSTITUTIVE MODEL AND NUMERICAL CALIBRATION BY FEM 10 CoMPUTE BEARING CAPACITY AND EMBANKMENT-CORE DEFORMABILITY

techniques have been used to develop constitutive models
(Feng et al., 2020; Jiang et al., 2020; Li et al., 2021). So
far, in Cuba, there are no available studies, either theoretical
or experimental, on construction regulations and standards
under different climatic and traffic conditions concerning the
performance of slopes, such as the design and construction
of the embankments in a highway.

The strength and density levels that must be reached are cur-
rently defined through empirical methods by current Cuban
standards (NC-11, 2005). This mainly limits the design of
embankments of great height because the acting loads exceed
the maximum allowed stress. Thus, the need arises for the
conception and building of a numerical model to simulate,
with admissible error, the stress-strain performance of these
embankment fundamentals in highway projects. Additionally,
this contributes to improving the current official design and
construction standards.

Several numerical methods can be used to calculate the
stress-strain state of a structure: boundary elements, finite
volumes, finite differences, and the finite-element method,
among others (Haftka and Malkus, 1981; Namdar, 2020;
Osipov et al., 2018; Otalvaro and Nanclares, 2009). This
study uses the finite-element method, which, conceptually,
is the breakdown of a continuous physical element into a
discrete number of parts or elements that are connected by a
number of points called nodes. The movements of these are
the main variables to calculate in each problem (Anderson et
al., 2021; Zienkiewicz et al., 2015). Within each element, the
movements of any point are determined from the movements
of the nodes of each element using inverse or semi-inverse

formulations (Alvarez, 2014).

One of the fundamental advantages of using the finite-element
method in these problems is the reduction of experimental
costs once the model is properly represented. However,
the numerical model must be calibrated and validated. In
this study, two calibration procedures are performed: one
by applying the error theory, and the other by using non-
parametric hypothesis tests. The results of the plate-load test
have been used to validate this procedure.

Overview from embankment construction and
design

For a continuous circulation of traffic on highways, with
quality and safety during the period of use, embankments
must meet certain requirements regarding stability, safety,
and strength under the forces exerted by weather and traffic
(Mesa, 2017).

Experience in construction embankments has enabled us to
prepare firm structures under favorable conditions in terms
of topography and materials. However, for problematic
conditions, considering the nature of the materials, as well
as for geomorphology, many authors have indicated the
need to take special safety measures, thus requiring the
development of independent projects for each case, given that
those are special cases that require further study. For example,
Huang et al., (2010) used a two-dimensional finite method
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to investigate the stress and strain of embankments built on
soft ground, with or without treatment of the foundation.
Liu et al. (2004) undertook an experimental study on high
embankment construction for an expressway. Stuedlein et al.
(2010) presented a 46 m design for a mechanically stabilized
earth wall with a fill slope of 2:1 inclination. Ulloa and
Vargas (2007) described a methodology to detect the physical
vulnerability of fillings and embankments on mountains and
slopes. Shan et al. (2009) studied soil compaction, taking into
account the performance of an already built high embankment
vs. the thaw phenomenon; and Guo-xiong et al. (2010)
evaluated slope stability through 2D and 3D analysis in high
embankments. Murata et al. (2020) evaluated pavement and
embankments by means of a superficial technique. Although,
in recent years, many of the studies for road embankments
only focus on pavement and the first layers of the base and
subbase (Albarazi, 2020; Hernandez-Lopez et al., 2020),
others focus on deformational state behavior (Mesa et al.,
2020; Pardo de Santayana et al., 2020).

Soil, unlike any other material, has an extremely complex
behavior, which is dependent on its type, the in situ treatment
received, the compaction level, the state of aggregation, etc.
Therefore, many countries have developed several criteria for
characterizing soils according to their features or the needs
of the project (AASHTO, 2021; PG-3, 2017). Approximately
80% of the materials of the embankment constitute the core,
in which fine-grained materials can be used, such as clays,
silts, and residual soils, if adequate compaction control is
carried out, given the potential deformability.

The methods used in practice to estimate settlements are
often based on in situ tests, such as the Vane cone test, the
Standard penetration test (SPT), and the plate-load test.

The plate-load test can be used as part of a soil inspection
procedure for foundations design (ASTM, 1994). It was
also developed to study the foundation soil of roads and
airports. After being developed and improved, it is currently
an essential test for the calculation and subsequent monitoring
of civil engineering projects. The test is performed in situ
on the soil to measure the vertical settlement due to the
applied load. This test consists of applying a vertical load
on a circular metal plate that is firmly seated and levelled on
the embankment. When the test preparations are verified,
different loads are applied, and the load required for different
strain rates is calculated (Figure 1) (Anyang et al., 2018;
NC-11, 2005; Patel, 2019).

The aim of this study is to demonstrate the calibration pro-
cedure of a finite element model by means of the results
of different plate-load tests applied to embankments con-
structed (physical model) within the project of the refinery
plant built in the province of Cienfuegos, Cuba. Data con-
cerning displacements and loads were used to validate the
numerical models of the embankment.

Different constitutive models have been used for soil model-
ing. These models differ from each other in the parameters
used for the calculation (e.g. responses such as elastic-
plastic, energy dissipation, permanent deformations, etc.)
(Zhang et al., 2021). Examples of constitutive models include
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elastic models, elastic-plastic models, or those based on the
critical state.

Figure 1. Circular plate of charge.
Source: https://www.fing.edu.uy/en/node/7241

Elastic models show a linear relationship between applied
stresses and deformations, where the instant of applying
tension coincides with the moment that the soil deformation
ends. These models clearly do not simulate soil performance
in an adequate way, since they do not consider residual
deformations. However, for the sake of simplicity, they are
useful for modeling the initial stress states of embankments.
Elastic-plastic models consider the elastic and plastic states of
the material. When the remaining deformation is considered,
and hence the stress and displacements are reached in soil
structures, it is possible to predict their behavior against
predetermined load systems. Critical-state models are based
on the study of the energy-dissipation mechanisms within the
soil skeleton, as well as the observation of the macroscopic
behavior of materials.

Incremental hypoelastic models establish a relationship be-
tween stress application velocity and strain velocity using
a tensorial function. Since this requires a large number of
parameters and demanding computer-memory capabilities
when integrated into finite-element programs, it has not
had significant practical applications. The Kondner-Duncan
model, which establishes a hyperbolic function that causes
serious continuity problems, was one of the first models
adapted to simulate the behavior of large masses of soil such
as dam fronts (Mellah et al., 2000).

Hyperbolic models easily represent the stress-strain behavior
for the drained-soil response. The model was initially pro-
posed by Kondner and Zelasko (1963) and was subsequently
presented on an incremental basis by Duncan and Chan
(1970). It assumes that the stress-strain curves of soil can
approximate a hyperbola (Lamas et al., 2011).

From all the models mentioned above, the elastic-plastic
Mohr-Coulomb model was chosen for this research because
the parameters used are readily available, it is best adapted
to the behavior of the soil, and it may reach the maximum
load break with values between 400 and 500 kPa (Gu et al.,
2020; Hai-Sui, 2006; Nieto et al., 2009). The Mohr-Coulomb
criterion assumes that failure occurs when the shear stress at
any point in a material reaches a value that depends linearly
on the normal stress on the same plane. This model is based
on Mobhr’s circle for states of stress at failure on the plane of

the maximum and minimum principal stresses. The break
line is the common tangent to all Mohr circles.

Therefore, the Mohr-Coulomb model is defined by Equation
(1), where ¢ is negative in compression, from the average of
the maximum and minimum Mohr’s circle; ¢ is the cohesion;
0 the friction angle; o m the principal stresses; and S is half
the difference between the maximum and minimum principal
stresses.

T=c—otan (M

Where T = Scos0; 0 = g, + Ssin(t (kPa), ¢ (kPa), o (kPa),
0 (o), S(kPa), oy (kPa)

For general states of stress, it is more convenient to write
the model in terms of three stress invariants, as shown in
Equation (2) (Abaqus/CAE, 2017).

F=Ryug—-ptan0 — c;

1 sin (@ + E)
V3cos ¢ 3

1 T
+ gcos(@+ g)tanqb

Rine (®r¢) =

)

r 2 1
cos (309) = (5), q= 3 (5:8);p= —gtracea,

9 2/3
r= (ES-S:S) ; S=o0+pl

Where 0 is the deviatory polar angle defined (o); g is the
Mises equivalent stress (kPa); p is the equivalent pressure
stress (kPa); r is the third invariant deviatory stress (kPa); and
S is the deviatory stress (kPa).

Study area: geotechnical and geological
framework

The embankments used for the validation tests are in areas
occupied by the facilities of the Camilo Cienfuegos oil refinery.
According to the coordinates of the Lambert conical projection
system, they are in northern Cuba, from 548450 to 550500
and from 261000 to 264 300. Its height ranges between
0,00 m to 40,00 m, as reported by the National Altimetry
System. They are located in the region of Siboney, Industrial
Zone No. 3 (“Carolina”) of the city of Cienfuegos in the
Republic of Cuba (Figure 2). This refinery is a project of the
National Applied Research Company (ENIA) and an Invescons
Research Unit construction. In geomorphological terms, the
territory was originally a semi-wavy, cumulative-abrasive-
denudative marine terrace, and it currently has a slightly
rugged topography. It is a product of the human earth
movements made for the construction of the refinery between
1995 and 2005.

The area is located within the neo-autochthonous basin of
the Palaeocene-Quaternary depression of Cienfuegos, on its
north-western flank. The geological structure of the territory
consists of pyroclastic-carbonate, terrigenous-carbonate, and
carbonate sedimentary rocks from the Upper Cretaceous,
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Palaeocene, and Neogene of the Cantabria, Caunao and Paso
Real formations, in addition to different Quaternary materials,
undifferentiated as formations. Almost all of the faults that
complicate the formations in pre-Eocene flanks dissipate
towards the inside of the depression, with no seismogenic
faults in the environment.

Figure 2. Camilo Cienfuegos oil refinery area.
Source: Authors, based on the report courtesy of Cienfuegos’s ENIA.

With the parameters determined from embankment testing
conducted in the city of Cienfuegos (Figure 2), it is possible
to correctly simulate soil behavior using numerical methods.
It is also possible to simulate the plate-load test, which was
chosen for validation and subsequent use in determining the
deformation and strength of soils.

Materials and tests

In this study, the data calculated from the drilling with UGB-
50 bits by ENIA project was used. The methods used in the
drilling were percussion and/or rotation due to the soil type.
The determination of the index properties was performed
according to specifications of international standards group
(ASTM, 2000).

The geotechnical profile was characterized to a depth of
29 m. From the samples taken, the parameters of the existing
soils in the area were calculated. Tables 1 and 2 show their
values.

These tables indicate that the foundation soil, down to 10
m deep, consists of interstratified soils of sandy-clay type
with medium to low plasticity and a mean natural density of
19,6 KN/m?3, with a standard deviation of 0,68. Furthermore,
the soil has an average natural moisture of 20,7% that has
somewhat higher dispersion values (between 13 and 33%).

Regarding the values of the mechanical parameters used in
the calculations, the effective cohesion has a mean value of
12,0 KPa, with a maximum of 15,0 kPa and a minimum of 5
kPa; and the angle of effective internal friction averaged 15
degrees (a maximum of 20° and a minimum of 10°).

In the project, three test polygons were executed, each one for
30 plate-load tests. This study was conducted to characterize
the zone through a geological engineering investigation on
the feasibility of the refinery expansion.
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Table 1. Index properties of the soils

Layer Natural state Gs (adm) e(adm) S (%) USCS
waste fill o, y(kNm®) y, (kN/m?)

1 19,33 19,77 16,68 2,67 - - CL
2 13,00 20,30 17,90 2,67 0,49 71,0 SC
3 16,60 20,30 17,40 2,65 0,52 84,6 CL
4 21,30 19,36 15,96 2,68 0,68 83,9 CL
5 20,10 19,43 16,20 2,69 0,66 81,5 cL
6 33.10 18.11 13.60 2.72 1,0 90,0 CH
7 2820 18,86 14,70 2,69 0,83 91,0 sC
8 12,40 19,78 17,60 - - - GP
9 29,60 17,76 13,70 2,61 0,90 84,1 sC
10a 14,70 21,10 18,40 B B - GC
10b 12,40 19,78 17,60 B B - GP
Layer Plasticity % pass; sieve

wastefill |} o) 1p (%) IC N4 N°10  N°40 N° 200
1 37,33 16,67

2 23 10 1,0 86 85 65 40
3 29 14 0,89 91 89 79 63
4 36 8 0,92 98 96 88 69
5 47 28 0,96 88 85 74 58
6 67 37 0,92 97 93 82 62
7 41 19 0,67 74 68 56 44
8

9 42 23 0,54 88 87 67 48
10a

10b

Note: Where: w natural humidity; y; natural volumetric specific weigh;
ya dry volumetric specific weight; Gs relative specific weight of solids; e
void ratio; S saturation; USCS Unified Soil Classification System; LL
Liquid limit; LP Plastic limit; IC Consistency Index; N° 4, N° 10, N° 40
and N° 200 sieve size according to ASTM (2000); USCS column Unified
Soil Classification System from ASTM (2000); CL Lean clay; SC Clayey
sand; CH Fat clay; GP Poorly graded gravel; GC Clayey gravel.

Source: Adapted from technical report, courtesy of Cienfuegos’s ENIA.

For the characterization of the landfill of the embankment
in the polygons, the index properties were determined, and
24 direct shear tests were performed according to Cuban
standards (NC-325, 2004), as well as an Oedometer test
(Table 3).

The most representative results from the plate-load tests
are shown in Figure 3. The mean value of the most repre-
sentative tests of the polygons is presented in Table 4. It
can be observed that the data of polygon number 2 are not
representative of the entire set, which is why this polygon
has not been used in the calibration process.

Numerical model

The invariants of the modelling process (geometry, loads,
materials, and boundary conditions) were taken into account
to elaborate a model that corresponded with the real study.

The geometry of the model was performed in accordance
with the existing polygons in terms of height, slope gradient,
and crown width. Figure 4 shows the average dimensions of
polygons and deep layers of soil.
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Table 2. Physical-mechanical properties of the soils

uscs GP GC e cL

Standard Ymax KN/M3)  >17,6 >18,4 182-18,6 16,5-17,5

Proctortest  yygnt (%) <12,4 <147 13,0151 17,0-19,5

Porous Ind. e <0,33 <031 0,33-0,31 0,39-0,35

Permeability K (cm/s) >0,3x107° 1,0x107 50107 1,0x107

50x107 2,0x107 2,0x1077

Oedometer  E (%) 1.4 (kPa) <30 <120  100-140  120-160

COMPIESSion £ (o/) 1 5 (kpa) - <240  190-290  220-300
Shear ¢ (kPa) - 5 >5 10-15
strength ©'(0) > 36 > 31 10-20 515
Modified CBR 35-60 20-40 10-20 5-15

Proctor Reac. Mod. > 800 500-800  500-800  300-500

Source: Adapted from technical report, courtesy of Cienfuegos’s ENIA.

Table 3. Physical-mechanical properties of the soil fill

Oedometer Module Shear strength
Zone
Ed (kPa) ¢’ (kPa) @’ (o)
Embankment 5000 15 13

Source: Adapted from technical report Courtesy of Cienfuegos’s ENIA.

Table 4. Average values of the load-plate test

Displacement, mean values (mm)

Load (kPa)
Polygon 1 Polygon 2 Polygon 3

0 0,00 0,00 0,00
30 0,57 0,16 0,52

0 0,28 0,10 0,32
50 0,96 0,18 0,68
150 2,59 0,80 2,50
250 3,95 1,31 4,34
350 5,35 1,81 6,23
450 6,98 2,39 8,41
300 6,28 2,28 8,04
150 5,68 2,12 7,42

0 4,28 1,70 5,53
150 5,18 2,03 6,78
300 6,06 2,26 7,94
450 7,21 2,56 9,42
300 6,74 2,47 9,09
150 6,22 2,32 8,37

0 4,97 1,88 6,47

Source: Adapted from technical report, courtesy of Cienfuegos’s ENIA.

The distance from the toe of the slope to the boundary
condition was established from previous studies to determine
the subdomain model (Mesa et al., 2016). The analysis of the
influence of stress in the area of crown and core of previous
studies determined that the distance most useful for modeling
road embankments is eight times the ratio of the base of the
slope and height of the embankment,. Linear bonds are used
as the boundary condition (Figure 4) (Mesa et al., 2016).
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Figure 3. Load-plate test results from: a) polygon 1, b) polygon 2, c)
polygon 3.

Source: Authors/Adapted from technical report, courtesy of
Cienfuegos’s ENIA.

The thicknesses of the underlying soil were considered for
the depth of the sample perforations performed; the results
are in accordance with the physical-mechanical properties
found in the laboratory.

Boundary condition with linearbonds 6,00

-

Y
» Clayey sand, gravelly, dense o __3,50 m
} Sandy clay, low ity and soft N 3,00 m
$ Sandy clay, low ity and hard __2,50 m
:» Sandy clay, low compressibility and very hard consistency :},50 m
§ " Sanaycay. high compressibilty with a hard consistency . - |250m
» Clay sand with gravel 3,50 m
» : Limestone : 2,00 m
} Clay sand with gravel __4,00 m
& T . sa 1 [isom
» . ' __2,00 m
XQAAA N

Figure 4. Model.

Source: Authors
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The constitutive model used, Mohr-Coulomb, is well suited
for soil behavior at breakage; it stands out over the others
because the parameters can be determined from laboratory
tests. Regarding the system of loads, stresses applied accord-
ing to the test at different stages of construction were used
(Mesa, et al., 2016). The numerical model of this study is
limited to a plane strain model.

Calibration of the mathematical model

From the preparation of the mathematical model of this
paper, two important variables were defined: the type of
finite element (TFE) and the optimal discretization of domain
(DD).

Geo-Studio 2012 was used for this study. This software
has different TFE, and only three were used, as shown in
Figure 5. For the selection of the mathematical model, a 23
test design was defined, varying the two parameters (TFE
and DD) at three levels each: 50 cm, 100 cm, and 125 cm;
and quadrilateral with four-node, quadrilateral with eight-
node and triangular with three-node, respectively (Figure 5)
(Mesa, 2017).

Finite Discretization
Element Type of Domain
(FET) (DD)
. .
N
52 ([2Factors (FET,DD) } o > . ;‘ 50cm
3 — Levels R
L] L]
.o N 100cm
>
. Vs
. e 125cm

Figure 5. 2 test design.
Source: Authors

Nine simulations were performed with the conditions of
Figure 4, varying the TFE and DD as shown in Figure 5. After
the simulations were completed, an analysis of the results
was made. The theory of errors (Table 5) (Kaizhong and
Shiyong, 2019) was employed. The errors at several points
were applied for each model.

Table 5 shows two expressions used for errors at one point
and, three expressions used for several points. All expressions

depend on the results of the control pattern(QE(i)), that is, the
results obtained from the experimental test and the results
from the numerical model (Qn(i)).

Figure 6 shows the results from the errors at one point.
These are from previous research conducted by the authors
(Mesa and Alvarez, 2011). In that study, it was found that
the TFE of the quadrilateral 4-node with a discretization of
the domain of 50 cm is the mathematical model that best
explains the stress-strain results on road embankments, since
8-node elements show greater errors (Figure 6b). Based
on these results, the finite element quadrilateral of 4-node
and triangular with 3-node were combined in this work
(Figure 7).
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Table 5. Expressions to compute the errors at one and several points

Errors at one point

EA = |Qe(1) Qn 1)|

Qeu)

Absolute error (A)

Percentage of Absolute error (%AB) Eap

Errors at several points

QL(Z) Qn(x)
Root Mean Square error (RMSE) RMSE =
I (Qe)-Q
Mean square error (MSE) MSE = ( (z> e l))
n (QC(I) Qﬂ(l))
e
Mean Absolute Percentage Error (MAPE) MAPE =

p

Note: Where: Q.(; Control pattern results; Q,) Results obtained from
the numerical model; 7, Analysis points.
Source: Adapted from Mesa and Alvarez (2011).
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Figure 6. Absolute and percentage of absolute errors in one point with:
a) quadrilateral 4-node, b) quadrilateral 8-node, c) triangular 3-node.
Source: Authors, based on the results from Mesa and Alvarez (2011).

Another way to calibrate the model is by using statistics.
In order to compare the results from the model and the
experimental tests and determine the similarity or difference
between results, a parametric or non-parametric test must
be carried out.
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30cm element for
load boundary

P \GD

3 and 4 nodes
g elements 24,00m
s
o
|

9,00m

1

Figure 7. Zoning of area of the slopes with 3-node triangular elements.
Source: Authors

It is known that, for comparing and determining similarities
between two independent samples, it is necessary to perform
a parametric (t-student) or non-parametric (Mann-Whitney
U) test. The parametric test is applicable if the samples fit

a normal distribution and their variance is homogeneous.

Otherwise, non-parametric tests should be applied for the
comparison (Figure 8).

Samples:
Model data
Polygon | data

Polygon 2 data
Polygon 3 data

Kolmogorov-Smirnov
samples Normality test

Parametric test from
Student t-test for
similarities between
samples means

Levene test for
variance similarities
between samples

Non-parametric test
from Mann-Whitney U
for similarities between

samples median

Figure 8. Methodological statistical scheme.
Source: Authors

First, a normality Kolmogorov-Smirnov (K-S) test was applied
to determine if the samples fit a normal distribution. The
null hypothesis (HO) assumption was that the samples fit
a distribution, and, as an alternative hypothesis (H1), the
negation of HO. Additionally, the homogeneity of variance
test from Levene was applied.

Results

The problem was simulated with the data shown above,
recreating the plate-load test in the process of loading and
unloading for a given period of time (Table 6).

Table 6. Values of the loading and unloading process

Stress (kPa) 0 30 0 50 150 250 350 450 300

Time (sec.) 0 15 5 30 30 30 30 30 15
Stress (kPa) 150 0 150 300 450 300 150 0
Time (sec.) 15 15 30 30 30 15 15 15

Source: Adapted from technical report, courtesy of Cienfuegos’s ENIA.

The geometry of the foundation soil was defined considering
the stratification and, after simulating the initial stress, the
load of the 3 m high embankment was added. Later stages of

implementation regarding the loading and unloading for each
of the pressures determined in the test and the application
time of the load were defined. For the simulation, the test
area with 30 cm elements was zoned to represent the circular
plate of 300 mm in diameter and a distributed load on the
element equal to the test value (Figure 9).

Load simulation tests in element of 30 cm

Figure 9. Zoom-in of the simulation of the load-plate test on the finite
element size of 30 cm.
Source: Authors

After the test was modeled, the results of the soil strain
by the load system were represented graphically as stress-
displacement curves for both the model and the test
(Figure 10).

Stress (kPa)

0,0 50 100 150 200 250 300 350 400 450 500
| - - Model
2,0 {—Test |
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Figure 10. Stress-displacement curves from model and average of
results from polygon 3.
Source: Authors

From the results of polygons 1 and 3, the average was
obtained and graphically represented as shown in Figure 10.
The RMSE, MSE, and MAPE from Table 5 were applied to
the results from polygons 1 and 3, since the data of polygon
number 2 was not representative.

The MSE and RMSE was 0,49 and 0,70, respectively, for
polygon 3; and, for polygon 1, the results were 2,49 and
1,58, respectively. Chai and Draxler (2014) suggest that
RMSE is a better metric to present the results than MAE. The
error in those cases was 0,70 and 1,58 for polygons 3 and 1,
respectively. On the other hand, the value of the MAPE was
9 and 12% for polygons 3 and 1, respectively. It should be
noted that, in engineering, acceptable errors are between 5
and 10%. As there are many variables involved in this process
and some imprecision in measurements or parameters from
the literature, a 12% of error was accepted.

However, this paper presents another way to calibrate the
numerical model through the determination of similarities
between two independent samples by means of statistical
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hypotheses. Table 7 shows the K-S test for polygons and the
model, where no data fits the normal distribution, since the
p-value was less than 0,05.

Table 7. Kolmogorov-Smirnov tests for one sample

The contrast distribution is Normal

Model  Polygon1  Polygon2  Polygon 3
N 1214 1124 1112 1214
Mean 10,18 11,16 9,87 10,83
Measurements ey, 3,321 4,005 3,528 3,207
of central
tendency Variance 11,031 16,040 12,450 10,282
COV. (%) 33% 36% 36% 30%
Z from K-S 3,755 4,423 6,512 4,284
Sig.  Asymptotic
0,000 0,000 0,000 0,000

(bilateral) P value

Source: Authors

On the other hand, the Levene test was applied with the null
hypothesis that the population variances are equal. As is
shown in Table 8, the p-value was higher than 0,05 when the
model was compared with polygons 1 and 3, thus corrobo-
rating the similarities in variances. The p-value of polygon 2
was less than 0,05, thus corroborating that those experiments
were not representative.

Table 8. Homoscedasticity tests from Levene

Levene Test for Equality of Variances

Samples

F Sig.
Model and Polygon 1 0,439 0,508
Model and Polygon 2 21,962 0,000
Model and Polygon 3 2,469 0,116

Source: Authors

Then, as the data did not fit a normal distribution, a non-
parametric Mann-Whitney U test was used, under the as-
sumption of the null hypothesis (HO) that the samples have
statistically similar median, as well as an alternative hypothe-
sis (H1): the negation of HO that the medians of samples are
not similar. The test was applied with a confidence level of
95%. This means that, if the p-value is greater than 0,05, the
samples have a similar median.

The results in Table 9 show that the significance level was
higher than 0,05 for polygons 1 and 3, and thus the null
hypothesis was not rejected, which indicates that the samples
(model and experimental) can be considered similar. This
result matches previously reported results when considering
the error theory (9 and 12% for polygons 3 and 1, respectively).
Therefore, it is confirmed that the results from the model and
those from the load-plate tests (from polygons 1 and 3) were
similar.
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Table 9. Results of the nonparametric Mann-Whitney U test

U from Mann-Whitney 646 390,500

W from Wilcoxon 1264 106,500
Model and Polygon1 7 -1,731

Sig. Asymptotic (bilateral) p-value = 0,083

U from Mann-Whitney 105,000
W from Wilcoxon 276,000
Model and Polygon3 7 -1,805

Sig. Asymptotic (bilateral) p-value = 0,071

Sig, exact [2*(Sig. unilateral)] 0,074 (a)

(a) = Without correction

Source: Authors

Conclusions

In this paper, the simulation of a load-plate test was performed
by using the numerical method of finite elements, based on
the project report of the National Applied Research Company
(ENIA) of Cuba. An overview of the constitutive models to be
applied in soil was carried out. Additionally, to calibrate the
numerical model, two procedures were followed: using the
error theory and performing the non-parametric hypothesis
statistical test of Mann-Whitney U. For both procedures, the
results from the model and the experimental data are similar.
Moreover, the results show that a load-plate test can be
modeled using FEM. To reproduce other load plate tests by
using the finite element model, it is necessary to provide the
geotechnical characteristics, geometry, and geomorphology
of the soils. The procedures shown in this paper can be used
in other studies related to soil calibration problems where
experimental data are available.
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ABSTRACT

This work developed prediction models for maximum dry unit weight (Y4 max) and optimum moisture content (OMC) for compacted
soils in Ceard, Brazil, based on index and physical properties and physical properties. The methodology included data from soils used
in the construction of 15 dams in Ceard, with available information regarding laboratory tests of interest. Correlations were developed
using non-linear regression, from 169 laboratory results (83 for training and 86 for validating the models), which presented a R? of
0,763 for MoPesm (prediction model for ¥4 max) and 0,761 for MoTuo (model for OMC). A posteriori, the same physical indexes
used to train and validate MoPesm and MoTuo were used as inputs of other prediction models available in the literature, whose
outputs differed considerably from laboratory results for the evaluated soils. MoPesm and MoTuo were able to satisfactorily predict
compaction parameters, with outputs close to those obtained in laboratory for tested soil samples. Their performance justifies their
use for predicting compaction parameters in geotechnical structures that use employ soils when there are financial restraints, short
timeframes, or unavailability of test equipment, particularly in early design stages and preliminary studies, before appropriate soil
sampling and field investigation can be conducted, thus saving substantial time and financial resources.

Keywords: predicting models, compacted soils, maximum dry unit weight, optimum moisture content

RESUMEN

Este trabajo desarrollé modelos predictivos para el peso especifico seco maximo (4 max) y €l contenido de humedad ptima (CHO)
para suelos compactados en Ceard, Brasil, basados en indices y propiedades fisicas. La metodologia incluyd datos de suelos utilizados
en la construccion de 15 presas en Ceard, con informacion disponible sobre las pruebas de laboratorio de interés. Las correlaciones
fueron desarrolladas mediante regresion no lineal, a partir de 169 resultados de laboratorio (83 para entrenamiento y 86 para
validacién de ambos modelos), que presentaron un R? de 0,763 para MoPesm (modelo de prediccidn para 4 msx) y 0,761 para
MoTuo (modelo para CHO). A posteriori, los mismos indices fisicos utilizados para entrenar y validar MoPesm y MoTuo fueron
utilizados como entradas para otros modelos de prediccion disponibles en la literatura, cuyos resultados difirieron considerablemente
de los resultados de laboratorio para los suelos evaluados. MoPesm y MoTuo predijeron satisfactoriamente los parametros de
compactacion, con resultados cercanos a los obtenidos en laboratorio para las muestras de suelo ensayadas. Su desempefio justifica
su uso para predecir parametros de compactacion en estructuras geotécnicas que utilizan suelos compactados cuando existen
restricciones financieras, plazos cortos o indisponibilidad de equipos de prueba, particularmente en las primeras etapas de disefio y
estudios preliminares, antes de que se pueda realizar muestreos apropiados de los suelos e investigacion de campo, ahorrando asi
tiempo y recursos financieros sustanciales.

Palabras clave: modelos predictivos, suelos compactados, densidad seca maxima, contenido de humedad ptima
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with absolute certainty if it will perform as expected (Vieira,
2005). As for the estimation of parameters, incorrect choices
may ultimately result in localized failures or even general
collapse of the structure.

In order to make good decisions in the face of so many
unavoidable uncertainties, Silva (2015) says it is essential
to understand the variables that influence soil behavior in
the best possible way, as well as to conceive mathematical
models capable of accurately representing and predicting the
field performance of geotechnical structures.

When experimental data is limited, the use of simpler, yet
responsive methodologies to assess engineering problems
and predict soil behavior should be encouraged, especially if
they can be performed in shorter computational times (Silva
etal., 2016).

Determining soil compaction parameters in a laboratory is a
crucial step in controlling the field compaction of earthworks
such as dams and embankments (Farooq et al., 2016).
However, during the early stages of a project (e.g., in the
preliminary assessment of the suitability of borrow materials),
considerable time and effort can be saved through the use
of empirical correlations (Gunaydin, 2009; Di Matteo et al.,
2009; Tizpa et al., 2015; Gurtug and Siridharan, 2004), which
can be extremely helpful, provided that the engineer knows
the index properties of the soil. Index properties are those
upon which the identification and classification steps of a
soil are based; this includes grain-size distribution, Atterberg
limits (liquid limit, plastic limit, shrinkage limit, and plasticity
index), density, and specific gravity.

The compaction parameters — optimum moisture content
(OMC) and maximum dry unit weight (yima) — are
determined through very time-consuming laboratory tests.
This makes prediction models that are based on easily
measurable soil properties (such as those described above)
highly desirable and remarkably useful (Karimpour-Fard et
al., 2019).

Early studies proposing empirical models for estimating
compaction parameters based on soil index properties were
cited by Wang and Huang (1984), who manually mixed
gravel, sand, limestone powder, and bentonite in different
proportions, creating 57 samples, compacted with standard
Proctor energy. The goal was to develop equations for
predicting permeability and compaction parameters based
on Atterberg limits and the grain-size distribution curve.
The results of the compaction and permeability tests were
analyzed along with the classification properties of the
samples, which indicated a good response (R?>0,8) in
predicting compaction and permeability parameters for the
mixtures in the analyzed proportions.

Omar et al. (2003) collected 311 samples of sandy and
sandy-silty soils from the United Arab Emirates and performed
laboratory tests. They developed a linear regression model to
predict soil compaction parameters for modified Proctor
energy using fines percentage, liquid limit (LL), plastic
limit (PL), and compaction energy. Their model resulted
in nomograms capable of predicting 4 max and OMC for
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granular soils within a 95% confidence interval for the
analyzed samples.

Gurtug and Sridharan (2002, as cited in Farooq et al., 2016)
presented a correlation for clayey soils, where v max was
0,98 times the dry unit weight at plastic limit water content,
and OMC was 0,92 times PL. In another study (Gurtug and
Sridharan, 2004), the same authors evaluated the effect of
different compaction energies on fine-grained compacted
soils collected in Turkey and Cyprus, as well as data available
in the literature. They found a good correlation between
PL and OMC, which showed the best results for standard
Proctor energy.

Sridharan and Nagaraj (2005) stated that the relationships
available at the time between index properties and
compaction parameters were unsatisfactory. They analyzed
10 soil samples (natural and commercial kaolinites) plus
data available in the literature, finding that PL had a better
correlation with compaction parameters than LL and the
plasticity index (PI) for standard Proctor compactive effort.

Sivrikaya (2008) presented multiple correlation equations for
fine-grained soils at standard Proctor energy by performing
multilinear regression (MLR) analyses and using artificial
neural networks (ANNSs), assessing 113 samples obtained
from the literature and collected in different sites in Turkey.
His equations had R? > 0,75 for ¥, max and R? > 0,74 for
OMC, respectively. He concluded that )4 max and OMC had
a considerably good correlation with PL, better than with LL
and PI.

Saikiaetal. (2017) came to similar conclusions; they analyzed
40 samples of natural fine-grained soils collected in Assam,
India. Their results showed that LL had higher correlation rates
than PL with ¥4 max and OMC. The root mean square error
(RMSE) for the predicted Y4 max Was 2,1% when compared
to laboratory results, and 7,5% when compared to literature
values. For the predicted OMC, RMSE was 7,0% in relation
to laboratory results, and 17,5-28,2% to literature values.

Thirty samples of clayey soils (18 < LL < 82%; 1 < IP <
51%; and 2,47 < Gs < 3,09)* were collected in various
parts of central Italy by Di Matteo et al. (2009) for laboratory
determination of index properties and compaction parameters
with modified Proctor energy. Considering these results and
other 41 reported in the literature, the authors developed
multiple regression models that correlated ¥4 max and OMC
with index properties, and they noticed that the most
important variable was specific unit weight, followed by
LL and PL.

Toms and Philip (2016) performed regression analysis with
multiple variables to predict compaction parameters from
Atterberg limits and specific unit weight for 30 soil samples
from Kuttanad, India, with LL ranging between 70 and 190%,
Pl between 26 and 127%, and specific unit weight between 2,3
and 2,5 kN/m3. They concluded that there is indeed a direct
linear relationship between index properties and compaction

*Gs is the specific gravity, the ratio of the unit weight of the solid particles
of a soil to the unit weight of water. Gs is a dimensionless parameter
and can be determined according to standard ASTM D854-14.



parameters, and that the most important variables were
specific gravity and the index properties.

Farooq et al. (2016) analyzed 105 samples of fine soils from
Pakistan with various USCS classifications (CH, CL, CL-ML,
ML), and, using multiple regression analyses, they proposed
prediction curves to estimate compaction parameters from
LL and PI for standard and modified Proctor energies, thus
eliminating the need for compaction tests in preliminary
design stages. The results showed that the variation between
experimental and predicted data was within a confidence
interval of + 2,5% for ¥4 max and = 9,5% for OMC.

Wang and Yin (2020) developed a model using multi
expression programming (MEP), a method of genetic
programming, and data comprising a wide range of soil
types from previously published studies. Their model was
considered reliable (R?>0,85), even for high-plasticity and
coarse-grained soils, which did not figure among the soil types
analyzed in previous studies; and, although their results were
extremely favorable, the required high-end computational
tools somewhat lost track of the simplicity present in other
models, which yielded as fair predictions and could make a
difference in the face of time constraints and the unavailability
of a more complex software apparatus.

Regarding soils from Brazil, a study by Karimpour-Fard et
al. (2019) analyzed data from 728 sets of granular and fine-
grained soils, most from 20 literature sources, and 227 of
their own, collected in Salvador metropolitan region (State of
Bahia, northeastern Brazil). Their approach involved analyses
using MLR and ANNs, and the results demonstrated that the
ANN model could predict compaction parameters with a zero
average error, but it required a lot more of processing time,
thus being unsuitable for situations where prompt decision
making is mandatory. On the other hand, MLR also yielded
fairly precise results at reduced computational and time costs.
They noted that the compactive effort level had a low effect
on prediction accuracy when compared to other analyzed
parameters (LL, PL, fine, sand, gravel content, and specific
gravity).

Moura (2019) also analyzed Brazilian soils but from the State
of Ceard, which shares the same sedimentary formations
present in Bahia, like the Barreiras Formation. Using
non-linear regression, he developed models for predicting
compaction parameters from index properties, such as
Atterberg limits, fines percentage, and void ratio, and finding
mean error of 2,3% and R? of 0,618 for ¥, max, and 8,5% and
0,541 for OMC. By comparing laboratory results for ¥4 max
and OMC with outputs of models proposed by Omar et
al. (2003) and Gurtug and Sridharan (2004), Moura (2019)
noticed that their predicted values differed considerably from
laboratory results. This divergence was attributed to the
singular mineralogical constitution and genesis context of
northeastern Brazilian soils, mostly in the semi-arid domain.

Considering this gap, a simplified empirical model to predict
compaction parameters (Y4 max and OMC) for standard

tUSCS is the Unified Soil Classification System, a standard to classify
soils for engineering purposes (ASTM D2487-17e1).
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Proctor energy was developed using results of index tests as its
inputs. The goal was to attain a better statistical performance
than that of the model proposed by Moura (2019), using a
different initial dataset that comprised laboratory results of
characterization and compaction tests of soils classified as
CL, SC, SM, and SM-SC (USCS), all from the State of Ceara,
located in the semi-arid domain of northeastern Brazil.

This simplified model is intended to be used in the preliminary
design stages of earth structures (e.g., initial assessment of
borrow materials), when more accurate field investigation
and laboratory testing may not be available yet. This
can save valuable resources when estimating parameters,
especially when there are financial constraints, limited time,
or unavailability of test equipment. Also, its use will drastically
reduce the computational cost of extensive software modeling,
which is mandatory for detailed design.

Materials and Methods

Dataset definition

In this research, 169 results of laboratory tests performed on
soil samples collected during the construction of 15 dams
located in different municipalities in the State of Ceara were
used (Figure 1). Out of these samples, 83 were randomly
selected to train the empirical models (development dataset),
and 86 were used in the validation step.

The analyzed laboratory data comprised compaction
parameters (Vgmax and OMC) and the results of soil
characterization tests (particle size curve, Atterberg limits, and
unit weight), all provided by the Laboratory of Soil Mechanics
and Paving (LMP) of the Federal University of Ceara.

Table 1 shows information about the earth dams where
the soil samples used in this study were collected. Table
2 presents the descriptive statistics for the soil properties
used as input variables in the proposed models, including
mean, standard deviation, variance, minimum, maximum,
and interval.

Table 1. Information about soil samples used in development and
validation datasets

Dam Location No. Samples uscs
Classification
- Angicos Coreall 14 CL, CG
S Catdi Aquiraz 11 SC, CL
g_ Cauipe Caucaia 4 SC, SM-SC
E Faé Quixeld 7 SC, SM-SC
&  Farias Brito Farias Brito 3 CL, SM
Flor do Campo Novo Oriente 1 CL
Itadina Granja 15 CL, SC, SM
Marco Marco 14 SC, SM
c Missi Miraima 10 CL
.2 Paulo Sarasate Varjota 4 CL, sC
:'.5 Rosario Lavras da Mangabeira 10 CL, SC
'_>‘ Sitios Novos Caucaia 28 CL, SC, SM, SM-SC
Trussu Iguatu 5 SC
Ubaldinho Cedro 29 CL, SC, SM, SM-SC
Umari Madalena 14 sC

Source: Authors
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Figure 1. Municipalities in Ceara where analyzed soil samples were
collected.
Source: Adapted from IPECE (2018).

Table 2. Descriptive statistics of variables used in development (Dev.)
and validation (Val.) datasets

Index Y max OMC LL PL Fine % Y,
Dev. Val. Dev. Val. Dev. Val. Dev. Val. Dev. Val. Dev. Val
Mean 17,94 18,2 149 12,73 33,3 30,14 20,4 19,5 47,88 43,98 26,05 26,09
Std dev. 1,00 1,07 2,90 2,99 5,83 721 3,32 3,16 17,09 13,1 0,68 0,54
Variance 1,00 1,15 8,4 8,95 33,93 52,05 11,0 10,0 292,1 171,6 0,46 0,29

Minimum 15,1 155 9,8 7,0
Maximum 20,2 21,0 22,3 23,2
55 12,5 16,2

23,0 16,0 13,0 12,0 50 13,0 233 244
47,0 450 250 250 750 79,0 27,4 27,4

Interval 51 24,0 29,0 12,0 13,0 70,0 66,0 4,14 3,0

Source: Authors

Among the analyzed samples, there was a casual
predominance of clayey soils in the development dataset
(52,5%), and of sandy soils in the validation dataset (62,0%).
According to Vieira et al. (1996), these soil types are
widely used in the Brazilian semi-arid region due to their
high occurrence and the characteristics they grant to earth
structures, such as: high shear strength, low permeability,
and low deformability.

In this study, the initial choice of geotechnical properties
employed in the development of empirical models was made
based on the works of Omar et al. (2003), Gurtug and
Sridharan (2004), Di Matteo et al. (2009), and Farooq et
al. (2016). Using nonlinear regression, different expressions
involving assorted index properties were investigated and
subjected to quick statistical analyses. If the results were
not satisfactory, new expressions were tested until the final
equations were defined.

The laboratory tests used to classify the soil samples and
determine their fit as inputs for the proposed equations
included the determination of particle-size distribution,
specific gravity, and Atterberg limits (LL and PL). Additionally,
laboratory results from standard Proctor compaction tests
were used to assess the model predictions for ¥4 max and
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OMC. Table 3 shows the technical standards concerning
these tests that are valid in Brazil, as well as their equivalent
ASTM standards and the befitting soil grain size for each of
them.

Table 3. Laboratory tests performed according to ABNT technical
standards and their ASTM equivalents

Laboratory Test Brazilian Technical ASTM Soil grain
Standard Equivalent size
Particle-Size Distribution of
Fm(?-Graméd Soils  Using NBR 7181 :'2016 (Soil-Grain D7928-17 <2,0mm
Sedimentation (Hydrometer) size analysis)
Analysis
DNER-ME 093/94
Specific Gravity of Soil Solids N / .
(Determination of specific D854-14 <2,0mm
(Water Pycnometer) .
gravity)
Determination of Plastic NBR  7180:2016  (Soils-
. ) Determination of plastic D4318-17e1 < 0,42mm
Limit of Soils o
limit)
Determination of Liquid NBR ' 6459:2016  (Sols-
. X q Determination of liquid D4318-17e1 < 0,42mm
Limit of Soils -
limit)
Laboratory Compaction of .
7 :201 -
Soils Using Standard Effort NBR  7182:2016  (Soils D698-12e2 Any

(Proctor) Compaction test)

Source: Authors

Predictive model for maximum
(MoPesm)

The empirical model to predict the maximum dry unit
weight (MoPesm) considered properties that could potentially
influence this parameter: liquid limit (LL), plastic limit
(PL), percentage of material passing through a No.10 sieve
(%P#10), percentage passing through a No. 40 sieve
(%P#40), percentage passing through a No. 200 sieve
(%P#200), and specific unit weight ().

dry unit weight

Equation (1) displays the original expression used to develop
MoPesm. In the nonlinear regression, the value of 1,0 was
initially assigned to coefficients ag, a1, a2, a3, a4, as, and ag,
as well as to power coefficients a, B, 6, ¢, 6, u, and w. They
were then defined as variables and subjected to an iterative
process, aiming to reach the smallest mean error.

Vi max = 0 [al.(LL)“ + a>(PLY + a3(%P#10)°
o M
+a4(%PHA0)" + a5(%P#200)" + ag(ys)|

where:

Yd,max: Maximum dry unit weight [kN/m];
LL: liquid limit [%];

PL: plastic limit [%];

%P#10: percentage of material passing through a No. 10
sieve [%];

%P#40: percentage of material passing through a No. 40
sieve [%];

%P#200: percentage of material passing through a No. 200
sieve [%]; and

ys: specific unit weight [kN/mA].



Predictive model for OMC (MoTuo)

The parameters selected a priori to appear in the empirical
model for optimum moisture content (OMC) were LL and
PL (due to their close relationship with moisture content),
those related to particle-size distribution (%P#10, %P#40,
and %P#200), and void ratio (e).

Atterberg limits and particle-size distribution variables were
chosen because a little over half of the soils analyzed in this
study were clays and silts, and, according to Pinto (2006), the
fine fraction has a strong influence on moisture content. Void
ratio (¢) was also assumed to have a potential influence on
moisture content, since fine soils have a large specific surface
and really small voids, which increase the effect of capillarity
and water retention, and, ultimately, moisture content (Leme,
2015; Fredlund et al., 1994).

Equation (2) was the original expression proposed for MoTuo:

OMC = ag|as (LL)" + ax(PL)’ + a3(%P#10)°
0 @)
+ a3(%PHA0)" + a5(%PH200)° + ag(e)"

where:
OMC: optimum moisture content [%]; and
e: void ratio [dimensionless].

As described for MoPesm, after carrying out the iterative
process, model MoTuo was optimized by means of defining
the maximum and minimum acceptable values for the chosen
parameters, aiming to eliminate values that were not aligned
with field reality.

Results and discussion

Predictive model for maximum dry unit weight
(MoPesm)

Some of the coefficients in Equation (1) were nullified at
the end of the iterative process, which indicates that the
corresponding variables had very little to no influence in
determining the maximum dry unit weight and could therefore
be excluded.

Equation (3) presents the final expression for MoPesm, whose
prerequisite is that the soil has 10% < PL < 25%.

Ve max KN /1] = 4,1[2,31(y,)* + 0,27(PL)°™

071 3)
+0,025 (%P#200)]

As for compacted soils, Pinto (2006) states that 74 max tends
to be higher for sandy and gravelly soils, given that these
have a small fine content (pictured in the presented models
as variable %P#200) and low PL. The opposite is also true:
Yd,max N clayey soils, due to a greater presence of fines
(which provides these soils with a higher plasticity), tends to
decrease.

Figure 2 shows two curves: MoPesm predictions and
laboratory results (regarding the soils in the validation dataset
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only). It can be easily seen that MoPesm tends to follow the
curve of the laboratory results.

Yd,ma:
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Figure 2. Comparison between results obtained with MoPesm and
laboratory tests for 4 max (validation set).
Source: Authors

Table 4 shows the statistical indexes for laboratory results
and MoPesm predictions, considering only the samples in
the validation dataset, namely mean, standard deviation,
mean absolute percentage error (MAPE), root mean square
error (RMSE), and the coefficients of correlation (R) and
determination (R?).

Table 4. Statistics for laboratory results and MoPesm predictions,
considering validation dataset only

Index Laboratory MoPesm (validation)
Mean 18,227 kN/m? 18,478 kN/m?
Standard deviation 1,072 kN/m? 0,835 kN/m?
MAPE - 2,57%

RMSE - 0,585

R 1,00 0,873

R? - 0,763

Source: Authors

Mean and standard deviation for MoPesm and laboratory
tests were similar. MoPesm predictions had a MAPE of 2,57%,
a RMSE of 0,585, a R of 0,873, and a R? of 0,763, a very
acceptable performance according to Wang and Yin (2020),
to whom a high R? and low MAPE and RMSE indicate that
a model has a higher precision, and to Karimpour-Fard et
al. (2019), who considered a R? above 0,70 as acceptable,
labeling such model as “strong”.

Predictive model for optimum moisture content
(MoTuo)

For MoTuo, at the end of the iterative process, some of
the coefficients in Equation (2) were nullified and removed
from the final expression, shown in Equation (4), also
recommended for soils with PL between 10% and 25%.

MC (%) = 0,1(LL) + 0,07(PL)"** + 0,09 (%P#200)
+ 2(@)0’27

Equation (4) shows that OMC is directly proportional to
consistency parameters (LL and PL), fine content, and void

¥RMSE, R, and R? are dimensionless statistical indexes.
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ratio (e). This is in line with the typical behavior of clayey
soils described by Pinto (2006), which was mentioned in the
previous section.

Figure 3 shows MoTuo results in comparison with the results
of laboratory tests for OMC, considering only the samples
in the validation dataset. Similar to MoPesm, the curve
here also tends to follow laboratory results, although its
performance was not as satisfactory, since it yielded some
outliers. Table 5 shows the parametric analysis for MoTuo
predictions, comprising the validation dataset only.
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Figure 3. Comparison between results obtained with MoTuo and
laboratory tests for OMC (validation set).
Source: Authors

Table 5. Statistics for laboratory results and MoTuo predictions,
considering validation dataset only

Index Laboratory MoTuo (validation)
Mean 12,733% 13,644%
Standard deviation 2,991% 2,563%
MAPE - 10,94%
RMSE - 1,717

R 1,00 0,872

R? - 0,761

Source: Authors

MoTuo had a mean of 13,644%, a little above the laboratory
dataset, which indicates a slight overprediction. Its standard
deviation (2,563%) was smaller than that of the laboratory
(2,991%), pointing out that the values were closer to the
dataset mean.

MoTuo had a MAPE of almost 11%, a performance that was
not as good as MoPesm. However, a R of 0,872 and a R? of
0,761 denoted a reasonable behavior in predicting OMC.

Comparison with other empirical prediction models

Since there are quite a few empirical models to predict
compaction parameters based on index properties available
in the literature, the initial dataset used to train and validate
the proposed empirical models (MoPesm and MoTuo) was
used as the input for the prediction models proposed by
Sridharan and Nagaraj (2005), Nagaraj et al. (2015), Noor et
al. (2011, as cited in Farooq et al., 2016), Gunaydin (2009),
and Sivrikaya (2008).

All of these literature models were developed for Standard
Proctor compactive effort, and, in Table 6, Equations (5) to
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(14) display the expressions proposed by these authors, as
well as the prerequisites regarding the inputs.

Table 6. Prediction models for compaction parameters proposed by
other authors

Authors Proposed equations Preconditions
Sridharan Vamax = 023(93,3 - PL) ) Clays, with: LL: 37-73%;
and Nagaraj PL: 18-51%; PI: 9-37%; Gs:
(2005) OMC =0,92(PL) (6) 2,58-2,7

SC, SM, CL, MH, CH, with:

i max = 20,82 — 0,17(PL i
Vi ma L) LL: 24-115%; PL: 17-45%;

Nagaraj et al.
(2015)

OMC = 0,76 (PL) () PI: 3,7-75,6; Gs: 2,6-2,8
— _ 060 _ 033 _
Noor et al. 223727_ Z7 - (L) (PD 9) Fine-grained soils.
011)
OMC = 0,55 (PL)+0,36(PI)~(Gs) /2,7 (10)
. CH, CL. SC, GC, with: LL:
Vi max = —0,1008 (LL) + 21,16 an » S,
Gunaydin i max ¢ 25-56; PL: 13-29; Pl: 7-33%;
(2009) OMC = 0,3802 (LL) + 2,4513 (12) Gs: 2,61-2,85
Siviikaya  Vamex = 0229632 - PL) (a3) Sl CF M Wi L
(2008) OMC = 0,94 (PL) (14) 12-43%; Gs: N/A

Legend: Gs: specific gravity [dimensionless]; PL: plastic limit [%]; LL
liquid limit [%]; PI: plasticity index [%].

Note: Gs was not measured in Sivrikaya (2008).

Source: Authors

Considering the preconditions to apply the five chosen
literature models, the data in the development and validation
sets were ‘filtered’ to select only the entries which suited the
restraints of each model.

The results obtained with MoPesm/MoTuo and the literature
models were then compared with laboratory results for these
samples. This comparison aimed to evaluate the performance
and accuracy of these models when applied to soils from
Ceard, since they were developed for soils from other regions
of the world, with quite different genesis and lithology.

The statistical analysis carried out when assessing the
prediction models proposed by other authors was similar to
that described for MoPesm and MoTuo. Table 7 displays
the statistical indexes for compaction parameters obtained
from laboratory results, literature models, and the proposed
model, MoPesm.

It is important to mention that, regarding the parametrical
analysis, the number of assessed samples of MoPesm and
Motuo corresponded to the validation dataset only (N = 86),
and, as for the literature models, the number of soil samples
used as inputs actually comprised only the ‘filtered’ entries
selected from the initial datasets (N = 169), that is, those that
fell within the range of variability stated in their prerequisites.

As seen in Table 7, MoPesm had a particularly good
performance when compared to laboratory results and
literature models, with a mean of 18,478 kN/m?, very close
to that of the laboratory dataset (18,227 kN/m?3), a standard
deviation (0,835 kN/m?) a little lower than the laboratory
dataset (1,072 kN/m?), and, among the analyzed models, one
of the smallest MAPE (2,57%) and highest R? (0,763).

As for the other models, the one proposed by Noor et
al.(2011) had an excellent performance, and the difference
in the performances of all six models might be explained by



the fact that the literature models were developed for soils
from different regions of the planet (United Arab Emirates,
India, Cyprus, etc.), with quite different characteristics when
compared to Brazilian northeastern semi-arid soils.

Table 7. Statistical analysis for evaluated literature models, prediction
model MoPesm (74 max), and laboratory results

Statistics Laboratory Sridharan Nagaraj Noor Gunaydin Sivrikaya MoPesm
and etal. etal. (2009) (2008) (valid.)
Nagaraj (2015) (2011)
(2005)
N 169 41 139 169 127 107 86
Mean [kN/m3] 18,227 16,309 17,254 17,755 16,678 16,560 18,478
Std Dev. [kN/m?] 1,072 0,572 0,275 0,464 0,497 0,479 0,835
MAPE - 6,47% 3,77%  2,20% 6,81% 712%  2,57%
RMSE - 1,394 0,432 0,238 0,776 0,886 0,585
R 1,00 0,230 0,570 0,783 0,600 0,603 0,873
R? - 0,053 0,325 0,613 0,360 0,364 0,763

Source: Authors

Table 8 displays the statistical indexes for compaction
parameters obtained from laboratory results, literature
models, and the proposed model, MoTuo.

Table 8. Statistical analysis for evaluated literature models, prediction
model MoTuo (OMC), and laboratory results

Statistics Laboratory Sridharan Nagaraj Noor Gunaydin Sivrikaya MoTuo
and etal. etal. (2009) (2008)  (valid.)
Nagaraj (2015) (2011)
(2005)
N 169 41 139 169 127 107 86
Mean [%] 12,733 20,599 15941 14,043 19,281 19,786 13,644
Std Dev. [%] 2,991 2290 1231 1,877 2,124 2,048 2,563
MAPE - 26,48% 24,34% 13,44% 44,46% 48,37% 10,94%
RMSE - 4,772 1,906 1,114 3,509 4,171 1,717
R 1,00 0,301 0,593 0,795 0,613 0,544 0,872
R? - 0,091 0,352 0,633 0,376 0,296 0,761

Source: Authors

Table 8 shows that MoTuo also had a reasonable performance,
with a mean (13,644%) close to that of the laboratory result
dataset (12,733%), and the smallest MAPE (10,94%) and the
highest coefficient R? (0,761) among the analyzed models.
Once again, the model proposed by Noor et al. (2011) had
a great performance among the evaluated literature models,
with indexes quite close to those of MoTuo.

Figure 4 shows a visual comparison between scatter plots for
all evaluated literature models for ¥4 max, and Figure 5, for
OMC. In these scatter plots, the offset lines above and below
the fitted line represent the 95% confidence interval, and the
dashed lines correspond to y = x.

Based on Figures 4 and 5, it is possible to verify that models
MoPesm and MoTuo presented a low data dispersion when
compared to the other literature models, and, consequently,
a better fit to the regression line. It is worth mentioning also
that only the model by Noor et al. (2011) presented a similar
statistical performance.

HoHN, LEME, DA SitvA FiLHO, MOURA, AND LLANQUE

Conclusions

Discerning the properties of a soil is indispensable to
anticipate its mechanical peculiarities and field performance
(Ortigao, 2007). In this sense, models for predicting soil
behavior are essential tools for engineers, as they help
rationalize time and costs in preliminary field investigations,
which are commonly used to bolster basic design studies
(Gurtug and Sridharan, 2004).

This study aimed to evaluate the empirical correlations
for different USCS types of soils, correlating basic
characterization parameters and index properties with
compaction parameters, in order to obtain mathematical
models capable of predicting ¥4 max and OMC for soils
compacted with standard Proctor energy.

As seen above, although universal models are highly desirable,
empirical correlations developed for a region of the planet
do not always correctly portray the attributes of soils from
elsewhere. Thus, studies that consider index/physical
properties and peculiarities of specific regions are still quite
necessary.

About 92% of Ceard’s total area is located within the semi-arid
domain in northeastern Brazil (BNB, 2005; IPECE, 2018). As
shown in Figure 1, most municipalities in Ceard are in this
domain, where soil genesis and behavior are very peculiar.
This also reinforces the need to develop models which are
appropriate for these soils and region.

The modeling process showed that the compaction
parameters for the studied soils are mostly influenced by
Atterberg limits, fine content (material passing through a No.
200 sieve), and void ratio. The presented results pointed out
the advantages of developing specific prediction models for
semi-arid soils, like those in the State of Ceara.

Although the performance of empirical models MoPesm and
MoTuo was slightly better than that of other literature models,
that does not imply that they are the most accurate or reliable.
One should always keep in mind that soils are extremely
complex materials, and that their physical properties are
primarily dictated by the minerals in the constitution of their
particles (Das, 2010). Therefore, it is not fully guaranteed
that an empirical model trained with soils from one region
will have good results for soils from elsewhere, even if they
fit the model’s prerequisites. Additionally, the outputs of any
engineering prediction model — even the most sophisticated
and most appropriate for the modeled scenario — should be
seen only as good estimates, and not as indisputable ones
(Velloso and Lopes, 2011).

Nevertheless, simplified models such as MoPesm and
MoTuo are a highly valuable aid for predicting compaction
parameters (Y4 max and OMC) in situations where there
are financial restraints, limited or short timeframes, and/or
unavailability of test equipment, especially in early design
stages, before appropriate, extensive geotechnical sampling
and field investigation can be conducted.
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Figure 4. Scatter plots for Y4 max Obtained with MoPesm and evaluated literature empirical models.

Source: Authors
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Embedded Discrete Fracture Networks to Analyze
Groundwater Inflows during Tunnel Drilling

Redes de fracturas discretas embebidas para el analisis de
infiltraciones de agua subterranea durante la excavacion de tuneles

3

Adriana Pina(?, Diego Cortés(®?, Leonardo David Donado(®?3, and Daniela Blessent(®*

ABSTRACT

Tunnels commonly go through fracture zones, which are analyzed as an equivalent porous medium with homogeneous permeability.
However, this is a rough simplification that overlooks the connection triggered by underground works in fractured massifs. This
study introduces the use of synthetic discrete fracture networks (DFN) to analyze groundwater inflows through tunnel excavation in a
fractured zone while considering the daily advance of the drilling front. First, a hypothetical case with six different settings, varying
fracture length and density, as well as aperture distribution, was analyzed. Each setting had about 100 realizations. DFN hydraulic
properties were estimated and compared with previous DFN studies, displaying the same behavior even though the magnitude of the
estimated parameters differed. As an application example, structural measurements of the Alaska fault zone in the La Linea massif
(Colombia) were used to obtain the statistical parameters of fracture length and aperture distributions to generate the DFN. Five
settings were built, obtaining measured and simulated groundwater inflows of the same order of magnitude. These results highlight
the potential of synthetic discrete fracture networks to analyze the effects of tunnel construction on groundwater flow.

Keywords: discrete fracture networks, groundwater inflows, numerical modeling, tunnel

RESUMEN

Los tineles usualmente atraviesan zonas geoldgicamente fracturadas, que suelen ser analizadas como medios porosos equivalentes
de permeabilidad homogénea. Sin embargo, esta es una simplificacion que ignora las conexiones que generan las obras subterraneas
en un macizo fracturado. En este trabajo se introduce el uso de redes de fracturas sintéticas (DFN) para analizar los flujos de agua
subterrdnea generados por la perforacion de tineles, considerando el avance diario en el frente de excavacion. En primer lugar,
se analiz6 un caso hipotético con seis configuraciones diferentes, variando la densidad y longitud de las fracturas, asi como la
distribucion de aperturas. Cada configuracion tenia alrededor de 100 realizaciones. Las propiedades hidraulicas de la DFN fueron
estimadas y comparadas con estudios previos sobre DFNs, mostrando el mismo comportamiento aun cuando la magnitud de los
parametros estimados diferia. Como ejemplo de aplicacion, se usé con informacion estructural de la falla Alaska en el macizo de la
Linea (Colombia), con el fin de obtener los pardmetros estadisticos de las distribuciones de longitud y apertura de las fracturas para la
generacion de las DFNs. Se crearon cinco configuraciones, obteniendo caudales de infiltracion medidos y simulados del mismo orden
de magnitud. Estos resultados resaltan el potencial del uso de redes sinteticas de fracturas para analizar el efecto de la construccién
de tuneles en el flujo de agua subterranea.

Palabras clave: redes de fracturas discretas, flujo de agua subterranéa, modelacion numérica, tdnel
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(Singhal and Gupta, 2010). There, underground projects for
groundwater supply, waste disposal, or infrastructures are
built up (Evans et al., 2001; Singhal and Gupta, 2010), thus
affecting the surrounding surface water sources and groundwater
bodies. Some of the reported effects of tunnels are groundwater
inflows during and after their construction (Celico et al., 2005;
Perrochet and Dematteis, 2007), groundwater and surface
water level drawdown, (Molinero et al., 2002; Maréchal and
Etcheverry, 2003; Vincenzi et al., 2009; Font-Capdet al., 2011),
the triggering of preferential flow paths (Evans et al., 2001), and
rock deformations and instabilities (Preisig et al., 2014; Shen et
al., 2014; Loew et al., 2015; Valenzuela et al., 2015).
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EmBEDDED DiscRETE FRACTURE NETWORKS TO ANALYZE GROUNDWATER INFLOWS DURING TUNNEL DRILLING

Different modeling approaches have been implemented to
assess the impact of underground projects both in the
transient and steady state. In the steady state analysis,
long term effects are studied, whereas in the transient state,
the effects during the construction process are analyzed
until a new steady state condition is reached (Celico
et al., 2005). Some analytical formulations based on
the equivalent porous media (EPM) approach have been
developed for steady state conditions and homogeneous
materials (Goodman et al., 1965; Heuer, 1995; Karlsrud,
2001; El Tani, 2003), and some have been extended to
the transient-state. Perrochet (2005) evaluates the transient
drilling speed-dependent discharge rates using a convolution
integral, and extensions to the heterogeneous media have
been proposed by Perrochet and Dematteis (2007) and
Maréchal et al. (2014). Previous approaches do not consider
the effect of the excavation-induced drawdown leading to
over/underestimated groundwater inflows. For this reason,
some authors have proposed analytical or semianalytical
approaches to predict the height of lowered water level under
the steady (Su et al., 2017) and the transient states (Liu et al.,
2017), thus providing a better prediction of tunnel inflows.

Since most groundwater inflows are recorded in fault zones
(Attanayake and Waterman, 2006; Perrochet and Dematteis,
2007; Yang et al., 2009; UNAL, 2010; Moon and Fernandez,
2010; Zarei et al., 2011; Loew et al., 2015), fractures
have been represented within heterogeneous media as
more permeable areas with EPM approaches (Perrochet and
Dematteis, 2007; Maréchal et al., 2014; Preisig, 2013).
This conceptualization has been extended to numerical
modeling in order to predict groundwater inflow into tunnels
(Mar“echal et al., 1999; Hu and Chen, 2008; Yang et al.,
2009; Butscher et al., 2011; Chiu and Chia, 2012; Butscher,
2012; Xia et al., 2018; Golian et al., 2018; Nikvar Hassani et
al., 2018).

Even though the EPM approach allows the use of the above-
mentioned analyses while the characterization of individual
fractures, the complexity of the fractured media could be
better represented by discrete fracture networks (DFN),
where hydraulic behavior is controlled by their geometry
(i.e., aperture, length, density, and orientation distributions)
(Adler et al., 2012).

The inclusion of individual fractures or fracture networks in
numerical modeling demands higher computational efforts
to solve the problem. Nevertheless, some authors have
included fractures on their analyses while accounting for
the water management in tunnels (Molinero et al., 2002;
Lee et al., 2006; Hawkins et al., 2011; Hokr et al., 2012,
2016; Farhadian et al., 2016). Recently, Wang and Cai (2020)
proposed a DFN-DEM multi-scale approach for modeling
excavation responses in jointed rock masses for settlement
purposes. However, the use of synthetic DFNs to estimate
groundwater inflows into tunnels or underground works
under a transient state has not been reported. In this study,
we propose a numerical model to analyze the temporal
evolution of groundwater inflows (hydrograph) during the
construction of underground works in a fractured massif with
a low permeability matrix. The novelty of this work is that
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its conceptual model is based on a hybrid model with a DFN
embedded on a low-permeability, continuous porous media.
The generation of the synthetic DFN was carried out using
the probabilistic functions of (i) frequency, (ii) length, (iii)
aperture, and (iv) dip of the fractures. The groundwater flow
model is bounded with a time-varying atmospheric pressure,
which is activated according to a typical drilling speed of 2
m/d (Perrochet and Dematteis, 2007).

To show the capabilities of the proposed model, two types of
simulation were performed. The first one is a hypothetical
case with a randomly generated fracture network where the
numerical model is tested. The second one consists of an
embedded synthetic discrete fracture network (DFN) that
is generated based on outcrop field data with information
from surveys on La Linea massif in the Colombian Andes.
The former only gives us information on the numerical
performance of the groundwater model, whereas the second
model is compared to the groundwater inflows recorded
during the drilling of the La Linea tunnel (Colombia).

Methodology

The release of energy above the plastic limit fractures the rock
Escobar, 2017, thus generating faulted planes that provide
preferential flow paths through the massif rock (Leung and
Zimmerman, 2012), which enhances the permeability of the
media. Fractures are characterized by their length, surface
roughness, aperture, fracture dead-end, and intersections
(Adler et al., 2012). These geological measurements are used
to estimate hydraulic parameters (Liu et al., 2016) by using
frequency distributions such as the power law, lognormal, or
exponential functions.

Fracture lengths have shown power-law distributions to
have the greatest physical significance (Bonnet et al., 2001)
and ubiquitously describe scaling properties (Davy et al.,
2010). However, in nature, the frequency of fracture lengths
displays log-normal (Equation (1)) or exponential distributions
(Equation (2)) as result of the truncation effect induced by
the sampling size, which limits the lower or upper boundary
(Bonnet et al., 2001).

(0 L -5 (1)
n = —-79e 22 ,
l-0V2m
n(l) = %e"”, 2)

where 1 is the log-mean, o is the log-standard-deviation, A is
a parameter of the exponential distribution, [ is the fracture
length, and n(l) is the frequency distribution of fracture
lengths.

Meanwhile, aperture distribution cannot be obtained easily
from field measurements, which are uncertain because
stresses change dramatically at depth (Liu et al., 2016), and
the weathering affects fracture appearance at outcrops. DFNs
are realistic mappings of fracture geometries based on field
observations via a stochastic representation of properties
(Somogyvari et al., 2017) such as fractures number, length,
aperture, and dip. Their statistical parameters are the inputs



for several codes developed to generate and analyze DFNs,
such as ADFNE (Fadakar Alghalandis, 2017), DFN WORKS
(Hyman et al., 2015), FracMan (Golder Associates Inc., 2018),
and MoFrac (Mirarco, 2018). Nevertheless, these codes do
not allow to simulate the advance in tunnel drilling processes,
as it could be done using codes such as HydroGosSphere
HGS (Aquanty Inc., 2013).

HGS is a 3D, fully integrated surface and subsurface flow
simulator that is widely used in the analysis of groundwater
issues (Aquanty Inc., 2013). It includes a Random Fracture
Generator (RFG) that creates networks with random locations,
lengths, and apertures by using any of the available probability
distribution functions (PDF): exponential function for the
aperture, exponential and lognormal functions for the fracture

length, and a double-peaked Gaussian for the orientation.

In this research, HGS and RFG were used to generate a
synthetic DFN embedded on a very low permeability porous
rock matrix.

In the following sections, we present the assumptions of
the model components (mesh, DFN generation, definition
of hydraulic parameters) and describe the initial and
boundary conditions for the numerical simulations. All these
components are described for both hypothetical and synthetic
cases.

Mesh generation

The accuracy of groundwater models is affected by numerical
errors or instabilities that occur in all computational
simulations due to aspects such as grid spacing (Woods et al.,
2003; Anderson et al., 2015). To ensure numerical stability
in the modeling process, multiple preliminary simulations
were performed, varying the number of fractures, block size,
and grid spacing. Different block sizes were tested according
to the width of the fault zones in the La Linea tunnel, which
varies approximately from 20 m to 400 m, as well as to
the total length of tunnel (8600 m). Block size and grid
spacing were identified as the most important aspects to
guarantee a successful run, the availability of computational
requirements, and a moderate simulation time. As result,
a synthetic block of 400 m in length and height, 200 m in
depth (which could be a representative volume for the La
Gata, Alaska, or Cristalina fault zones in the La Linea massif),
and mesh spacing varying from 1 to 80 m were chosen. In
the middle of the block, the mesh was refined to simulate
a tunnel with a radius of 2,5 m. That position was chosen
to avoid boundary disturbances and aimed for symmetrical
conditions. Mesh spacing limits the shortest fractures, while
the model size limits the longest fractures. Using this scheme,
each groundwater flow simulation took about 60 minutes
using an Intel Xeon (@ 3.30GHz) and 32 GB RAM.

Synthetic DFN generation

RFG was used to create a DFN based on the statistical
parameters of length, aperture, orientation, and number
of fracture distributions. Fractures were randomly distributed
in the porous media using a seed that can be changed to
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allow the generation of a infinite number of different DFN
with the same PDF for each fracture parameter. The resulting
three-dimensional model is made of orthogonal blocks, where
fractures are superposed as 2D elements to the sides of the
3D blocks, so that the fracture nodes coincide with those of
the porous rock. The grid has to be thin enough to allow the
creation of the fracture network. Nevertheless, extremely
thin grids increase the number of elements and computation
times.

A hundred DFN realizations for different configurations or
settings were performed by varying density (expressed as the
number of fractures generated) and fracture length parameter
distributions (Equations (1) and (2)), while length distribution,
grid, model dimensions, and hydraulic parameters were
kept constant. However, some realizations could not be
completed because of numerical instabilities.

DFN hydraulic properties

The hydraulic properties were used as indicators of DFN
connectivity. Here, we considered the hydraulic conductivity
of each fracture, K¢, the permeability of the fracture network
(Kpen), the volumetric fracture density (P3), and the
equivalent permeability (Kgpp) associated to the DFN mean
flow (Qprn)-

2
HGS estimates K¢ by following the cubic law as K(f) = %,
where g[L/TZ] is gravity acceleration, wylll, is the aperture,
and v[M/(L-T)] is the kinematic viscosity (Aquanty Inc., 2013).
Thus, the permeability of the fracture network, Kpry, was
evaluated as the geometric mean of the K (de Dreuzy, 2001a).
The volumetric fracture density, Ps;, or the persistence of
the fractures area (2D) per unit volume (3D), is expressed
as Py = %ZfAf = %Zflf - b, where V is the volume of
model, Ay is the area of the fracture f, [; is the length, and b
the width of the model.

As each setting had as many hydrographs as completed
simulations, an equivalent DFN hydrograph (Qprn) was
calculated: Qpeny = Y. Qpeni/N, where N is the number
of completed i synthetic generations. Then, an equivalent
porous media permeability (Kgpy) for each setting was
calibrated based on 200 realizations in a homogeneous media
configuration (EPM), where K was varied; specific storage,
Ss, remained constant as the assigned value of the matrix
domain in the DFN approach. In this way, a set of 200 EPM
hydrographs Qrpy were obtained, and Qpry was fitted to
the set of Qrpm using the Nash-Sutcliffe coefficient (NSE

N2
=1 - £&u=Qu) | NSE values close to unity indicate good

¥ (Qobs—Quts)? |’
model performance) as the metric to select the Kgpas.

Hydraulic properties of the matrix

The matrix was considered as a very low permeable medium
with a hydraulic conductivity (K) of 1 x 107 m/d, specific
storage (S;) equal to 5 x 1074, and porosity (1) equal to 4 x
1072 (Singhal and Gupta, 2010).
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Initial and boundary and conditions

An initial condition of head equal to topography is assigned
to the entire domain. No flow conditions are assigned to the
bottom and lateral faces of the cubic domain, considering the
following assumptions specifically for the La Linea massif : i)
preferential radial flow toward the tunnel (Preisig, 2013); ii)
there are no significant regional flows, as the tunnel is located
in the upper watershed; and iii) very low permeabilities of
the crystalline rocks (IRENA, 2010; UNAL, 2015). These
assumptions may be rejected due to possible connections
with larger faults. However, it is an open issue when working
with fractures and the consequent truncation effect due to
the scale of the observation window.

A nodal flux of 1 x 10719 m?/d is assigned to the top face as
an arbitrary recharge condition, in order to avoid a constant
drawdown. The tunnel is simulated with a mobile boundary
condition along the x-axis, in the middle of the y — z plane.
The advance of the tunnel drilling is simulated by assigning an
atmospheric pressure at an excavation rate of 2 m/d (typical
value for tunnel excavation rates (Perrochet and Dematteis,
2007; IRENA, 2007)). Tunnel excavation is completed in 200
days, and the recession flow is observed until 1000 days.

Test cases

Two example cases were investigated using synthetic DFN
in the analysis of groundwater inflows into a tunnel. The
first case was a hypothetical block to test the performance
of the numerical modeling. The second case was based on
outcrop field data from the La Linea massif and the recorded
groundwater inflows of the Alaska fault zone during the
drilling of the La Linea tunnel.

Hypothetical case

In this case, the behavior of the hydrographs was analyzed by
varying the fracture length, aperture, and density distributions.
Six settings were built (each one with 100 realizations). The
fracture length frequency was assumed to follow a log-normal
distribution with p = —4,5 m and ¢ = 3,4 m, whereas the
exponential distribution was used for the fracture apertures.
The fracture density or number of fractures was randomly
assigned. Settings S1, S3, and S4 have the same density
but their exponent A varies from 8 000 to 10 000, while, in
settings S2, S5, and S6 the exponent A is kept constant (it is
equal to 9000). The parameters for each setting are displayed
in Table 1.

The Alaska fault zone

As an application example, and based on the results from the
hypothetical case, the Alaska fault zone was analyzed using
five different settings, where fracture density was varied, and
fracture length followed the statistical distribution of the La
Linea massif.

The Alaska fault is located in the La Linea massif and is crossed
by the drilling of two tunnels (Figure 1). These tunnels belong
to an important roadway project in the Colombian Andes.
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Table 1. Parameters for each configuration and number of completed
generations for each setting

Setting Number of fractures A Completed realizations
S1 700 9000 64
S2 350 9000 77
S3 700 8000 67
S4 700 10000 48
S5 525 9000 70
S6 175 9000 90

Source: Authors

Their mean length is 8600 m, the elevation at the East
entrance is 2434 m.a.s.l.,, 2553 m.a.s.l. in the West, and
the maximum depth is 800 m. The massif is formed by
the Quebradagrande complex, the Cajamarca complex, and
an andesithic porphyry. These geological formations are
highly fractured and formed by igneous and methamorphic
rocks with a complex structural geology (IRENA, 2007; UNAL,
2010). During the drilling process, important groundwater
inflows were recorded, especially in fault zones (IRENA, 2007;
UNAL, 2010). The Alaska fault zone is located in shales of
the volcanic member of the Quebradagrande complex, Kv,
as shown in Figure 1. The mean depth of the tunnel in the
zone is 400 m.

When a tunnel is being drilled, there is a flow peak as the
drilling front disturbs the rock followed by the recession
flow, which diminishes or disappears depending on the
hydrogeological conditions. In this way, the total amount of
water drained by a tunnel is the convolution of each individual
hydrograph. In the La Linea tunnel, the accumulated
groundwater inflows were measured daily at each entrance of
the tunnel (IRENA, 2007). However, there is no information
on the real infiltration rates in specific zones. Hence,
based on the average of 100 numerical simulations using
an EPM approach, the recession flow of the first 1 000 m of
tunnel is obtained and then removed from the accumulated
data. Figure 2 displays the inflows recorded at the western
entrance and the progression in the drilling front (IRENA,
2007); the hydrograph of the infiltrated water in the Alaska
fault zone (inner box in Figure 2) was built subtracting the
aforementioned recession or base flow (gray line). There, the
drilling process took about 200 days, and about 40 I/s were
recorded.

Fracture length distribution: The statistical parameters of the
fracture lengths are obtained from structural maps at local
and regional scale (10000 m and 65000 m, respectively)
(Figure 1), considering that just few and small outcrops (less
than 30 m) are found as consequence of the dense vegetation
in the area.

Finding the best statistical distribution governing a dataset is of
critical importance when predicting the tendency of fracture
attributes (Rizzo et al., 2017). The information criterion
approach is implemented using the Akaike Information
Criterion AIC (Akaike, 1974), the corrected AlCc (Cavanaugh,
1997), the Bayesian Information Criteria BIC (Schwarz, 1978),
and the KIC (Kashyap, 1982). Then, the estimation of the
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Figure 2. Daily groundwater inflows (black dots) and tunnel progression
(red line); base flow (gray dots) was removed from accumulated
hydrograph to obtain the Alaska inflows shown in the inner box (2007).
Source: Authors

posterior model weight (for AIC and AICc) or posterior
model probability (for BIC and KIC) is implemented, as
described in detail by Ye et al. (2008) and Siena et al.
(2017). Fracture length was fitted to five probability density
functions (normal, exponential, lognormal, gamma, and
General Extreme Value-GEV) using the Maximum Likelihood
Estimator approach. The four information criteria indicate
the best fit for the exponential distribution with the lowest
values. The same result is obtained by the posterior model
weight or posterior model probability (showing the higher
values) using the AIC, AlCc, and BIC (Table 2). However, the
KIC posterior probability is better for the GEV distribution,
as it discriminates the models on the quality of the model
parameter estimates (Siena et al., 2017). Therefore, the
exponential distribution is selected for the DFN generations
of the Alaska fault zone with A = 3,16 x 10> m. The data fit
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is shown in Figure 3.
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Figure 3. Probability density functions for fracture length in Alaska fault
zone in the La Linea tunnel.
Source: Authors

Table 2. Posterior weights/model probability of the five analytical
models evaluated for the model identification criterion

Criteria Normal Exponential Lognormal Gamma GEV
AIC 0 34,00 16,99 30,83 18,17
BIC 0 44,24 15,62 28,34 11,80

AICc 0 34,00 16,99 30,83 18,17
KIC 0 29,65 3,14 22,51 44,7

Source: Authors

An example of the synthetic DFN generated using the log-
normal (hypothetical case) and the exponential distribution
for the fracture length with the same number of fractures is
shown in Figure 4.

z (m)
z (m)

X (m)

a) X (m) b)

Figure 4. Example of the generated DFN: (a) hypothetical case and (b)
application example for the Alaska fault zone.
Source: Authors

Fracture aperture: Regarding the aperture information, it
was not possible to obtain aperture measurements within
the massif, or any information to estimate a real value.
Mean aperture measurements on surface were 1,5 mm,
the minimum was 0 mm, and the maximum was 32 mm
(Hernandez and Kammer, 2016). These values are extremely
high, as result of the weathering of the outcrops. They do
not even allow running the model because of numerical
convergence issues. However, preliminary tests showed
that the default HGS aperture distribution approach worked
fine. Consequently, the aperture generation range was kept
between 25 pm and 3,2 x 10 um, and A equal to 9,0 x 103
for the exponential distribution (Equation 2).
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Results

Hypothetical case

Figure 5a displays the hydrographs for each completed
generation in S1, the estimated mean, and the standard
deviation (0). Peak groundwater inflows vary between
28 and 52 L/s, and the recession flows are less spread
than those observed for early times. In the estimation of
Kgpw, it is important to consider that HGS changes the time
step to optimize CPU requirements; when the simulated
variable shows large variations, time steps are smaller. On
the contrary, if no sensible variation is simulated, the time
steps increase. After 200 days, when excavation is finished,
and hydraulic heads do not vary significantly, the time step
increases, and only ten values are generated in the remaining
800 days. For this reason, when the NASH coefficient
is calculated, differences between Qgppyr and Qpey in the
recession zone of the hydrograph are not so relevant, and
the NASH coefficient values are close to one.
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Figure 5. Hydrographs of the simulated groundwater inflows for DFN
generations: a) setting 1 (S1); b) mean flow obtained using the DFN and
EPM approaches using different fracture densities (settings S1 and S6)
and DFN approach for S1, showing the influence of Ss (m™) in the
simulated flows.

Source: Authors

Table 3 contains Kgpyp, NASH, and Kppy for each setting.
Kepy varies between 8 x 10~ and 4 x 1072 m/d, while
Kpgn ranges from 5 x 10% to 6 x 10> m/d. The difference
between both approaches (Kgpyr and Kpry) exceeds 5 orders
of magnitude. Therefore, the values are not comparable, and
the assumption of an equivalent permeability of the media,
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estimated as Kppy and proposed by de Dreuzy et al. (2001b),
does not work in this study. It may be associated to the matrix
of low permeability and P3, below 1 used in this research.
Consequently, the effects of matrix permeability and fracture
density should be taken into account for future modeling and
analysis.

Table 3. Equivalent and geometric mean permeability of fractures for
each setting

Setting Kepy (m/d) NASH Kprn (m/d)
S1 4,03 x1072 0,99 5,63 x 10
S2 1,97 x 1072 0,96 5,63 x 102
S3 4,03 x1072 0,99 5,17 x 10?
S4 4,36 x 1072 0,99 6,15 x 10?
S5 3,00 x 1072 0,98 5,63 x 102
S6 8,00x 1073 0,97 5,60 x 10?

Source: Authors

Figure 5b displays the calculated Qpry for different fracture
densities in settings S1 and S6, and Qrpym, showing how flow
increases as the number of fractures does. The excavation
phase shows a good fit between EPM and DFN (until 200
days). However, the tail of the hydrograph is overestimated
by the EPM approach, which leads us to perform a sensitivity
analysis of the S, for S1, showing how the peak and the
recession flow decrease as a function of S;.

Based on the obtained results, DFN hydraulic parameters
(introduced in the section named after them) were estimated
and compared with previous studies (de Dreuzy et al., 2001b;
Maillot et al., 2016) in order to validate the behavior of the
generated DFN. Figure 6 displays the relationship between
permeability and Ps; for the settings where only the fracture
density changes (S1, S2, S5, and S6). A linear relationship
between the Kgpy and the Ps; is observed, as found by Maillot
et al. (2016), but in a lower density range, considering that
the estimated P, for the analyzed configuration is below 1.

Kypy=0.34P3;
R’=0.99

Kypy (m/d)
0.010 0.020 0.030 0.040

T T T
0.04 0.06 0.08 0.10 0.12
Density, P3; (m’l)

Figure 6. Linear relationship between permeability and fracture density
P, displaying the 95% confidence interval bars of the Kgpy (tags
indicate the setting number).

Source: Authors



The Alaska fault zone

In this subsection, the results of a more complex fracture
network (Figure 1) are presented. The statistical properties
for the fracture lengths of the maps (Figure 2) were taken to
configure the DFN generation, and the fracture density was
varied from 55 to 700 fractures, as indicated in Table 4. As the
density changes, connectivity does as well, and, consequently,
Kepy (Table 4). However, in this application, the linear
relationship observed in the synthetic example (Figure 6) and
reported by Maillot et al. (2016) is not preserved for the
most dense setting (700 fractures), as shown in Figure 7. It is
probably a truncation effect caused by the lower number of
numerically successful runs (55 of 100 simulations) caused
by the difficulty to locate a higher number of fractures in the
same domain size and mesh distribution.

Finally, by visual inspection, the synthetic DFN with about 400
fractures generates hydrographs that show a good agreement

with the measured inflows in the first 100 days (Figure 8).

Unfortunately, there are no records for 60 days, probably
as a result of construction problems due to rock quality and
the presence of water, which caused the drilling advance
to be almost stopped. This would explain the decrease
in the flows from 180 to 200 days, followed by a sudden
increase as tunnel blasting was resumed. This kind of situation
during construction activities is the greatest limitation in the
acquisition of information for every geological unit, in addition
to the complexity involved in the behavior of the recession
flow.

Table 4. Density and Kgpy for five settings with different number of
fractures implemented for the Alaska fault zone

Number of fractures  P3, (m™1) (m/d) Completed generations
55 3,20x1072 5,92 x107° 95
188 1,10x10°1  2,69x 1072 86
400 2,37x107!  5,43x1072 56
500 3,01 x10™! 6,70 x 1072 62
700 4,10x107"  7,79x 1072 62

Source: Authors

Discussion

The accurate distribution of fractures in a rock massif is almost
impossible to know. Synthetic DFN generations can be used
as a tool to model the effects caused by tunnel drilling through
fault zones, considering the daily advance in the perforation
work.

Figures 6 and 7 show how geological media permeability is
heavily dependent on DFN density, P3;. However, for the
application example of the Alaska fault zone, a perfectly linear
relationship is not observed. This may be associated to a
truncation effect in the fractures.

The behavior of high-density DFNs in a very low permeability
matrix has important characteristics: groundwater must flow
through fractures, so that the DFN has to be connected in
order to contribute to groundwater circulation. In the porous
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Figure 7. Relationship between permeability and fracture density Ps, for
the Alaska fault zone, displaying the 95% confidence interval bars of the
Kepa (tags indicate the number of fractures in each setting).

Source: Authors
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Figure 8. Groundwater inflows simulated for the 400-fracture setting
and measured flow in Alaska fault zone (black dots).
Source: Authors

matrix, unconnected fractures take part in groundwater flow
through the matrix, and their influence is especially notorious
during tunnel excavation. When drilling crosses a fracture,
water flows freely as a function of its aperture, and a new
connection is generated through the system. Then, a drilled
porous matrix gradually releases the water stored in the
massif. This explains the fact that EPM overestimates late
inflows when permeability is adjusted.

The importance of the S; in the estimated groundwater inflows
for the recession period is evidenced. However, as there are
no measured data for this period to fit any parameter, only
synthetic data are compared. In this way, the closest behavior
between a DFN realization and an EPM was obtained using
Ss equal to 2,5 x 10~ m~1, which is within the range of the
reported specific storage values for crystalline rocks (Hartley
and Joyce, 2013).

Conclusions

This work highlights the possibility of implementing synthetic
DFNs to analyze the effects of the advance of tunnels
excavation in fractured zones. The results show that, based on
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the statistical parameters of the structural geology of a massif
(i.e., fracture length and aperture measured in geological maps
or outcrops), synthetic DFNs can reproduce groundwater
inflows of the same order of magnitude than those measured
in the Alaska fault zone in the La Linea tunnel, Colombia. This
is an outstanding finding of this research, as the results were
compared with real data, which has never been reported
before. Unfortunately, there are no available measured data
of the hydrograph at late times for this specific zone, so
Ss estimation is an open issue. As input information of a
fracture network is scarce, uncertainty is high. However, it
can be established that fracture density, P3;, is the parameter
that most influences the estimated EPM permeability for
the conditions of this study, which is in agreement with
Maillot et al. (2016). The relationship between Pz, and
equivalent permeability is heavily influenced by the fracture
length distribution. Thus, a linear performance cannot be
always supposed, probably because of the truncation effect
caused by the size of the synthetic model.
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Electrochemical Behavior of a Stainless Steel Superficially
Modified with Nitrogen by Three-dimensional Ion
Implantation

Comportamiento electroquimico de un acero inoxidable modificado
superficialmente con nitrogeno por medio de implantacion iénica
tridimensional

Felipe Sanabria-Martinez(!, Ely D. Valbuena-Nifo(?, Leidy S. Chacén-Velasco®, and Hugo A.
Estupifian-Duran(®*

ABSTRACT

Martensitic-grade stainless steels are widely used in diverse industrial and surgical applications, despite their natural tendency to
suffer local and uniform corrosion when continuously exposed to aggressive operation conditions. In order to enhance their surface
properties, this paper characterized the performance, in saline solutions, of AISI 420 stainless steel, which was surface-modified
by three-dimensional ion implantation using electrochemical techniques. The surface of the samples was implanted with ionized
nitrogen particles with an energy of 10 keV, varying the implantation time between 30 and 90 minutes. After the surface treatment,
the samples were exposed to a NaCl 3% (w/w) aqueous solution for 21 days. Tafel extrapolation, linear polarization resistance, and
electrochemical impedance spectroscopy tests were performed, with the purpose of quantifying the effect of the ion implantation
technique against electrochemical corrosion. To establish a comparison, the same tests were also performed on non-treated samples.
The results indicated an increase in the corrosion potential, polarization resistance, and a decrease in the current density of implanted
samples, thus demonstrating that, by delaying corrosive activity, three-dimensional ion implantation offers better protection against
electrochemical corrosion in AISI 420 stainless steel samples implanted with nitrogen.

Keywords: martensitic steel, surface, surface modification, corrosion, electrochemical characterization

RESUMEN

Los aceros inoxidables de grado martensitico son ampliamente usados en diversas aplicaciones industriales y quirdrgicas, a pesar de
su tendencia natural a presentar corrosion de tipo uniforme y localizada cuando son continuamente expuestos a condiciones de
operacion agresivas. Con el propdsito de mejorar sus propiedades superficiales, este trabajo caracterizo el desempefio en solucion
salina del acero inoxidable AISI 420 modificado superficialmente por medio de la técnica de implantacién iénica tridimensional usando
técnicas electroquimicas. La superficie de las probetas fue implantada con particulas ionizadas de nitrogeno a una energia de 10 keV,
variando el tiempo de implantacion entre 30 y 90 minutos. Posterior al tratamiento superficial, las muestras fueron expuestas a una
solucion acuosa de NaCl al 3 % wt durante 21 dias. Se llevaron a cabo pruebas de extrapolacion Tafel, resistencia a la polarizacion
lineal y espectroscopia de impedancia electroquimica, con el objetivo de cuantificar el efecto de la técnica de implantacion frente
a la corrosion electroquimica. Con motivo de establecer una comparacion, los mismos ensayos fueron aplicados a muestras sin
tratamiento. Los resultados indicaron un aumento en el potencial de corrosion, resistencia a la polarizacion y una disminucion en
la densidad de corriente en probetas implantadas, demostrando asi que, retardando la actividad corrosiva, la implantacion idnica
tridimensional ofrece una mejor proteccion frente a la corrosion electroquimica en sustratos de acero inoxidable AISI 420 implantados
con nitrégeno.

Palabras clave: acero martensitico, superficie, modificacion superficial, corrosion, caracterizacion electroquimica
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ELECTROCHEMICAL BEHAVIOR OF A STAINLESS STEEL SUPERFICIALLY MODIFIED WITH NITROGEN BY THREE-DIMENSIONAL |ON IMPLANTATION

Introduction

Grade 420 martensitic stainless steel (AISI 420 SS) is a high
carbon steel with a chromium mass content of up to 14% and
other alloying elements such as Mn (1%), Mo (1%), Si (1%),
S (0,03%), and P (0,04%). This compositional structure,
along with its heat treatment during the manufacturing
process, makes it an attractive material for various industrial
applications in modern engineering; it has a remarkable
operational performance in electrolytic environments and
relatively important mechanical properties (hardness and
ductility). Despite this, grade 420 SS suffers great damage
when exposed to certain conditions, for instance, when
operating under annealed conditions or at high temperatures.
This type of steel has demonstrated a lower corrosion
resistance and pitting tendency in comparison with other
martensitic and austenitic alloys (Voort et al., 2004).

Due to cases of this type, the enhancement of the
physicochemical properties (particularly in structures of
metallic nature), by means of novel, safe, and reliable
techniques working with easy-to-operate, inexpensive, and
ecofriendly equipment designed specifically to advance in the
engineering of solid materials and surface technology, has
attracted a growing interest by the scientific community.
Numerous experiments have shown that the surface
properties of metals, altered by phenomena such as friction,
wear, fatigue, and corrosion can be changed with superficial
modifications by doping species upon the surface of the
solid, and they have also uncovered feasible possibilities
for improving the functional capability of several alloys in
a variety of applications (Borgioli et al., 2019; Bravo and
Vieira, 2015; Walsh et al., 2008). Recently, a number of ion
bombardment techniques such as direct ion implantation (or
ion beam), ion beam assisted deposition, or plasma source ion
implantation, among other variations, have been increasingly
implemented for surface treatments, exhibiting a potential for
producing, in quantitative terms, enhancements in wear and
corrosion applications in metals and alloys at several orders
of magnitude.

Initially, ion implantation was commercially presented in the
semiconductor industry. Then, it happened to be studied
at different laboratories across the world, whose works
were aimed at the possibility of improving mechanical and
corrosion behavior of steels that are of relevance to the
nuclear and metallurgical industry (Was, 1990; Dearnaley,
1969; National Research Council, 1979). In general, the
impinging atoms penetrate the target or substrate material
at a depth between 0,01 and 1,00 u m, which produces a
thin alloyed surface layer on the substrate without altering
neither the geometric dimensions nor their internal properties.
The implantation range of the atoms depends on the atomic
number and the energy at which the atom is accelerated.
The process differs from others such as electroplating in
that it does not produce a discrete coating, as well as
from or carburizing and nitriding, which involve diffusion
of species at greater depths into the material at high
temperatures. Instead, ion implantation alters the chemical
composition near the surface of the base material. Within
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the phenomena occurred during the surface modification of
the solid surface by ion bombardment, both compositional
and microstructural changes can be identified, which lead
to the alteration of physicochemical properties such as
transport, optical properties, corrosion, strength and wear,
and fatigue resistance. The compositional changes associated
with ion implantation are classified into recoil implantation,
cascade mixing, radiation-enhanced diffusion, radiation-
induced segregation, Gibssian adsorption, and sputtering,
which, combined, produce complex composition differentials
upon the implanted surface. Microstructurally, within
the formation of defects expected from thermodynamic
equilibrium, itis possible to find phase alterations, metastable
(crystalline, amorphous, or quasicrystalline) phase formation
and growth, grain growth, texture, and the formation of a
high-density dislocation network. It is worth noting that,
compared to other surface processes, several advantages
have been demonstrated for using ion implantation as a
surface modification technique:

® The operation is inherently conducted at low
temperatures.

® |t yields exceptional adhesion.

® Dimensional changes are not a problem on an
engineering tolerance scale (being around the order of
a few tenths of nanometers).

® Surface polish is enhanced by the sputtering process.

® The implanted species are dispersed on a microscopic-
atomic level, thus producing the most efficient and
beneficial effect of the additive.

® Significant compressive surface stresses are produced,
which compensate external imposed tensile stresses
and protect the components against creep or fatigue
failure by surface-initiated cracking.

Notwithstanding the above, an important limitation in
metallurgical applications has also been found, where a
complete and homogeneous implantation of species upon the
surface is required. Certain sections of the surface of complex
shapes may be inaccessible to the line-of-sight capability
of conventional equipment, thus leading to the expensive
and bulky installation of sample manipulation devices (Was,
1990; Dearnaley, 1969; National Research Council, 1979).
With the purpose of improving the functionality in corrosive
environments of ferrous alloys widely used in engineering
applications, this paper presents the results obtained from
the electrochemical analysis of a 420-grade stainless steel
surface modified by three-dimensional ion implantation
(3DII), a particular implantation technique that overcomes the
limitations mentioned above. By means of 3DII, nitrogen (N)
ions are bombarded upon the surface of AISI 420 SS substrates
at previously established energy levels and exposition times
(Dougar-Zhabon, 1999, 2002; Valbuena-Nifio et al., 2010,
2011, 2020; Sanabria et al., 2019, 2020). Then, the effect of
the surface modification and performance of the SS samples
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exposed to an aggressive media simulating work operation is
evaluated through the following electrochemical techniques:
linear polarization resistance (LRP), Tafel extrapolation, and
electrochemical impedance spectroscopy (EIS).

Methodology

In general, the experimental methodology in this work was
sequentially developed as follows: substrate preparation,
definition of parameters prior the ion implantation treatment,
and electrochemical characterization.

Substrate material

Disk-shaped AISI 420 SS substrate with a 13 mm diameter
and 2 mm thickness were used in this study (see chemical
composition in Table 1). Before the surface treatment, the
metallographic preparation was carried out in accordance
with ASTM standards (2003, 2011a). The samples were
ground and then polished with silicon carbide papers from
60 down to 600 grit. Additionally, in order to understand the
state and phases of the delivered material, a microstructure
analysis was performed with a Carl Zeiss JVC metallographic
microscope.

Table 1. Elemental composition of AISI 420 SS

Element C Cr Mn Si S P

Value (wt %) 0,30 13,56 0,50 1,00 0,03 0,04

Source: Authors

lon implantation

3DIl is performed by means of the Joint Universal Plasma
and lon TEchnology Reactor (JUPITER), a prototype of this
technique. The process is based on a high voltage pulsed
discharge activated within the low-pressure range or ‘high
vacuum’. For a more detailed description of the properties,
phenomena, and other generalities occurred in this type of
plasma-ion technology, a review of the referenced literature
is encouraged (Parada et al., 2019; Vladimir and Tsygankov,
1997). Once the samples are placed upon the cathode (the
region where the applied voltage drops) inside the vacuum
chamber of the reactor, a pump system is set up to achieve

the required vacuum operations and then ignite the discharge.

At this pressure conditions, an ion flux of gaseous nitrogen is
fed into the chamber. Once exposed to the applied potential
(whose magnitude is of an order from tenths to hundredths
of kiloelectronvolts), the gas particles reach an ionization
state and then, due to the auto-sustained plasma, which
is generated by the effect of this type of discharge at such
conditions, the excited particles are attracted towards the
cathode, also granting the implantation of ionized species
upon the surface of the substrates at a normal angle on
the surface. Additionally, prior to the implantation process
in this study, there was additional surface preparation by
sputtering. That is, before feeding in the ion flux of nitrogen,
an Argon (Ar) flux was supplied at certain conditions with

the purpose of eliminating the greatest possible amount of
impurities and adapting the roughness across the surface
of the substrates. The JUPITER operation conditions for
both processes (sputtering and ion implantation) agree with
previous experiments and shown in Table 2 (Dougar-Zhabon
et al., 1999, 2002; Valbuena-Nino et al., 2010, 2011, 2020;
Sanabria et al., 2019, 2020).

Table 2. Operation conditions

Parameter Sputtering  Treatment (T1) Treatment 2 (T2)
Gas type Ar N N
Voltage (V) 5 30 30
Frequency (Hz) 30 30 30

Pulse duration (ms) 0,25 0,25 0,25
Pressure (Pa) 15>P>18 15>P>18 15>P>18
Exposition time (min) 20 30 90

Source: Authors

Electrochemical characterization

Implanted and non-implanted substrates were immersed in
an electrolyte solution with NaCl (wt. 3%) for 21 days, and
electrochemical tests were periodically performed on days
0, 7, 14, and 21. To measure the electrochemical corrosion
behavior of AlISI 420 SS samples, an electrochemical cell with
a KCl salt bridge and Agar-Agar solution was implemented.
A typical cell consists of three electrodes, in which AISI
420 SS specimen served as the working electrode with an
area of 0,785 cm?, a graphite rod as the counter electrode,
and Ag/AgCl (saturated calomel electrode) as the reference
electrode. This cell is then connected to Gill B1-STAT through
a potentiostate plugged into a computer with the ACM v.5
software and a sequencer, as mentioned in the G106-89
standard (ASTM, 2015).

It is worth noting that all electrochemical and corrosion
tests were performed according with ASTM standards (2010,
2011b). The Tafel extrapolation test was performed with
a scan rate of T mV/sec and a potential between -250
mV and +250 mV. LPR analysis was carried out with
a linear fit between +25 mV and -25 mV around the
previously established corrosion potential (E.,,). As for the
electrochemical impedance measurements, the spectrums
were recorded with an initial and final frequency of 30 000
Hz and 0,05 Hz, respectively. The impedance response
was eventually obtained from the applied frequency range
and then analyzed by Nyquist plots and Bode representation.
An equivalent circuit was proposed to physically interpret
the obtained data from EIS measurements. The procedures
mentioned above were followed to determine the kinetic
parameters (E.y), corrosion current density (ic,r), and
polarization resistance (Rp). Additionally, the experimental
data were simulated by running different types of electrode-
electrolyte interfaces with the Zview software (Scribner
Associates, Inc.), thus finding the best electric circuit
representation, accurately describing each electrochemical
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system, and determining the respective values of each
component involved.

Results

The characterization results before and after the implantation
process are presented in this section in the following
way: a metallographic analysis, an electrochemical study
with potentiodynamic analysis (Tafel and LPR), and EIS
measurements.

Metallographic analysis

The micrograph of the structure is illustrated in Figure 1, which
is agrees with the typical microstructure of the martensitic
stainless steel (AISI 420 SS) supplied in annealed conditions.
It consists mainly of ferrite, together with perlite grains
dispersed with small colonies of carbides precipitated at the
grain boundaries (Nunura and Lecaros, 2015; Voort et al.,
2004).

PERLITA

Figure 1. Metallography structure: AISI 420 SS.
Source: Authors

Electrochemical analysis

Extrapolation Tafel: In order to obtain information concerning
the corrosion resistance of AISI 420 SS, the quantitative
assessment of corrosion was conducted by potentiodynamic
polarization tests. Figure 2 illustrates the comparison of the
potentiodynamic polarization curves between implanted and
non-implanted samples exposed to NaCl (wt. 3%) solution at
different exposition times. The relevant parameters are listed
in Table 3.

From the Tafel analysis, the E.,, value gives an idea of the
reactive nature of the surface of AISI 420 SS. In general terms,
it can be noticed that, during each stage of the experiment,
the blanks, compared with implanted samples, described
an active corrosion tendency with a more negative E,, and
a rapid increase in the anodic reaction rate. As a result, a
more important deterioration of corrosion resistance may be
expected. Regarding the implanted samples, the E,,, values
shifted towards nobler sides, where the samples that stood
out were those whose nitrogen ion implantation was carried
out for 90 minutes and exposed at 0, 7, and 21 days. Unlike
the latter, at 14 days, it was found that the E.,, value for
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the substrates implanted for 30 minutes was slightly higher,
which did not allow establishing a linear correlation between
Ecorr and treatment time during ion implantation with nitrogen
on AISI 420 SS. Nevertheless, the analysis of the corrosion
potential is only a first approximation of the electrochemical
behavior of the material, and other parameters like 7., must
be taken into account in order to evaluate corrosion kinetics.

Corrosion current density (icor) Was estimated by means of
linear fit and Tafel extrapolation to the cathodic part of the
polarization curve. From Table 3, it can be observed that
the corrosion current density (ic) is inversely proportional
to the corrosion potential (E.y), which implies the same
pattern of corrosion behavior, that is, an increase in iy
implies a degradation of the protective properties of the
passive film formed during the implantation process. As
mentioned before, the reaction rate in samples without
treatment remained the highest throughout the exposition
time in saline solutions. Conversely, it can be observed that
the E and iy, of the implanted samples provided better
results compared to non-implanted samples. Since the iz,
magnitudes reflect the rate of dissolution through the passive
layer, it can be concluded that the samples implanted with
nitrogen for 30 minutes possess a better corrosion resistance
in comparison with the blanks. Thus, it can be said that the
treatment with the same ion implanted for 90 minutes exhibits
the highest corrosion resistance. As for the inspection at
14 days of chemical attack, the samples implanted for 90
minutes showed an increase in E.,, accompanied by lower
icorr than those implanted for 30 minutes, which confirms a
more important improvement in the corrosion resistance of
AlSI implanted with nitrogen under these conditions. Finally,
it is worth mentioning the existence of a transpassive region,
where the rapid increase in the current value occurs due to a
breakdown of the passive films. This tendency is commonly
known as pitting corrosion, and it is made evident in Figure 2c
for the samples implanted for 30 minutes at a potential of 0,06
V. A more notable tendency of this phenomena is presented
in Figure 2d for blanks and samples implanted for 90 minutes
at potentials of 0,06 V and 0,12 V, respectively. (Anandan et
al., 2007; Maleki-Ghaleh et al., 2014; Muthukumaran et al.,
2010; Padhy et al., 2010; Pereira et al., 2017; Osozawa and
Okato, 1976).

Table 3. Electrochemical parameters obtained from Tafel analysis

Substrates  Parameter 0 days 7 days 14 days 21 days
Blanks Ecorr (V) -573,90  -543,60 -530,00  -164,00
icorr (Alcm?)  3,16E00  2,51E00  2,95E00  3,55E-O1
T130min)  Egopr (V) 524,50  -371,70  -163,70  -128,90
icorr (AJcm?)  2,51E00  6,31E-01  3,98E-01  6,31E-02
T2 (90 min) Ecorr (V) -355,80 -348,70 -183,20 -104,00
icorr (Alcm?)  1,78E+00 6,31E-01  5,89E-02  2,00E-02

Source: Authors
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Figure 2. Potentiodynamic curves: Samples exposed to NaCl (wt. 3%)
at (a) 0 days, (b) 7 days, (c) 14 days, and (d) 21 days.
Source: Authors

Several works have attributed the beneficial effect of nitrogen
ion implantation in ferrous alloys to different physical and
chemical phenomena such as the supersaturation of the
atomic structure, the generated stresses, and the defect
density (Sanabria et al., 2020). Regarding the electrochemical
properties of stainless steels, the contribution of both
implanted nitrogen and the formation of chromium nitride

on the metal’s surface have been confirmed as the main
mechanisms in the enhancement of corrosion potential
and current density. On one hand, the decrease in iy,
is attributed to the formation of stable chromium nitride
phases inside the interstitial sites, which act as a kinetic
barrier to the dissolution process of the alloy, hence reducing
the reaction rate due to a multi-electron transfer process.

Other authors (Anandan et al., 2007; Muthukumaran et al.,
2010; Padhy et al., 2010) have proposed a different approach
to the effect of implanted nitrogen on electrochemical
behavior. Implanted nitrogen favors the formation of
ammonium ions (Equation (1)) which eventually increase
the local pH at active sites on the surface, such as grain
boundaries and kinks, where passive film formation is chiefly
unstable. As a result, the production of ammonium, together
with further nitrite or nitrate ions through the electrolyte,
impedes the reduction of pH, thus shifting the E,+ to more
positive values (Fossati et al., 2006).

N +4H" + 3¢~ — NH; (1)

Linear polarization resistance: Linear polarization resistance
is inversely related to the corrosion rate and provides useful
information on the reactivity of AISI 420 SS in electrolytes.
The knowledge of Rp from the cathodic zone enables the
direct determination of i, and, hence, the corrosion rate at
any instant (Vasilescu et al., 2015). The results obtained after
the exposition to a NaCl (wt. 3%) solution while performing
the linear polarization test in non-implanted and implanted
samples are presented by the graphs in Figure 3.

The relation between the potential and the current density of
non-implanted samples is depicted in Figure 3a. The typical
trend of polarization curves was observed, with a relatively
similar Rp values at 0 days (3364,2 Q.cm?), 7 days (3 632,8
Q.cm?), and 14 days (3937,6 Q.cm?). It then reached the
highest value at 21 days (12810,0 Q.cm?) of exposition
due to a possible passivation of the metallic surface by the
formation of a chrome oxide film, a natural characteristic of
martensitic SS against corrosion. As for the results in the
current-potential profile of implanted samples, a remarkable
difference between the Rp values was observed; there was
a gradual magnitude increase during the immersion time in
the saline solution. In the case of the substrates implanted
with nitrogen for 30 minutes in Figure 3b, the Rp values
were 2 812,1 Q.cm?, 19562,0 Q.cm?, and 36 455,0 Q.cm?
at 0, 7, and 14 days, respectively. At 21 days, where the
Rp reached the highest magnitude or polarization resistance
(248905,0 Q.cm?), the curve presented a vertical trend
of quasi-steady current as the potential increased, which
indicates the formation of a passive film upon the surface.
Similarly, the samples implanted with nitrogen for 90 minutes
(Figure 3c) exhibited such tendency, where the Rp values
at 0 and 7 days were 6 553,3 Q.cm? and 28 030,0 Q.cm?,
respectively. However, this system achieved the passive
behavior at 14 days with an Rp of 269228,0 Q.cm?, and
then at 21 days with the highest polarization resistance at
812 510,0 Q.cm?. An overall Rp behavior of the samples is
shown in Figure 3d.
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Figure 3. Linear polarization resistance plots: Log i (current density) vs.
Potential (v) plots of non-implanted (a) and implanted with nitrogen for
(b) 30 minutes, (c) 90 minutes, and (d) Rp vs. exposition time in NaCl.
Source: Authors
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By means of this electrochemical measurement, a favorable
effect of 3DII technique with nitrogen species upon the
surface of martensitic stainless steels was demonstrated;
it gradually reduced the current flux across the substrate
surface and therefore boosted its corrosion resistance during
the immersion time in the electrolyte solution. Additionally,
a linear correlation was established between the Rp and
treatment time, with a better protection at relatively longer
times of nitrogen ion implantation. A reason for this is
that the surface of implanted substrates effectively achieves
a passive behavior due to the formation of a stable and
protective surface oxide layer. This delays the effect of anodic
reactions upon the surface of the material once exposed
to the chemical attack. Other 3DII studies have found
a direct correlation between the treatment time and the
implantation dose, reporting better corrosive behavior at
higher doses due to the effect of the concentration of the
implanted species (Valbuena-Nifio et al., 2020; Sanabria et
al., 2019). The findings in the LPR measurements agree
with other works (Valbuena-Nino et al., 2011; Pena et al.,
2009) and reinforce the results obtained in the Tafel analysis
regarding the electrochemical behavior of AISI 420 SS against
electrochemical corrosion.

Electrochemical Impedance Spectroscopy: Whereas potentio-
dynamic polarization analysis can give information about the
susceptibility of the surface to corrosion, EIS experiments can
provide more data concerning to the corrosion mechanisms.

The evolution of the electrochemical behavior of non-
implanted AISI 420 SS samples and samples surface-treated
by nitrogen ion implantation for 30 and 90 minutes, then
exposed to a saline environment for 0, 7, 14, and 21 days, is
indicated by the common EIS representations: Nyquist plots
and Bode diagrams. Additionally, an appropriate equivalent
circuit with its corresponding fitted parameters, such as
constant phase elements (CPE), solution resistance (Rs), pore
resistance (Rg), and Rp, is also presented in Table 4 and
described in a section below.

In Figure 4, the Nyquist plots are illustrated from EIS
measurements carried out at different exposition times for
both non-implanted (Figure 4a) and implanted samples with
nitrogen species at different treatment times (Figure 4b and c).
All the Nyquist plots end up with an unfinished semicircular
form. A similar electrochemical tendency can be seen in the
implanted samples, where the influence of 3DII with nitrogen
particles is made evident by comparing the radius of the
curves with those described by the blanks. The difference lies
in the shifting of the curves for the implanted samples along
the real axis, which is due to the series resistances comprising
electrolytes and contact resistance. This can be validated
from the values obtained in Table 4. Since high Rp values
suggest a good corrosion resistance, and low capacitance
magnitudes signify the long-term stability of the passive film,
the geometric increment in the curve amplitudes is attributed
to a direct increase between the polarization resistances of
each system with both the exposition time and treatment
time in the implantation process. The Rp increased from
990,0 Q.cm? (0 days) to 22 516,0 Q.cm? (21 days) in blanks
(Figure 4a), from 842,7 Q.cm? (0 days) to 26 000,0 Q.cm?
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(21 days) in samples implanted for 30 minutes (Figure 4b),
and from 5557,0 Q.cm? (0 days) to 463 780,0 Q.cm? (21
days) in samples implanted for 90 minutes (Figure 4c).

Conversely, the double layer capacitance for each system
globally presented a reduction in its magnitude throughout the
electrochemical exposition from 9,38E-03 F.cm~2to0 9,70E-06
F.cm™2 in blanks (Figure 4a); from 2,64E-3 F.cm™ to 6,59E-
06 F.cm~2 in samples implanted for 30 minutes (Figure 4);
and from 3,39E-04 F.cm™2 to 8,59E-06 F.cm™2 in samples
implanted for 90 minutes (Figure 4c). The increase observed
in the Rp values in implanted samples is due to stable and
readily passive film formation owing to the interfacial nitrogen
and the production of chromium nitride. The similar tendency
observed in bare substrates, although at a lower degree, may
be attributed to the passive nature of martensitic AISI 420 SS
in chloride media. As for the capacitance decrease, it indicates
an improvement in the passive film stability, thus validating
the positive effect on samples implanted with nitrogen (Leitao
et al., 1997; Hannani, and Kermiche, 1998).

Figure 5 shows the Bode diagram representation of EIS
measurements for blanks and nitrogen implanted on AISI 420
SS samples after immersion in the same corrosive medium.
An ideal capacitive response would result in a (-1) slope
and a phase angle of 90°. Although no electrochemical
system behaves in such an ideal manner, it is possible to
identify the expected capacitive behavior of passive films
exposed to electrochemical attack in non-implanted samples,
a consequence commonly attributed to the characteristic
chromium oxide film AISI 420 SS (Hannani and Kermiche,
1998).

Within the exposition time in saline environments, these
curves demonstrated a CPE only. A more complex corrosion
mechanism was also detected, with alterations in the responses
produced by the 3DII technique in surface-modified substrates.
Each variation depends on the treatment time during the
implantation process and the immersion time in the electrolyte.
At high frequencies, there was a significant increase in the
phase angle for implanted samples compared to the blanks at
7 (Figure 5b) and 14 days (Figure 5c). However, these findings
were contradictory at O (Figure 5a) and 21 days (Figure 5d).
At low frequencies, implanted samples achieved higher angle
phases throughout the immersion period. As for substrates
implanted for 90 minutes, a further CPE could be identified
within the same exposition time, a typical response from an
electrode with a passive layer (Abreu et al., 2008).

Additionally, while the immersion time increases, an
improvement can be seen in the ability to resist the current
flow with the impedance modulus for implanted samples
at low frequencies with higher resistance values than those
of blanks. Despite the improvement in electrochemical
properties revealed in previous electrochemical techniques,
these EIS results suggested that treatment time variations
for 3DII with nitrogen species on AISI 420 SS were not able
to reproduce a consistent enhancement against corrosion.
They were nevertheless considered to give a satisfactory
physical interpretation when modeling the corresponding
electric circuit.
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Figure 4. Nyquist diagrams for (a) non-implanted and implanted with
nitrogen for (b) 30 minutes and (c) 90 minutes.
Source: Authors

Equivalent circuit: Each system was characterized by using
an appropriate equivalent circuit model. The circuit depicted
in Figure 6a represents the samples without treatment and
can be considered as a simple Randle’s cell with only one
electroactive interface. The electrical circuit in Figure 6b
with two electroactive interfaces is widely used in studies
on ion selective membranes (or coated electrode-electrolyte
interfaces) when examining metallic corrosion under coatings
exposed to corrosive environments (Olaya et al., 2011;
Piratoba et al., 2010; Abdi and Savaloni, 2017; Jiménez-
Morales et al., 1997).
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Figure 5. Bode plots for non-implanted and implanted samples after
exposition for (a) 0, (b) 7, (c) 14, and (d) 21 days.
Source: Authors
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Figure 6. Equivalent circuit representation.
Source: Authors

In general terms, the best electric circuit that fits the
experimental data of implanted samples consisted of an
arrangement of resistances and pseudo-capacitances or
constant phase elements CPE connected in series or parallel.
Rs represents the resistance of the solution, for the ion
migration describes an ohmic behavior in the electrolyte.
The dielectric CPE1 describes the capacitive effect of the
interface between the electrolyte and the implanted surface.
The following elements correspond to defects or porosities of
the passive layer, which ease the transport of the electrolyte,
together with oxygen, active ions, and corrosion products,
to the metal’s surface (Piratoba et al., 2010). The electrolyte
precipitated in such an active place is represented by R;.
The electrolyte-substrate interface is represented by the
parallel circuit between the dielectric properties of the layer
CPE2 (acting as the double layer capacitance), and Rcr
as the charge transference resistance and the response
against polarization resistance. Since CPE accounts for
the deviation from an ideal dielectric behavior and is also
related to surface heterogeneities, and Rcr values give a more
approximate interpretation of the corrosion resistance, it is
therefore demonstrated that 3DII, applied to this particular
material during certain intervals of time, has affected its
electrochemical characteristics, and hence its performance
in such environments. The fitting parameters were estimated
with the Zview software and are shown in Table 4.

Each system increased its Rp and, therefore, the resistance to
charge transference at each stage of the chemical exposition.
Inversely, a decrease in CPE indicated that the protective
layer is either continuous or compact, with the implanted
samples being the ones that offered a better improvement in
comparison with bare AISI 420 SS substrates. By comparing
the performance of implanted samples (with the treatment
for 90 minutes standing out) it is possible to conclude that
3DII, for longer periods of time, provides a larger thickness
and density of the passive film formed, which, when exposed
to chemical attacks, may act as a barrier or blockage of
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Table 4. Component values of the equivalent circuit approximation

Substrate Exposition time in NaCl Rs (Q.cm?) R; (Q.cm?) Rer (Q.cm?) CPE1 (F.cm™2) n1 CPE2 (F.cm™2) n2
0 42,0 990,0 1,86E-04 0,99
Blank 7 34,3 3986,0 4,31E-04 0,70
14 34,3 8 764,0 3,86E-05 0,71
21 130,6 22 516,0 4,97E-07 0,34
0 17,1 842,7 2,00E-04 0,75
7 58,8 16 824,0 2,76E-05 0,69
T1 30 min 14 35,2 2191,0 40211,0 4,55E-05 0,75 9,19E-06 0,81
21 33,1 8 448,0 2,6E+05 3,91E-06 0,77 6,59E-06 0,64
0 45,6 1407,0 5557,0 1,74E-04 0,72 3,39E-04 0,89
290 min 7 33,5 6190,0 36 392,0 5,79E-05 0,64 1,54E-05 0,92
14 31,3 122,8 104 700,0 6,64E-06 0,77 7,42E-07 0,76
21 34,8 2230,0 463 780,0 1,47E-05 0,70 8,59E-06 0,77
Source: Authors
the active sites of such ferrous alloys. Unexpectedly, some  Conclusions

discrepancies were obtained in Bode for samples implanted

for 30 minutes at 0 and 7 days of exposition (Figure 5a and b).

The curve demonstrated an image similar to non-implanted
samples, with one CPE only. This particular case is physically
interpreted by means of a Randle circuit (order ) (Figure 6a),
which compromises the following: the resistance offered
by the solution, a capacitance that represents the interface
electrolyte-substrate, and the charge transference resistance
representing the base material. The identical behavior may
be attributed to the fact that, at relatively short periods
of implantation time, the layer deposited upon the surface
of the substrates will not be as stable as those implanted
with higher doses or for longer periods, thus offering little
protection against electrochemical corrosion (Valbuena-Nifio
et al., 2016; Sanabria et al., 2019).

The improvement represented by these values is consistent
with the findings in the potentiodynamic polarization
experiments. The EIS results also provide an additional
support to the effect produced by 3DIlI as a surface
modification technique in metal alloys. However, it is
unmistakably difficult to determine which physicochemical
mechanism activates in order to reduce the corrosive activity.
Some authors have observed that nitrogen ion implantation
in stainless steels leads to the formation of chromium nitride
layers, thus improving the corrosion-resistant of the metal.
Moreover, the neutralizing reaction in Equation (1) occurred
upon the AISI 420 SS surface implanted with nitrogen in
contact with the electrolyte can minimize reaction rates.
Other works reported that the increase in defect density
generated by the expansion of the lattice would reduce
localized corrosion. Finally, the beneficial response of
the radiation damage of certain materials exposed to ion
implantation was more evident than the chemical effect itself
(Muthukumaran et al., 2010; Anandan et al., 2007; Padhy et
al., 2010; Pereira et al., 2017; Maleki-Ghaleh et al., 2014;
Fossati et al., 2006).

The effect of 3DII as a surface modification technique on
ferrous alloys was demonstrated through potentiodynamic
analysis and EIS measurements. The nitrogen ion implantation
applied on AlSI 420 SS elements for a duration of 30 minutes
and 90 minutes, and then exposed to a saline environment,
demonstrated the following:

An improvement in the kinetic parameters was obtained from
potentiodynamic analysis. It was determined that substrates
implanted under such conditions increased the corrosion
potential to nobler values and reduced the reaction rates.
Remarkably, the corrosion current density values exhibited
a direct correlation with the implantation time. Samples
implanted for 30 minutes offered better corrosion properties
than blanks. Likewise, samples implanted for 90 minutes
offered the best protective properties against electrochemical
attacks.

Following this comparison, the reactivity of the material
in question was also evaluated through linear polarization
resistance. These results validated the findings of the Tafel
analysis by identifying the same linear tendency between the
Rp and the treatment time. Due to a thicker film formed at
higher implantation times, it was possible to obtain higher
resistance values, thus delaying the charge transference or
current density and then increasing corrosion resistance.

Despite the multilevel variation in the Bode diagrams, a better
comparison could be observed in the Nyquist representations
and the proposed equivalent circuits. A similar tendency was
observed for both implanted and non-implanted samples.
However, the resistance and capacitance magnitudes of
the samples implanted for 90 minutes showed the best
performance against electrochemical corrosion.

The general corrosion behavior demonstrated a significant
enhancement after 3DIl with the increase in treatment
duration and/or implanted dose, thus producing thicker
interfaces on AISI 420 SS and enhancing its protective
properties against electrochemical corrosion.

INGENIERIA E INVESTIGACION voL. 42 No. 1, ApriL - 2022 9 of 11



ELECTROCHEMICAL BEHAVIOR OF A STAINLESS STEEL SUPERFICIALLY MODIFIED WITH NITROGEN BY THREE-DIMENSIONAL |ON IMPLANTATION

Acknowledgements

This research work was supported by the laboratory of
“Fisica y Tecnologia del Plasma y Corrosion” and “Grupo
de Investigaciones en Corrosion” from the “Universidad
Industrial de Santander”. This work was partially financed
by the Colombian agency Colciencias through doctoral
scholarship 617.

References

Abdi, F. and Savaloni, H. (2017). Surface nanostructure
modification of Al substrates by N+ ion implantation
and their corrosion inhibition. Transactions of Nonferrous
Metals Society of China, 27(3), 701-710. 10.1016/S1003-

6326(17)60078-5

Abreu C. M., Cristdbal M. J., Merino P., Novoa X. R., Pena G., and
Pérez M.C. (2008). Electrochemical behaviour of an AISI
304L stainless steel implanted with nitrogen. Electrochimica
Acta, 53(20), 6000-6007. 10.1016/j.electacta.2008.03.064

Anandan, C., William, V. L., Ezhil, S., and Rajam, K. S. (2007).
Electrochemical studies of stainless steel implanted with
nitrogen and oxygen by plasma immersion ion implantation.
Surface and Coatings Technology, 201(18), 7873-7879.
10.1016/j.surfcoat.2007.03.034

ASTM  (2003). G17-03 Standard practice for preparing,
cleaning, and evaluating corrosion test specimens. ASTM.
10.1520/G0001-03

ASTM (2010). G1702-89 Standard practice for calculation
of corrosion rates and related information from
electrochemical measurements. ASTM. 10.1520/G0102-
89R10

ASTM (2011a). E3-11 Standard guide for preparation of
metallographic specimens. ASTM. 10.1520/E0003-11

ASTM (2011b). G5-94 Standard reference test method for making
potentiostatic and potentiodynamic anodic polarization
measurements. ASTM. 10.1520/G0005-94R11E01

ASTM (2015). G106-89 Standard practice for verification of
algorithm and equipment for electrochemical impedance
measurements. ASTM. 10.1520/G0106-89R15

Borgioli. F, Galvanetto, E., and Bacci, T. (2019). Surface
modification of austenitic stainless steel by means of
low pressure glow-discharge treatments with nitrogen.
Coatings, 9(10), 604. 10.3390/coatings9100604

Bravo, E. and Vieira I. (2015). Influence of cerium ions and
shelf-life of hybrid solution as pre-treatment for AA 2024
aluminium alloy on its anticorrosion performance. Surface
and Interface Analysis, 48(8), 809-817. 10.1002/sia.5901

Dearnaley, G. (1969). lon Bombardment and implantation.
Reports on Progress in Physics, 32(2), 405-491.
10.1088/0034-4885/32/2/301

Dugar-Zhabon, V. D., Castro, B. J., Dulce Moreno, H. J., and
Tsygankov P. A. (1999). Device JUPITER for ion implantation.
Revista Colombiana de Fisica, 31(2), 181-184.

M 100f 11 INGeniERiA £ INVESTIGACION vOL. 42 No. 1, APriL - 2022

Dougar-Zhabon, V. D., Dulce Moreno, J., and Tsygankov, P. A.
(2002). High voltage pulse discharge for ion treatment
of metals. Review of Scientific Instruments, 73, 828.
10.1063/1.1429785

Fossati A., Borgioli, F., Galvanetto, E., and Bacci, T. (2006). Glow-
discharge nitriding of AISI 316L austenitic stainless steel:
influence of treatment time. Surface & Coatings Technology,
200(11), 3511-3517. 10.1016/j.surfcoat.2004.10.122

Hannani, A. and Kermiche, F. (1998). The Electrochemical
Behaviour of AISI 304 Stainless Steel Following Surface
Maodification by lon Implantation. Transactions of the IMF,
76(3), 114-116, 10.1080/00202967.1998.11871208

Jiménez-Morales, A., Galvdn ). C., Rodriguez R., and de
Damborenea J. J. (1997). Electrochemical study of
the corrosion behaviour of copper surfaces modified
by nitrogen ion implantation. Journal of Applied
Electrochemistry, 27, 550-557. 10.1023/A:1018446628256

Leitao, E., Silva, R. A., and Barbosa, M. A. (1997). Electrochemical
impedance spectroscopy of nitrogen- and carbon-sputter
coated 316 | stainless steel. Corrosion Science, 39, 333-338.
10.1016/S0010-938X(97)83349-5

Maleki-Ghaleh, J. Khalil-Allafi, M. Sadeghpour-Motlagh, M. S.
Shakeri, S. Masoudfar, A. Farrokhi, Y. Beygi Khosrowshahi,
A. Nadernezhad. M. H. Siadati, M.H., Javidi, M., and
Shakiba, M. (2014). Effect of surface modification by
nitrogen ion implantation on the electrochemical and
cellular behaviors of super-elastic NiTi shape memory alloy.
Journal of Materials Science: Materials in Medicine, 25(12),
2605-2617, 10.1007/s10856-014-5283-4

Martinez-Orellana L., Pérez, F., and Gdémez, C. (2005).
The effect of nitrogen ion implantation on the
corrosion behaviour of stainless steels in chloride media.
Surface and Coatings Technology, 200(5-6), 1609-1615.
10.1016/j.surfcoat.2005.08.034

Muthukumaran, V., Selladura, V., Nandhakumar, S., and
Senthilkumar, M. (2010). Experimental investigation on
corrosion and hardness of ion implanted AISI 316L
stainless steel. Materials and Design, 31(6), 2813-2817.
10.101 6/j.matdes.201 0.01.007

National Research Council (1979). lon implantation as a new
surface treatment technology. The National Academies
Press. 10.17226/19823

Nunura, C. and Lecaros, C. (2015). Caracterizacion del acero
inoxidable AISI 420 y los efectos de la presencia de
carburos de cromo en la estructura martensitica. Revista
I+i, Investigacién Aplicada e Innovacidn, 9, 1-10. https:
//www .tecsup.edu.pe/sites/default/files/page/file/revista/
Volumen-9/Art-1.pdf

Olaya, J. J., Piratoba, U., and Rodil S. E. (2011). Resistencia a la
corrosion de recubrimientos de CRN depositados por PVD
con UBM: tecnologia eficiente y ambientalmente limpia.
Revista Latinoamericana de Metalurgia y Materiales, 31(1),
44-51. https://www.rlmm.org/ojs/index.php/rimm/article/
viewFile/132/101


https://doi.org/10.1016/S1003-6326(17)60078-5
https://doi.org/10.1016/S1003-6326(17)60078-5
https://doi.org/10.1016/j.electacta.2008.03.064
https://doi.org/10.1016/j.surfcoat.2007.03.034
https://doi.org/10.1520/G0001-03
https://doi.org/10.1520/G0102-89R10
https://doi.org/10.1520/G0102-89R10
https://doi.org/10.1520/E0003-11
https://doi.org/10.1520/G0005-94R11E01
https://doi.org/10.1520/G0106-89R15
https://doi.org/10.3390/coatings9100604
https://doi.org/10.1002/sia.5901
https://doi.org/10.1088/0034-4885/32/2/301
https://doi.org/10.1063/1.1429785
https://doi.org/10.1016/j.surfcoat.2004.10.122
https://doi.org/10.1080/00202967.1998.11871208
https://doi.org/10.1023/A:1018446628256
https://doi.org/10.1016/S0010-938X(97)83349-5
https://doi.org/10.1007/s10856-014-5283-4
https://doi.org/10.1016/j.surfcoat.2005.08.034
https://doi.org/10.1016/j.matdes.2010.01.007
https://doi.org/10.17226/19823
https://www.tecsup.edu.pe/sites/default/files/page/file/revista/Volumen-9/Art-1.pdf
https://www.tecsup.edu.pe/sites/default/files/page/file/revista/Volumen-9/Art-1.pdf
https://www.tecsup.edu.pe/sites/default/files/page/file/revista/Volumen-9/Art-1.pdf
https://www.rlmm.org/ojs/index.php/rlmm/article/viewFile/132/101
https://www.rlmm.org/ojs/index.php/rlmm/article/viewFile/132/101

SANABRIA-MARTINEZ, VALBUENA-NINO, ChACON-VELASCO, AND ESTUPINAN-DURAN

Padhy, N., Ningshen, S., Panigrahi, B. K., and Kamachi M.
(2010). Corrosion behaviour of nitrogen ion implanted AISI
type 304L stainless steel in nitric acid medium. Corrosion
Science, 52(1), 104-112. 10.1016/j.corsci.2009.08.042

Parada, F. F., Tsygankov P., Dougar-Zhabon, V., Pefa, D.,
Coronado, J., Gonzales, J., and Valbuena-Nino E. D. (2019).
Morphologic evaluation of silicon surface modified with
titanium and titanium+nitrogen. Acta Microscopica, 28(2),
39-47. https://acta-microscopica.org/acta/article/view/529

Pefia D., Fontalvo P., Estupifian H., Valbuena-Nifo, E.D., and
Vesga W. 2009. Evaluacion experimental de la resistencia
a la corrosion de un acero AISI-SAE 4140 implantado
con iones de nitrégeno. Dyna, 76(159), 43-52. https:
/[revistas.unal.edu.co/index.php/dyna/article/view/13039

Pereira C., De Souza, F. S., Marin, G., Hickel, S. M., Bindera
C., and Nelmo A. (2017). Corrosion resistance of low-
carbon steel modified by plasma nitriding and diamond-
like carbon. Diamond & Related Materials, 80, 54-161.
10.1016/j.diamond.2017.11.001

Piratoba, U., Camargo, A., and Olaya J. J. (2010). Impedancia
Electroquimica - Interpretacion de diagramas tipicos con
circuitos equivalentes. Dyna, 77(164), 6975. https://revist
as.unal.edu.co/index.php/dyna/article/view/25578

Sanabria, F., Viejo, F., and Valbuena-Nifio, E. D. (2019).
Performance in saline environment of a carbon steel surface
modified by three-dimensional ion implantation. Journal of
Physics: Conference Series, 1403, 012015. 10.1088/1742-
6596/1403/1/012015

Sanabria, F., Valbuena-Nifio, E. D., Rincdn, M., Estupifian, H.
A., and Viejo, F. (2020). Surface evaluation of carbon steel
doped with nitrogen ions. Revista UIS Ingenierias, 19(1),
205-212. 10.18273/revuin.v19n1-2020019

Sanabria, F., Gil, L., Matos, C., and Valbuena-Nino E.D. (2019).
Experimental evaluation on eletrochemical corrosion of
ion implanted medium carbon steel of titanium and
titanium+nitrogen. Acta microscopica, 28(2), 72-85.

Valbuena-Nifio, E. D., Dulce, H. J., and Dugar-Zhabon, V. (2010).
Caracterization of AlSI 4140 Steel Implanted by Nitrogen
lons. Revista Colombiana de Fisica, 42(3), 387-392. http:
//revcolfis.org/ojs/index.php/rcf/article/view/420329.html

Valbuena-Nifo, E. D., Dugar-Zhabon, V., Dulce Moreno, H.
)., Pefia Rodriguez, G., Garnica, H. A., and Tsygankov,

P. (2012). Application of electric arc and high voltage
simultaneous discharges for advanced superficial treatment
of metals. Revista Iteckne, 9(1), 14-20.

Valbuena-Nifio E. D., Gil L., Herndndez L., Barba-Ortega J. J.,
and Dougar-Zhabon V. (2016). Characterization of the
alloy steel modified superficially with ions of titanium and
nitrogen. CT&F - Ciencia, Tecnologfa y Futuro, 6(3), 135-146.
10.29047/01225383.14

Valbuena-Nifo, E. D., Gil, L., Hernandez, L., and Sanabria, F.
(2020). Corrosion resistance of a carbon-steel surface
modified by three-dimensional ion implantation and
electric arc. Advances in Materials Research, 9(1), 1-14.
10.12989/amr.2020.9.1.001

Valbuena-Nifno E. D., Pefia D., Salinas D. V., and Chinchilla L. F.
(2011). Modificacion Superficial de un Acero AISI SAE 1045
mediante la implantacion de iones de nitrégeno y titanio.
Revista Iteckne, 8(1), 31-36. 10.15332/iteckne.v8i1.259

Vasilescu, C., Drob, S. I., Calderdén, J. M., Osiceanu, P.,
Popa, M. Vasilescu, E., and Marcu, M. (2015). Long-
term corrosion resistance of new Ti-Ta-Zr alloy in
simulated physiological fluids by electrochemical and
surface analysis methods. Corrosion Science, 93, 310-323.
10.1016/j.corsci.2015.01.038

Vladmir, 1. K. and Tsygankov, P. A. (1997). The use of
a high voltage discharge at low pressure for 3D ion
implantation. Surface and Coatings Technology, 96(1), 68-
74.10.1016/50257-8972(97)00117-5

Voort, V., Lucas, G. M., and Manilova, E. P. (2004). Metallography
and microstructures of stainless steels and maraging
steels. ASM Handbook: Metallography and Microstructures,
International, 9, 670-700. 10.31399/asm.hb.v09.a0003767

Walsh, F. C., Ponce de Ledn, C., Kerr, C., Court, S., and Barker, B.
D. (2008). Electrochemical characterisation of the porosity
and corrosion resistance of electrochemically deposited
metal coatings. Surface & Coatings Technology, 202(21),
5092-5102. 10.1016/j.surfcoat.2008.05.008

G. S. (1990). lon beam modification of metals:
Compositional and microstructural changes. Progress
in Surface Science, 32(3-4), 211-332. 10.1016/0079-
6816(89)90005-1

Was,

INGENIERIA E INVESTIGACION voL. 42 No. 1, ApriL - 2022 11 of 11 [ |


https://doi.org/10.1016/j.corsci.2009.08.042
https://acta-microscopica.org/acta/article/view/529
https://revistas.unal.edu.co/index.php/dyna/article/view/13039
https://revistas.unal.edu.co/index.php/dyna/article/view/13039
https://doi.org/10.1016/j.diamond.2017.11.001
https://revistas.unal.edu.co/index.php/dyna/article/view/25578
https://revistas.unal.edu.co/index.php/dyna/article/view/25578
https://doi.org/10.1088/1742-6596/1403/1/012015
https://doi.org/10.1088/1742-6596/1403/1/012015
https://doi.org/10.18273/revuin.v19n1-2020019
http://revcolfis.org/ojs/index.php/rcf/article/view/420329.html
http://revcolfis.org/ojs/index.php/rcf/article/view/420329.html
https://doi.org/10.29047/01225383.14
https://doi.org/10.12989/amr.2020.9.1.001
https://doi.org/10.15332/iteckne.v8i1.259
http://dx.doi.org/10.1016/j.corsci.2015.01.038
https://doi.org/10.1016/S0257-8972(97)00117-5
https://doi.org/10.31399/asm.hb.v09.a0003767
https://doi.org/10.1016/j.surfcoat.2008.05.008
https://doi.org/10.1016/0079-6816(89)90005-1
https://doi.org/10.1016/0079-6816(89)90005-1

INGENIERIA E INVESTIGACION voL. 42 No. 1, ApriL - 2022 (€86698)

Research Article/ Mechanical Engineering, Mechatronics, and Materials Science https://doi.org/10.15446/ing.investig.v42n1.86698

Comparison of Treatments by Mercerization and Plasma
Glow Discharge on Residues of the Amazon Chestnut Shell
(Bertholletia Excelsa)

Comparacion de tratamientos por mercerizacion y descarga intensa de
plasma sobre residuos de la cascara de castaiia amazonica (Bertholletia
excelsa)

Ximena Zapata-Londofio(®!, James Janderson Rosero-Romo(?, Hugo Armando Estupinan-Duran(®?

ABSTRACT

The chestnut shell from the Amazon region shared between Colombia, Brazil, and Per( is an abundant residue of the walnut used
for obtaining food and cosmetic products. This residue is not yet usable due to the lack of knowledge of its properties and the
environmental impact generated by its treatment through methods such as mercerization. This work presents the results of the
characterization of Amazon chestnut shell residues treated by two methods, mercerization with NaOH solution and intense plasma
discharge (Glow Discharge Plasma), in a reactor with argon gas in a 0,3 bar vacuum and discharge conditions of 80 mA and 600 s.
The microstructural, morphological, topographic, and nanomechanical changes of the chestnut residues without treatment and with
the two proposed treatments were evaluated by means of the pRaman, scanning electron microscopy, and atomic force microscopy
techniques. The results showed the effectiveness of the plasma method over the mercerization method at obtaining more crystalline
cellulose structures due to the reduction of hemicellulose, lignin, and the aqueous phase of walnut shell waste.

Keywords: Amazonian chestnut, Bertholletia excelsa, cellulose, plasma glow discharge

RESUMEN

La cdscara de castafa proveniente de la region amazonica, compartida entre Colombia, Brasil y Perd, es un residuo abundante de la
nuez empleada en la obtencion de productos alimenticios y cosméticos. Este residuo no es utilizable por la falta de conocimiento
de sus propiedades y del impacto ambiental generado por su tratamiento por métodos como la mercerizacion. En este trabajo
se muestran los resultados de la caracterizacion de los residuos de cdscara de castafia amazonica tratados por dos métodos,
mercerizacion con solucion de NaOH y descarga intensa de plasma (Glow Discharge Plasma), en un reactor con gas de argén en
un vacio de 0,3 bar y condiciones de descarga de 80 mA y 600 s. Los cambios microestructurales, morfoldgicos, topograficos y
nanomecdnicos de los residuos de castaia sin tratamiento y con los dos tratamientos propuestos se evaluaron mediante las técnicas
de 1Raman, microscopia electronica de barrido y microscopia de fuerza atomica. Los resultados mostraron la efectividad del método
por plasma, por encima del método de mercerizacion, para la obtencion de estructuras mds cristalinas de celulosa debido a la
reduccion de la hemicelulosa, la lignina y la fase acuosa de los desechos de cascara de nuez.

Palabras clave: castafia amazonica, Bertholletia excelsa, celulosa, descarga intensa de plasma
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Introduction Bertholletia excelsa is the scientific name by which this walnut

. . o . species is known, according to its taxonomy and ecology.
Generating agricultural waste is inevitable, since a large P ! 8 Y 8y

amount of it can result from the harvest in the early stages )
'Biological Engineering Student, Universidad Nacional de Colombia, Medellin,

of the food production chain, which causes environmental
and economic problems in cultivation areas. Por example,
one of the main economic activities in the Brazilian Amazon
region is the Brazilian nut, whose shelling stage is a process
that generates large amounts of waste, representing 90%
by volume of the chestnut crops (Cardozo et al., 2014;
de Souza, E. S., et al., 2019). This product is part of the
so-called ‘dried fruits’, which provide important nutritional
benefits due to their high content of proteins, carbohydrates,
unsaturated lipids, essential vitamins, and minerals (ARS-
US, 2019). However, Brazilian nut harvesting maintains a
constant demand in the international market.
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COMPARISON OF TREATMENTS BY MERCERIZATION AND PLAsMA GLow DiISCHARGE ON RESIDUES OF THE AMAZON CHESTNUT SHELL (BERTHOLLETIA EXCELSA)

It belongs to the Lecythidaceae family, found mainly in the
Brazilian Amazon and several South American countries such
as French Guyana, Suriname, Bolivia, Venezuela, Perd, and
Colombia, due to the fact that its growth is favored by sandy
or clayey soils with good drainage. Furthermore, it is an
endemic species, and it is impossible to domesticate, since it
forms a natural balance dependent on rodents and specific
organisms for pollination (Melo et al., 2018). Additionally,
this species is representative of the Amazonian tropical forest,
not only for its economic and environmental importance, but
also for its size (up to 50 m), with a trunk that reaches 2 m in
diameter (Salo et al., 2013). Its fruit is extremely hard, with a
shape similar to that of coconut, and it can weigh up to 2 kg
with 12 to 25 nuts inside, each with its own shell (Bonelli et
al., 2001).

The Brazilian nut shell is mainly composed of cellulose,
lignin, and hemicellulose, so a convenient option to
reduce the impact of generating unusable waste would be
using it as a source for obtaining fibrils and/or cellulose
nanocrystals, which is especially important for the multiple
applications it can have in the paper, textile, food, and
nanotechnology industries, given its use in the manufacture of
bio-nanocomposites, pharmaceuticals, biomedical implants,
medicines, among others; it is classified as a non-toxic, highly
crystalline, hydrophilic material with outstanding mechanical
properties, especially due to its high rigidity. (Naduparambath
et al., 2018; de Souza, A. G. et al., 2019).

To produce cellulose from biowaste, it is necessary to
eliminate hemicellulose, lignin, and other components
present in the lignocellulosic material that are rigidly
associated through non-covalent bonds and covalent cross
linkages (Tezcan and Atici, 2017). Figure 1 shows the
molecular scheme of a lignocellulosic biomass, where
hemicellulose is a carbohydrate polymer in the form of a
network that covers the cellulose, and lignin is a polymer
with an aromatic structure of a hydrophobic nature located
between cellulose and hemicellulose fibers (Jagtap et al.,

2018; Sun, et al., 2016; /\Ivarez-Rodriguez et al., 2012).

Current methods for obtaining cellulose are based on
delignifying, that is, eliminating lignin through chemical
pretreatments such as acid hydrolysis, basic hydrolysis, high
pressure steam, among others (de Souza E. S., et al., 2019).

Basic hydrolysis is a very common method, also known as
the ‘mercerization method’, used to remove lignin from plant
fiber waste. During this process, lignin is generally reduced
by means of diluted NaOH, causing the separation between
the structural links of lignin and the carbohydrates found on
the external surface of the biomass, given the increase in
its internal surface area (swelling) (Jaramillo-Quiceno, 2016;
Rosa et al., 2010). One of the advantages of this method is
the high efficiency in the solubilization of lignin. However,
its treatment conditions imply the use of very expensive
industrial equipment, as well as environmental and human
health problems due to the use of chemical products (Tezcan
and Atici, 2017).

Glow Discharge Plasma (GDP) is a new method for the
surface treatment of materials. It is economic and friendly
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to the environment, and it allows transforming the surface
properties and sometimes of the interior mass of metals,
polymers, elastomers, ceramics, etc. Surface cleaning, etching,
crosslinking, and changes in the chemical structure are some of
the most important modifications reported in materials treated
with this technique (Vackovd et al., 2019). Its operation consists
of introducing a sample into a vacuum chamber under the action
of a high-energy ionized gas (plasma) produced by an electric
field within the chamber. The sample of interest interacts with
cold ions, high-energy electrons, free radicals, and ultraviolet
radiation, thus generating changes in their properties. These
modifications depend on the working parameters of the plasma
equipment: voltage, type of gas used, pressure, and the polarity
of the sample versus the polarity of the equipment. In a polymer,
for example, when the electrons collide with the surface, a break
in the bonds and the formation of different molecular structures
take place (Tsai et al., 2010). Different industries all over the
world are planning to incorporate the modification of the surface
properties of many materials into their production lines. This
includes textiles, polymeric fibers, food, packaging, and other
materials of an inorganic and organic nature. Therefore, the
study of the transformation of the properties of plant waste
is a great opportunity to explore a wide range of interesting
applications.

Studying the impact of technologies for the treatment of these
new materials, specifically in the modification of vegetable
fibers from agro-industrial waste, is one of the objectives of
this research, as well as presenting the comparative results
obtained from the treatment by intense plasma discharge
and the treatment by mercerization of residues of chestnut
walnut shell fibers, with respect to changes in morphology,
microstructure, and mechanical behavior.

reeee Cellulose
e seeee

eeeee / i
i avees
B-(1,4)-glycosidic bond Cellobiose unit

Hydrogen bond

Lignocellulosic biomass §
B41,3)lycosidic bon

v
esesese -
) e
oy e
@ ccim [ —
Aryl-ether bond p-Coumary yl  Coniferyl Sinapyl

Figure 1. Molecular scheme of lignocellulosic biomass.

Experimental section
Materials and methods

The main objective of the methodological development
proposed in this work was to prepare a useful residue
extracted from the shell of the Amazonian chestnut using
plasma glow discharge and mercerization treatments to
compare the stiffness, morphological, topographic, and
microstructural changes generated in the treated residues. To
this effect, the collection and supply of seeds of the chestnut
(Bertholletia excelsa) was carried out by residents of the jungle
near the city of Leticia, located in the Colombian Amazon
region.



These seeds, approximately 4 to 5 cm in diameter, were
washed with distilled water and simultaneously brushed
to remove any adhering organic residue, before manually
separating the shell and the fruit from the seed. This
procedure was performed with a hammer, with extreme
caution to avoid mixing the fruit of the walnut with the
macerated shell. The residues obtained were reduced in size
using a mortar and then separated by means of granulometric
sieves with a 106-micron mesh, thus obtaining three triplicate
samples of approximately 0,5 g each for study. A group
of three of these samples was labeled as ‘untreated’, and
the other two groups of three samples were marked as
‘mercerized’ and ‘plasma’, respectively.

For the mercerization process of the walnut shell residues,
NaOH solution was used. The variables established as
preliminary control were NaOH concentration, temperature,
exposure time, and fiber weight to NaOH solution ratio. Then,
in the main experimental phase, these variables were assumed
to be constant, according to previous works (Jaramillo-
Quiceno, 2016). For this, 0,5 g of sample were treated
at a concentration of 4% NaOH, a temperature of 40 °C
for 2 h, and a fiber: solution ratio of 1:15. After this step,
the sample was washed and filtered with 1% acetic acid
in solution and then rinsed with distilled water to remove
unreacted NaOH residues and water-soluble extracts. After
this alkaline treatment, the fibers were dried in two stages,
the first for 24 hours at room temperature, and the second at
70 °C for 48 h in a drying oven to remove as much moisture
as possible.

A Quorum Technologies Q150R sputtering reactor, adapted
for the GDP process, was used on the crushed walnut
shell samples, with an atmosphere of argon ionizing gas
at a vacuum pressure of 0,3 bar and additional operating
conditions of 80 mA, under positive polarity conditions in the
sample holder and 600 s of processing time.

Raman spectra of the shell samples with and without
their corresponding treatments were obtained with a
LabRam HR Evolution Horiba Scientific micro-Raman-
Confocal spectrometer coupled with an Olympus BX41 light
microscope with a 100X objective for the qualitative analysis
of chemical structures. To this effect, 0,15 g of each sample
were manually compacted to eliminate dispersions and placed
on a glass slide. Scans were performed in a range of 50 cm™!
to 3 500 cm~! with a 785 nm laser and an acquisition time of
6 s with 12 accumulations. The software used to determine
the bands of interest and the corresponding processing of
the spectra obtained was LabSpace6, along with its database,
while also processing the spectra acquired with the baseline
and the univariate method with Lorentian adjustment, in
order to obtain intensity values with greater precision.

Images were obtained from 500X to 2000X with a SEM EVO
MAT10 Carl Zeiss scanning electron microscope operating at
a voltage of 5 kV and a working distance of 8,5 mm. This
allowed analyzing and comparing the morphology of chestnut
shell residues with and without the mercerization and plasma
treatments. The observed samples were pre-coated with a
thin layer of 5 nm gold (measured with a piezoelectric device
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conditioned in sputtering equipment), as is recommended
for observing non-conductive samples in SEM.

Using the AFM Park Systems NX10 atomic force microscope
in areas of 5 x 5 pm and 256 x 256 pixels, topography,
dimensional distribution, and stiffness measurements of the
treated and untreated chestnut shell residues were performed
on the Pint Point scanning mode, with a tip on cantilever
(reference NSC14 with a force constant of 5 N/m and a
frequency of 160 KHz).

Results and discussion

The images of the untreated seeds and a scheme with the
different stages of treatment are shown in Figure 2.

Intensity (a.u)

S0 100 1500 2000 2500 3000 3500
Raman shift (cm )

Figure 2. Chestnut husk treatments: a) Crushed and sieved, b)

Mercerization, c) Plasma.

The untreated chestnut shell shows a brown color, which
manifests itself in the aqueous solution resulting from
the mercerization treatment with NaOH due to a partial
elimination of lignin (Rosa et al., 2010). This color change did
not occur in the chestnut shell samples treated with discharge
plasma.

Crystallinity in cellulose has an important effect on the
physical, mechanical, and chemical properties of the fibers
and microfibers that constitute it. Similar works have found
that a higher crystallinity increases tensile strength and
gives greater dimensional stability and density to the fiber
while decreasing properties such as chemical reactivity and
swelling (Jaramillo-Quiceno, 2016; Lopez-Duran et al., 2018;
Kathirselvam et al., 2019). The Raman spectra of the fibers
processed by mercerization and plasma, as well as of those
unprocessed, are shown in Figures 3a, b, ¢, and d, where the
variations in the intensity of the main bands represent, among
other characteristics, changes in crystallinity and the reduction
of lignocellulose from the residues of the Amazonian chestnut
shell due to the treatments proposed in this research.

In Figure 3a, the predominant bands in the spectral region
between 1525 cm~' and 1700 cm™! are presented, thus
representing the aryl stretching vibration, which is symmetric
and mainly associated with lignin; as well as a 1599 cm™!
band whose attenuation indicates the delignification of the
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fiber of shell residues from mercerization (Gierlinger et al.,
2013). In the Raman spectrum of plasma-treated fibers,
the last band does not completely disappear; according
to Segmehl et al. (2019), the typical distribution of lignin
between hemicellulose and cellulose fibers is not uniform
and, therefore, the location of the analyzed region is an
important factor because there can be significant variations
in the collected Raman signal. Taking this effect into account,
the presented spectrum accounts for the average of several
acquired. The bands of the spectra of the different analyzed
samples located between 2 862 and 2 882 cm™! represent the
amorphous phase of cellulose, generally associated with the
aqueous phase present in the residues. These bands decrease
in intensity in the treated samples, mainly in the plasma-
treated one. Table 1 shows the Raman band assignments for
the Amazonian chestnut shell (Bertholletia excelsa).

1599 a

Intensity

Intensity (a.u)

|
1094

Tntensity (1.)

| |
500 1000 1500 2000 N 2500 3000
Raman shift (cm ™)

Untreated sample

mmmmmmmmmmmmmm
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VoA

400 600 1000 1200 1400
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Figure 3. Raman spectra and Lorentzian adjustment: a) Raman spectra
of chestnut fibers with and without mercerization and plasma treatments;
b) Bands of interest for the analysis and adjustment to calculate the
percentage of crystallinity; c-d) Lorentzian adjustment for bands 375
cm~!and 1094 cm™t.

Figure 3b shows the bands of the Raman spectra representing
the loss of cellulose in the untreated walnut shell fibers at
374 and 1096 cm™!, those treated by mercerization at 377
and 1095 cm™!, and those plasma-treated at 372 and 1093
cm™L. Figures 3c and d show spectra with these bands of
interest with a Lorentzian-type fit. In Figure 3b, the Raman
bands between 1096 and 1122 cm™ are associated with
the stretching of the typical glycosidic bond of cellulose.
The spectra with Lorentzian analysis in Figure 3d show the
definition of the bands at 1094, 1 095, and 1125 cm™,
which represent partial and non-total loss of cellulose after
the mercerization and plasma treatments. The transformation
from type 1 to type Il cellulose is generally related to the
variation of the band at 380 cm™!, according to studies
carried out on fibers treated by mercerization with NaOH
(Segmehl et al., 2019). However, in this study, the position
of this band for the three cases, 376, 377, and 372 cm™! is
relatively similar, although modifications to the bandwidth
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are observed due to the defects induced from the treatments
on the walnut shell fibers.

Table 1. Raman band assignments for Amazonian chestnut shell
(Bertholletia excelsa) samples

Chemical species  Raman Shift (em™) Band assignment

Lignin 1599, 1597 Aryl ring stretching, symmetric
Cellulose 372,377,376 B-D-glucosides

1093, 1095, 1094 C-O-C stretching, asymmetric

1122,1125 C-O-C stretching, asymmetric

Hemicellulose 2 882,2 888, 2 862 C-H stretching

Source: Authors

Considering that the changes in cellulose crystallinity
are attributed to the degradation of lignocellulose and
hemicellulose, a method has been proposed to quantitatively
determine these changes based on the ratio of the intensities
of the bands at 380 and 1096 cm™ (Isg0/I1096) and a data
treatment with univariate analysis to solve problems involving
the presence of fluorescence in the spectra (Agarwal et al.,
2010; Agarwal et al., 2013). Similar works to determine the
crystallinity of cellulose fibers have used X-ray diffraction
patterns, with discrepancies in the reliability of the results
obtained when varying the size of the fibers (Carrién-Prieto et
al., 2019). Contrary to the spectra obtained in this study, due
to the interaction of the signal that relates hemicellulose and
pectin, a Raman dispersion can be produced, leading to an
imprecise measurement of cellulose crystallinity (Anderson
et al., 2003). According to this method, to determine the
percentage of crystallinity in the walnut shell cellulose fibers,
four Raman spectra have been processed for each treatment
for their respective calibration, thus obtaining values of
Is75/I1094.  In this sense, Equation (1) has been used to
obtain the percentage of crystallinity (Xraman) of the samples
not treated and treated by GDP and mercerization.

(Iﬁ) -0,0375
XRaman = —1093,0214 x 100 (1)
The results of this analysis are presented in Table 2.

According to Table 2, the 1,5 value of Isz5/I1094 reported
for the sample treated by GDP (I375/11095) represents the
highest value of cellulose crystallinity with respect to
the values of 0,62 and 0,94 reported for the samples
treated by mercerization and without treatment, respectively.
The presence of the Raman spectral band at 1599 cm™!
corresponding to the structural vibration of lignocellulose in
untreated and plasma-treated walnut shell microfibers, which
does not appear in the sample treated by mercerization,
affects the value of the intensity of the band at 1094 cm™,
whose value is higher in the sample treated by mercerization.
Figure 4 shows the calibration graph of the four spectra
taken in each sample, as well as the graph that relates the
percentages of crystallinity vs. the calculated I375/I1004 ratio.

According to the graph in Figure 4b, shown in ascending order
by the degree of crystallinity, the walnut shell fibers treated
by mercerization had a value of 27%, 42% for the sample
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Table 2. Raman intensity values and I375/I1994 ratio for the calculation of
the Xgraman crystallinity factor

SAMPLE Raman Shift (cm™') Intensity (a.u) Is75/I109a XRaman (%)
Treated with NaOH 377,1 095 20, 32 0,62 27,82
Treated with GDP 372,1 095 12,8 1,5 63,71
Without treatment 376, 1093 10, 25 0,94 42,55
Source: Authors
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Figure 4. a) Graph showing the relationship between the crystallinity of
the calibration set versus the Raman intensity ratio I37s/I1e4; b) Graph
that relates the crystallinity of each sample with the Raman intensities
1375/11094 with univariate analysis.

without treatment, and 64% for the fiber treated by GDP.

These values, as well as the I375/11094 ratio, probably show
some dispersion due to the presence of lignocellulose, which
especially affects the band associated with microcrystalline
cellulose at 1095 cm™!. This band has been used for the
study of mechanical properties in vegetable fibers, specifically
for changes in viscoelastic properties (Eichhorn and Young,
2001).

Morphological description of the fibers by Scanning
Electron Microscopy (SEM)

Figure 5 shows the SEM images of the fibers with and without
the treatments. The surfaces of the shell residues have
rough and porous shapes, thus evidencing the presence of
amorphous regions associated with morphologies other than

cellulose, such as lignin and hemicellulose (Figure 5a and b).

In the fibers treated by that mercerization and GDP, the size
of the cellulose microfibers was identified between 1,5 and
2,5 um.

Plasma
s T
W

Sample without treatment Mercerization

Figure 5. Morphological analysis: a) Image of the sample without
treatment; b) Chestnut husk fibers with mercerization treatment in
NaOH; c) Chestnut fibers with 80 mA plasma treatment.

Likewise, Rosa et al. (2010), in their research on coconut
shells, related what was observed in SEM images with the
partial removal of impurities (lignin, hemicellulose, and
other compounds present in the shell) based on partial

fibrillation, unlike the untreated sample. Results obtained by
the pRaman Spectroscopy technique of the plasma-treated
samples are characterized by the presence of bands associated
with cellulose, which are more defined than the bands
of the samples without treatment. However, in both the
mercerization and plasma treatment, they showed a level
of partial defibrillation with a still compact morphology,
similar to the morphology of the samples without treatment
(according to the comparison in Figure 5a, b, and ©),
thus corroborating the results showing the Raman bands
associated with lignin. In addition to this comparative analysis,
it should be noted that the chestnut walnut shell sample
with the highest defibrillation was the plasma-treated one,
where long, continuous, spirally wound shapes of fibers of
approximately 2,5 pm of diameter were observed.

Atomic Force Microscope (AFM)

Figure 6a shows the topographic characteristics of a
walnut shell sample without any treatment, and Figures
6b and c, the topography images of the samples treated
by mercerization and plasma, respectively. From this
characterization, roughness measurements in Ra (um) were
obtained, observing a decrease in in this value for the samples
treated by mercerization and by plasma in their order.

PGD 80mA

b

a
m
‘Sample without treatment Mercerization

GPa

o

Sum 0 Sum

Figure 6. AFM images of topography (3D) and stiffness (2D): a) untreated
sample topography, b) mercerization-treated sample topography, c)
plasma-treated sample topography, d) Stiffness image for untreated
sample, e) Stiffness image for sample treated by mercerization, f) Stiffness
image for sample treated by plasma.

This aspect is associated with the effect of mercerization and
plasma treatment on the removal of cementitious material
from the walnut shell or the structure of its first amorphous
region, which is mainly composed of hemicellulose and lignin,
which corroborates the results obtained through Raman and
SEM imaging. The decrease in the roughness of the surfaces
of the walnut shells after plasma treatment is caused by the
breakdown of the amorphous structures of hemicellulose
and lignin that are present in the primary layer of microfibrils,
thus exposing a secondary layer rich in cellulose crystalline
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and with a smooth topography. Table 3 shows the values of
roughness Ra (um) and stiffness (GPa) obtained.

Table 3. Roughness Ra (um) and Stiffness (GPa) values for chestnut nut
fibers without treatment and with treatment

SAMPLE Ra (um) Stiffness (GPa)
Treated with NaOH 0,137 £ 0,013 11,55+ 0,2
Treated with GDP 0,071 + 0,01 88,4 +0,2
Without treatment 0,193 + 0,010 5,94 +0,3

Source: Authors

Figures 6d, e, and f refer to the images acquired by the AFM’s
Pin-Point mode, showing the variation of the stiffness on
the surface (5 x 5 pum) of the walnut shell residues. In the
gray bar, the different color tones ranging from light gray,
medium light gray, medium dark gray, and dark gray indicate

the variation of stiffness in the range of 0,001 to 100 GPa.

Medium dark gray and dark gray represent the areas with the
highest stiffness distribution in the walnut shell residues and
the most representative of the physical-mechanical changes

manifested from the treatments developed in this research.

In the untreated walnut shell samples, this zone appears
between 0,7 and 7 GPa, with the notable presence of less
rigid zones (between 0,1 and 0,7 GPa) in a light gray color
tone. In Figure 6e (a sample treated by mercerization), the
stiffer zones appear between 0,05 and 8 GPa, with a small
distribution of less rigid structures between 0,001 and 0,3
GPa (light gray color tone). For the plasma-treated walnut
shell sample shown in Figure 6f, values between 0,09 and
35 GPa represent areas of higher rigidity, and those between
0,001 and 0,09 GPa correspond to less rigid areas.

Treatment processes in vegetable fibers, especially
mercerization, generally produce lignin and hemicellulose
removal effects on the fibers (Cheng and Wang, 2008;
Cousins, 1978). While comparing the stiffness results of
the different treated and untreated walnut shell samples, it
was observed that the most notable changes occurred in
the GDP-treated samples. From the process by plasma in
vegetable fibers, it is known that the decrease in cellulose,
hemicellulose, and lignin is caused by the breakdown of the
glucoside bonds of cellulose, of the sugars present in the
structure of hemicellulose, and the carboxylic and hydroxyls
bonds in cellulose, thus generating a molecular restructuring
of the carbon covalent bonds of the fibers with respect to
oxygen ions. This causes important changes in the stiffness
of the treated structures. Several studies have reported that
the increase in stiffness is associated with a more crystalline
structuring of cellulose microfibrils, which is consistent with
the results obtained by AFM imaging, the morphological
and structural changes observed in the SEM characterization,
and the analysis of the spectral bands obtained by Raman
(Marcuello et al., 2019).

In the third column of Table 3, the stiffness values obtained by
analysis in the AFM XEI software are shown. This procedure
consists of processing the images acquired and shown in
Figure 6d-f to obtain an arithmetic average in GPa of the
selected region. A higher average stiffness value was found
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in the plasma-treated samples, which matches the values
analyzed in the gray tone bands of their respective images.
An important aspect to consider when processing the fibers
with plasma is the drastic decrease in the humidity of the
fibers due to the vacuum of the procedure. This reduces
their viscoelastic properties, with the obvious consequence
of increasing the rigidity of the walnut shell. This behavior
was also observed in the samples treated by mercerization,
which presented a stiffness value of twice that of the samples
without treatment and almost eight times less than that of
the samples treated with plasma. In general terms, the
increase in the level of crystallinity and the stiffness of the
walnut shell fibers is a consequence of the covalent molecular
restructuring of the carbon and oxygen bonds of the fibers,
in addition to the decrease in the aqueous phase (Marcuello
et al., 2019).

Conclusions

Both the mercerization and plasma treatment on the
Amazonian chestnut walnut shell generated the release of
agglomerated cellulose microfibers in spirals with diameters
between 1,5 and 2,5 pm, according to the SEM image analysis.
The Raman spectra for both treatments used in this research
showed bands associated with the presence of cellulose,
with the disappearance of the 1599 cm™ band related to
lignin degradation, with a greater effect in the treatment by
mercerization than by plasma.

Additionally, the calculation of the crystallinity index proposed
in this work with the relation of intensities associated with
cellulose showed a significant increase in crystallinity for
plasma-treated samples compared to the untreated samples,
as well as a decrease in crystallinity in the sample treated by
mercerization, which indicates a transformation effect based
on the breakdown and covalent restructuring of carbon-
oxygen bonds in the fibers treated by plasma, and a structural
breakdown effect with a low level of reconstitution for the
mercerization treatment.

In addition to this, the plasma treatment decreased the
aqueous phase associated with cellulose, hemicellulose, and
amorphous lignin, thus affecting the original viscoelastic
properties of the chestnut shell residues and increasing their
rigidity, as evidenced in the results obtained by AFM on the
Pin-Point itinerant contact mode. However, an important
effect must be added to the increase in the rigidity of the
shell, based on the restructuring of the carbon-oxygen bonds
that occurs after the removal of the first amorphous wall
of hemicellulose and lignin, which exposes a second wall
composed of crystalline cellulose, partially free of these
amorphous substructures. This was an important factor for
the decrease in the roughness of the structure treated by
plasma.
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ABSTRACT

The coronavirus disease 2019 (COVID-19) is fatal and spreading rapidly. Early detection and diagnosis of the COVID-19 infection will
prevent rapid spread. This study aims to automatically detect COVID-19 through a chest computed tomography (CT) dataset. The
standard models for automatic COVID-19 detection using raw chest CT images are presented. This study uses convolutional neural
network (CNN), Zeiler and Fergus network (ZFNet), and dense convolutional network-121 (DenseNet121) architectures of deep
convolutional neural network models. The proposed models are presented to provide accurate diagnosis for binary classification. The
datasets were obtained from a public database. This retrospective study included 757 chest CT images (360 confirmed COVID-19
and 397 non-COVID-19 chest CT images). The algorithms were coded using the Python programming language. The performance
metrics used were accuracy, precision, recall, F1-score, and ROC-AUC. Comparative analyses are presented between the three
models by considering hyper-parameter factors to find the best model. We obtained the best performance, with an accuracy of
94,7%, a recall of 90%, a precision of 100%, and an F1-score of 94,7% from the CNN model. As a result, the CNN algorithm is more
accurate and precise than the ZFNet and DenseNet121 models. This study can present a second point of view to medical staff.

Keywords: COVID-19, deep learning, convolutional neural network, Zeiler and Fergus network, dense convolutional network-121

RESUMEN

La enfermedad del coronavirus 2019 (COVID-19) es fatal y se estd propagando rapidamente. La deteccidn y el diagndstico tempranos
de la infeccion por COVID-19 evitaran la propagacion rdpida. Este estudio tiene como objetivo detectar COVID-19 automaticamente
a partir del conjunto de datos de tomografia computarizada de térax (TC). Se presentan los modelos estdndar para la deteccion
automatica de COVID-19 utilizando imdgenes de TC de tdrax sin procesar. El estudio consta de arquitecturas de red neuronal
convolucional (CNN), red Zeiler y Fergus (ZFNet) y red convolucional densa-121 (DenseNet121) de modelos de redes neuronales
convolucionales profundas. Los modelos propuestos se presentan para proporcionar diagndsticos precisos para clasificacion binaria.
Los conjuntos de datos se obtuvieron de una base de datos publica. Este estudio retrospectivo incluy6 757 imagenes de TC de tdrax
(360 imagenes de TC de térax COVID-19 confirmadas y 397 imagenes no COVID-19). Los algoritmos se codificaron utilizando
el lenguaje de programacion Python. Los parametros de desempefio que se utilizaron fueron exactitud, precision, recuperacion,
puntaje-F1 y ROC-AUC. Se presentan andlisis comparativos entre los tres modelos considerando factores de hiperparametros para
encontrar el mejor modelo. Obtuvimos el mejor rendimiento, con exactitud del 94,7 %, recuperacion del 90 %, precision del 100% y
puntuacion-F1 del 94,7 % del modelo de CNN. Como resultado, el algoritmo de CNN es mds exacto y preciso que los modelos ZFNet
y DenseNet121. Este estudio puede presentar un segundo punto de vista al personal médico.

Palabras clave: COVID-19, deep learning, red neuronal convolucional, red Zeiler y Fergus, red convolucional densa-121
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Introduction computed tomography (CT) images. Chest CT scans have
played a vital role in diagnosis during this pandemic (Akcay
et al., 2020; Bao et al., 2020; Chung et al., 2020; Lei et al.,
2020). Early detection, diagnosis, isolation, and treatment
are critical to preventing further spread of the disease (Guner
et al., 2020). In some cases, real-time polymerase chain
reactions can give incorrect or inadequate information (Ai et
al., 2020). It is critical to develop cost-effective and accurate

Machine-learning (ML) techniques have been used in medical
imaging and infectious disease diagnosis (Lundervold and
Lundervold, 2019; Chen et al., 2016; Ardabili et al., 2020).
The coronavirus disease 2019 (COVID-19), which started
to spread from Wuhan (China), as of the end of December
2019 (Zhu et al., 2020; Huang et al., 2020), has affected
the whole world. According to the updated data, there have
been. more than 134 957 021 confirmed c.ases and 2 91§ 752 "Ph.D. in Geomatics Engineering, Yildiz Technical University, Turkey. Affiliation:
confirmed deaths because of COVID-19 in 223 countries as Assi.sta.nt Professor, Depfrtment g% Geomatics Engineering, GL)J/;nusharzlei University;
of 11 April 2021 (WHO, 2021). Coronaviruses (CoVs) are Gumushane, Turkey. E-mail: hatice.catal@yahoo.com.tr

related to zoonotic viruses that can cause disease in mammal - - —— .
or bird species (Tezer and Bedir Demirdag, 2020). Various Eg::’;gac;t,ivegzggfj: &ﬁ?ﬁ;&ggﬁ VID-19 Diagnosis with Deep Learning.
medical approaches are available to diagnose and detect 10.15446/ing.investig.v42n1.88825

COVID-19 in patients, such as the transcription-polymerase

chain reaction (RT-PCR) test kits (Ai et al., 2020) and chest Attribution 4.0 International (CC BY 4.0) Share - Adapt
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detection methods that all countries can benefit from. Deep
learning (DL) is a part of machine learning (Deng, 2014).
Recently, this technique has shown effective performance in
the field of medical image processing. DL-based research
has been presented for the detection of COVID-19. This in-
cludes artificial neural networks (ANN), convolutional neural
networks (CNN), recurrent neural networks (RNN, a hybrid
classifier architecture) (Goreke et al., 2021); ResNet50, Incep-
tionV3, and InceptionResNetV2 (Narin et al., 2020); nCOVnet
(Panwar et al., 2020); DarkCovidNet (Ozturk et al., 2020);
VGG-19 (loannis and Bessiana, 2020); COVID-NET (Wang
and Wong, 2020); and Xception and ResNeXt (Jain et al.,
2021) models using X-ray images. At the same time, studies
that detect COVID-19 using CT images have been presented
in the literature. AlexNet, VGG-16, VGG-19, SqueezeNet,
GoogleNet (Ardakani et al., 2020), ResNet-50 as a specific
model (Li et al., 2020), DenseNet (Yang et al., 2020), and
DenseNet201 (Jaiswal et al., 2020) algorithms have used CT
images for COVID-19 detection and diagnosis. Although
there are studies on the subject, there is still insufficient
literature. Deep learning algorithms can help develop a new
useful diagnosis and management system for COVID-19
cases. In this study, we have proposed three models for
an automatic prediction of COVID-19 using DL-based using
chest CT images. The proposed models have an end-to-end
architecture that uses feature extraction methods and raw
chest-CT images for analysis. These models are a customized
CNN, ZFNet, and DenseNet121. We reached this accuracy by
means of a large-size dataset and multi-layer models. Along
with the customized CNN model, we proposed a small-size
nonstandard dataset.

Radiologists have to be pioneers in medical imaging and in-
terpretation during the COVID-19 pandemic, but the medical
staff are currently under heavy workloads. Therefore, DL-
based approaches can help contribute to the medical system
and offer a secondary perspective.

This study is organized as follows: in section 2 (Materials
and methods), we give a short overview of the literature in
deep learning and the proposed models; we describe how
we obtained the dataset, and we present architecture charts
and plots. Then, we provide a statistical analysis. In section
3 (Results), we show the results of the experiment. After that,
we discuss and interpret the obtained results and conclusions.

Materials and methods

In this section, we define the dataset used in the study for DL.
The second part is followed by the proposed CNN, ZFNet,
and DenseNet121. It compares the performance of these
three models. We built DL-based platforms for automatic
detection and prediction of COVID-19 (Figure 1).

Deep learning is a subclass of machine learning and is the
most popular approach in artificial intelligence applications
(LeCun et al., 2015). DL is a method that imitates the human
brain in the use of information and aims for new approaches
in complex data solutions. The most important feature that
distinguishes deep learning from traditional neural networks
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Figure 1. A schematic presentation of the study.
Source: Author

is that it has more than one hidden layer (Sejnowski and
Tesauro, 1989). Generally, the architecture of convolutional
neural networks consists of input, convolution, pooling, con-
volution, pooling, fully connected, fully connected, and output
prediction (Pouyanfar et al., 2018).

The data were downloaded and used from the GitHub public
database. The COVID-CT-Dataset has 360 CT images con-
taining clinical findings of COVID-19 from 216 patients and
397 non-COVID-19 CT images (Github/UCSD-AlI4H, 2020).
No human and no animal rights were violated. The research
was performed according to the principles of the Declara-
tion of Helsinki. We used the Keras deep learning library
with the TensorFlow backend to implement deep learning
models (Figure 3). This study was done on a personal laptop
equipped with an Intel i5 processor, 6 GB of RAM, and a GTX
940MX NVidia GPU with 2GB of VRAM. Table 1 shows the
DL methods used and statistics of the dataset for chest CT
images.

Table 1. Statistics of the dataset

Models Target Training  Validation Test T
images
Covid-19 321 19 20 360
CNN Non-Covid-19 360 19 18 397
Total 681 38 38 757
Covid-19 324 17 19 360
ZFNet Non-Covid-19 357 21 19 397
Total 681 38 38 757
Covid-19 325 18 17 360
DenseNet121  Non-Covid-19 356 20 21 397
Total 681 38 38 757

Source: Author

A chest CT dataset was used (Figure 2), which was obtained
with different techniques and did not have standard features.
Therefore, all images were pre-processed.
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Figure 2. Raw chest CT image samples.
Source: Author
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Figure 3. Deep learning algorithm framework.
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Problem solving with the help of deep learning is equivalent
to optimally designing a multi-layered network structure. The
raw CT dataset and 100 epochs were used as the input layer
in our study (Figures 4 to 6). BatchNormalization caused the
model to learn better during training, and it also positively
affected the stability of the network.

CNNs have been used in imaging-based classification in
various medical areas (Lakhani and Sundaram, 2017; Esteva
et al., 2017). They have been significantly practiced in
medical image processing to develop health research (Choe
et al.,, 2019). CNNs are a kind of artificial neural network
with multiple layers contributing to high accuracy and cost
reduction in its large datasets (Panwar et al., 2020). The
customized CNN's architecture contains 3 layers instead of 2
in the 2-3-4 layers (Figure 4). Therefore, we increased the
model’s performance in terms of accuracy.

Performance measures

This study used the receiver operating characteristic (ROC)
curve to evaluate classifier output quality. ROC curve analysis
is generally used in medical studies for evaluating the diag-
nostic accuracy of a continuous class (Kamarudin et al., 2017).
The confusion matrix is based on four parameters, identified
as True Positive (TP), False Positive (FP), False Negative (FN),
and True Negative (TN), as shown in Table 2. Accuracy,
precision, recall, F1-score, and ROC-AUC metrics were used
for performance measurement (Togacar et al., 2020).

Test Dataset a I II
5= 55

Probabilities

\/

Trained Model

Table 2. Confusion matrix

Predicted Positive Predicted Negative

Actual Positive True Positive (TP) False Negative (FN)

Actual Negative False Positive (FP) True Negative (TN)

Source: Author

Precision = % (1)
Recall = —(TIEZPI)TN) )
o Ml P
Accuracy = (ID + TN) (4)

(TP + TN + FP + FN)
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Experimental results

We used CNN, ZFNet, and DenseNet121 DL algorithms to
detect COVID-19 for training, validation, and testing purposes.
Visual performance plots are given in Figures 7 to 9, and the
evaluation results of the methods are shown in Table 3.

Table 3. Comparative results of models

Models Accuracy Precision Recall Fi-score ROC-AUC
Customized-CNN 0,947 1,000 0,900 0,947 0,950
CNN 0,947 0,944 0,904 0,944 0,940
ZFNet 0,868 0,850 0,895 0,872 0,868
DenseNet121 0,842 0,867 0,765 0,813 0,835

Source: Author

Confusion Matrix Visualization

Actual Values

Predicted Values

Confusion Matrix Visualization

Actual Values

Predicted Values

Confusion Matrix Visualization

Actual Values

Predicted Values

Figure 7. Confusion matrix visualization: (top) CNN, (middle) ZFNet,
(bottom) DenseNet121.
Source: Author

We obtained the best performance with the customized CNN
model, with an accuracy of 94,7%, a recall of 90%, a precision

CaTAL REIs

of 100%, and an F1-score of 94,7%. The lowest performance
values were obtained by DenseNet121 with an accuracy of
84,2%, a recall of 76,5%, a precision of 85%, and an F1-score
of 81,2%. The confusion matrix for the detection of COVID-
19 obtained from the study is given in Figure 7. Accuracy,
precision, recall, F1-score, and ROC-AUC were used for
performance evaluation (Table 3).

The loss function layer is used to calculate the expected
results predicted by the vital features (Sriporn et al., 2020)
(Figure 8).

Model Loss

—— Training Loss
Validation Loss
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1,54

Loss

1,0

1\
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T T T T
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Figure 8. Training loss and validation loss values for CNN (top), ZFNet
(middle), DenseNet121 (bottom).
Source: Author

According to the results of the ROC curve (Figure 9), we
obtained the best result from the CNN model with 95%, the
second best result from the ZFNet model with 86,8%, and
the lowest result with the DenseNet121 model (83,5%).
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Source: Author

Conclusions

In this study, we focused on the detection and prediction
of COVID-19 using chest CT imaging. As a result, the CNN
algorithm gave more satisfactory and higher accuracy than
ZFNet and DenseNet121. The additional layers we applied
for the CNN model increased the study’s performance (while
the standard CNN ROC-AUC value was 94%, it increased to
95% with the customized method). We presented a different
perspective to the standard CNN approach. According to
the results, the customized CNN model can be used to
automatically predict the COVID-19 disease.

A major limitation of this study is the use of a limited number
of COVID-19 chest CT images; it can offer radiologists and
medical staff a second perspective. COVID-19 diagnosis
performed using DL-based algorithms can help medical staff
with reporting and interpreting. In future work, studies with
more datasets and different machine learning methods will
be presented.
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Appendix

Table A1. Parameters of the customized CNN model for binary
classification

Layers Feature Map Size Kernel Size  Activation
Function
Input Image 1 224 x224x3 - -
1 Conv2D 64 55x 55 x 64 5x5 relu
2 Conv2D 64 55 x 55 x 64 3x3 relu
MaxPooling2D 64 27 x27 x 64 2x2 -
3 Conv2D 128 27x27x128 5x5 relu
4 Conv2D 128 27x2x128 3x3 relu
MaxPooling2D 128 13x13x128 2x2 -
5 Conv2D 192 13x13x192 5x5 relu
6 2 x Conv2D 192 13 x13x192 3x3 relu
MaxPooling2D 192 6x6x192 2x2 -
8 Conv2D 192 6Xx6x192 5x5 relu
9 2 x Conv2D 192 3x3x192 3x3 relu
MaxPooling2D 192 3x3x192 2x2 -
11 Conv2D 128 3x3x128 5x5 relu
12 2 x Conv2D 128 3x3x128 3x3 relu
MaxPooling2D 128 1x1x128 2x2 -
14 FC - 128 - relu
15 FC - 64 - relu
Output FC - 1 - sigmoid

Source: Author

Table A2. Parameters of the ZFNet model for binary classification

Layers Feature Map Size Kernel Size  Activation
Function
Input Image 1 224 x224x3 - -
1 Conv2D 96 56 x 56 x 96 7x7 relu
MaxPooling2D 96 18 x 18 x 96 3x3 -
2 Conv2D 256 18 x 18 x 256 5x5 relu
MaxPooling2D 256 6 X6 X256 3x3 -
3 Conv2D 384 6x6x384 3x3 relu
4 Conv2D 384 6x 6 x 384 3x3 relu
5 Conv2D 256 6x6x256 3x3 relu
MaxPooling2D 256 2x2x256 3x3 -
6 FC - 128 - relu
7 FC - 64 - relu
Output FC - 1 - sigmoid

Source: Author
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INGENIERIA E INVESTIGACION voL. 42 No. 1, ApriL - 2022

Table A3. Parameters of the DenseNet121 model for binary
classification

Layers Size Activation
Function
Input Image 224 x224x3 -
1 DenseNet121 1024 relu softmax
2 FC 18 relu
3 FC 9 relu
Output FC 1 sigmoid

Source: Author
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Detection of COVID-19 and Other Pneumonia Cases using
Convolutional Neural Networks and X-ray Images

Deteccion de COVID-19 y otros casos de neumonia utilizando redes
neuronales convolucionales e imagenes de rayos-X

Carlos Eduardo Belman-Lépez(!

ABSTRACT

Given that it is fundamental to detect positive COVID-19 cases and treat affected patients quickly to mitigate the impact of the virus,
X-ray images have been subjected to research regarding COVID-19, together with deep learning models, eliminating disadvantages
such as the scarcity of RT-PCR test kits, their elevated costs, and the long wait for results. The contribution of this paper is to present
new models for detecting COVID-19 and other cases of pneumonia using chest X-ray images and convolutional neural networks,
thus providing accurate diagnostics in binary and 4-classes classification scenarios. Classification accuracy was improved, and
overfitting was prevented by following 2 actions: (1) increasing the data set size while the classification scenarios were balanced; and
(2) adding regularization techniques and performing hyperparameter optimization. Additionally, the network capacity and size in
the models were reduced as much as possible, making the final models a perfect option to be deployed locally on devices with
limited capacities and without the need for Internet access. The impact of key hyperparameters was tested using modern deep
learning packages. The final models obtained a classification accuracy of 99,17 and 94,03% for the binary and categorical scenarios,
respectively, achieving superior performance compared to other studies in the literature, and requiring a significantly lower number
of parameters. The models can also be placed on a digital platform to provide instantaneous diagnostics and surpass the shortage of
experts and radiologists.

Keywords: coronavirus, COVID-19, convolutional neural networks, deep learning, chest X-ray images, pneumonia

RESUMEN

Dado que es esencial detectar los casos positivos y tratar a los pacientes afectados rdpidamente para mitigar el impacto del COVID-19,
los rayos-X han sido investigados para la deteccion del virus, en conjunto con modelos de aprendizaje profundo, eliminando
desventajas como la escasez de kits de prueba RT-PCR, sus elevados costos y la larga espera por los resultados. La contribucion de
este estudio es presentar nuevos modelos para detectar COVID-19 y otros casos de neumonia utilizando imagenes de rayos-X y
redes neuronales convolucionales, proporcionando diagndsticos precisos escenarios de clasificacion binaria y categérica. La precision
en la clasificacion fue mejorada y el sobreajuste fue evitado mediante 2 acciones: (1) aumentando el tamafio del conjunto de datos, al
mismo tiempo que los escenarios de clasificacion fueron balanceados; y (2) agregando técnicas de regularizacion y optimizando los
hiperparametros. Adicionalmente, la capacidad y tamafio de los modelos fueron reducidos tanto como fue posible, convirtiendo a los
modelos finales en una opcion perfecta para ser desplegados localmente en dispositivos con capacidades limitadas y sin necesidad de
acceso a Internet. El impacto de hiperparametros clave fue puesto a prueba utilizando paquetes modernos de aprendizaje profundo.
Los modelos finales obtuvieron una precision de 99,17 y 94,03 % para los escenarios binario y categérico respectivamente, logrando
un rendimiento superior en comparacion con otras propuestas en la literatura y utilizando un nimero significativamente menor de
parametros. Los modelos también pueden ser colocados sobre una plataforma digital para proporcionar diagndsticos al instante y
superar la escasez de expertos y radidlogos.

Palabras clave: coronavirus, COVID-19, redes neuronales convolucionales, aprendizaje profundo, imagenes rayos-X de tdrax,
neumonia

Received: September 1st, 2020

Accepted: May 25th, 2021

Introduction Most people who are infected with COVID-19 experience a

N il i ill ith
On December 31, 2019, the World Health Organization mild to moderate respiratory illness and may recover without

issued a warning about several cases of a respiratory illness | ) _ o .

. . . . . Computer Systems Engineer and M.Sc. in Industrial Engineering, Tecnoldgico
emerging from the city of Wuhan, in the Hubei province of Nacional de México en Celaya. Affiliation: Ph.D. Student, Tecnoldgico Nacional de
China, with clinical manifestations similar to viral pneumonia ~ México en Celaya. E-mail: carlosbelman@gmail.com
and symptoms such as coughing, fever, and dyspnea. This - - -

lv di d vi d COVID-19 diti How to cite: Belman-Lopez C. E. (2022). Detection of COVID-19 and Other
newly discovered virus was name =19, and 1t 1s Pneumonia Cases Using Convolutional Neural Networks and X-ray Images.
caused by the SARS-CoV-2 virus (Chung et al., 2020). Ingenieria e Investigacién, 42(1), €90289. 10.15446/ing.investig.v42n1.90289

m Attribution 4.0 International (CC BY 4.0) Share - Adapt

10of 10



https://orcid.org/0000-0003-1305-6778
https://doi.org/10.15446/ing.investig.v42n1.90289
https://creativecommons.org/licenses/by/3.0/deed.en

DetectioN oF COVID-19 AND OTHER PNEUMONIA CAses USING CONVOLUTIONAL NEURAL NETWORKS AND X-RAY IMAGES

requiring special treatment. Older people, and those with
underlying medical problems such as cardiovascular disease,
diabetes, chronic respiratory disease, and cancer are more
likely to develop serious complications. An efficient way
to prevent and reduce infections is by quickly detecting
positive COVID-19 cases, isolating patients, and starting their
treatment as soon as possible. COVID-19 spreads primarily
through droplets of saliva or discharge from the nose when
an infected person coughs or sneezes. There are currently no
specific treatments for COVID-19 (WHO, 2020) and, as the
global pandemic progresses, scientists from a wide variety
of specialties play pivotal roles in developing new diagnostic,
forecasting, and modeling methods. For example, Sun and
Wang (2020) developed a mathematical model to characterize
imported and asymptomatic patients without strict a
‘quarantine’, which was useful in modeling the COVID-19
epidemic. Boccaletti et al. (2020) presented an evolutionary
modeling of COVID-19 using mathematical models and deep
learning approaches. However, regarding diagnostic and
detection methods, much of the current literature has focused
on radiology techniques such as portable chest radiography
(X-rays) and computed tomography (CT) scans (Chung et
al., 2020; Zhou et al., 2020). For instance, Wang et al.
(2021) used CT images and pre-trained deep learning models
together with discriminant correlation analysis to classify
COVID-19, pneumonia, tuberculosis, and healthy cases.
Zhang et al. (2021) used 18-way data augmentation, a
convolutional block attention module, and CT images to
diagnose COVID-19 and healthy cases. However, due to
infection issues related to transporting patients to CT suites,
inefficiencies in CT room decontamination, and the lack of
CT equipment in some parts of the world, X-rays will likely
be the most common way to identify and follow up lung
abnormalities including COVID-19. Additionally, depending
on the air exchange rates, CT rooms may be unavailable for
approximately one hour after imaging infected patients (ACR,
2020). Therefore, chest X-ray utilization for early COVID-
19 detection plays a key role in areas all over the world
with limited access to reliable RT-PCR (reverse transcription
polymerase chain reaction) tests for COVID-19 (Jacobi et al.,
2020).

Furthermore, Artificial Intelligence (Al) methods are among
the most widely used tools in the fight against the COVID-19
pandemic. Castillo and Melin (2020) proposed a model for
forecasting confirmed cases and deaths in different countries
based on their corresponding time series using a hybrid fuzzy-
fractal approach. Particularly in the case of Mexico, Melin et
al. (2020) forecasted the COVID-19 time series at the state
and national levels with a multiple ensemble neural network
model with fuzzy response aggregation. Castillo and Melin
(2021) proposed a hybrid intelligent fuzzy fractal approach for
classifying countries based on a mixture of fractal theoretical
concepts and fuzzy logic to achieve an accurate classification
of countries based on the complexity of their COVID-19 time
series.

As of March 2021, 127 349 248 confirmed cases of COVID-
19, including 2 787 593 deaths have been reported worldwide
(WHO, 2021), and the numbers keep increasing. Therefore,
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it is critical to detect cases of COVID-19 as soon as possible
in order to prevent the further spread of this pandemic, as
well as to instantly treat affected patients. The need for
auxiliary diagnostic tools has increased, and recent findings
obtained using radiology techniques suggest that X-ray images
contain significant information about COVID-19 infections.
Al methods coupled with radiology techniques can be helpful
for the accurate detection of this disease and can also help
overcome the shortage of radiologists and experts in remote
places (Ozturk et al., 2020).

Al methods, especially machine learning (Raschka and
Mirjalili, 2017; SAS Institute Inc., 2018) and deep learning
approaches (Beysolow I, 2017; Chen and Lin, 2014; James
et al., 2013) have been successfully applied in various areas
such as loT (Yang et al., 2019), manufacturing (Lee et al.,
2015), computer vision (Rosebrock, 2017), autonomous
vehicles (Nguyen et al., 2018), natural language processing
(Zhou et al., 2020), robotics, education (Picciano, 2012) and
healthcare (Rong et al., 2020).

In healthcare, machine learning and deep learning techniques
such as linear discriminant analysis, support vector machines,
and feed forward neural networks have been used in
several classification problems like lung disease classification
(Varela-Santos and Melin, 2020), efficient segmentations
of cardiac sound signals (Patidar and Pachori, 2013),
classification of motor imagery electroencephalogram signals
for enhancing brain-computer interfaces (Gaur et al., 2015),
and the classification of normal and epileptic seizure
electroencephalogram signals (Pachori et al., 2015). However,
convolutional neural networks (CNNs) are the state-of-art
method when it comes to image classification (Chollet,
2018) and provide better results in non-linear problems
with highly dimensional spaces. CNNs have been used for
signal and biomedical image processing (Wang et al., 2018),
for classifying multidimensional and thermal images, and for
image segmentation (Fasihi and Mikhael, 2016).

CNNss have several characteristics that justify their status as
an Al and image processing tool. According to Chollet (2018),
these characteristics are simplicity, scalability, and versatility.
Simplicity refers to the fact that CNNs remove the need for
feature engineering, replacing complex and heavy pipelines
with simple and end-to-end trainable models. CNNs are
scalable because they are highly suitable for parallelization
on GPUs or TPUs. Additionally, CNNs can be trained by
iterating over large or small batches of data, allowing them
to be trained on datasets of arbitrary size. Versatility and
reusability are regarded as features because, unlike many
prior machine-learning approaches, CNNs can be trained
on additional data without restarting from scratch, thus
making them viable for continuous learning. Furthermore,
trained CNNs are reusable, for example, CNNs trained for
image classification can be dropped into a video processing
pipeline. This allows reinvesting and reusing previous work
into increasingly complex and powerful models. Additionally,
new techniques and researches have recently emerged to
further improve the performance of CNNs, such as the
novel convolutional block attention module (Zhang et al.,
2021), data augmentation techniques, new architectures and



pre-trained models (He et al., 2016; Nayak et al., 2021),
optimization algorithms (Kingma and Ba, 2014), activation
functions (Pedamonti, 2018), regularization techniques such
as dropout (Srivastava et al., 2014) and batch normalization
(Chen et al., 2019), among others.

Finally, CNNs may be deployed into devices with limited
capacities when their size is appropriate, so that untrained
personal use these devices to diagnose many kinds of illnesses
in undeveloped areas (Rong et al., 2020).

Recently, radiology images (X-ray images) in conjunction with
deep learning methods (such as CNNs) have been investigated
for COVID-19 detection in order to eliminate disadvantages
such as the insufficient number of RT-PCR test kits, testing
costs, and the long wait for results.

Wang et al. (2020) used traditional neural networks with
transfer learning from ImageNet database (Liu and Deng,
2015) to obtain a 93,3% accuracy in classifying 3 classes
(COVID-19, normal, and pneumonia). loannis et al. (2020)
developed a deep learning model using 224 confirmed COVID-
19 images. Their model obtained 98,75 and 93,48% accuracy
in classifying 2 and 3 classes, respectively. Sethy et al. (2020)
obtained a 95,3% accuracy using 50 chest X-ray images (25
COVID-19 + 25 Non-COVID) in conjunction with a ResNet50
(He et al., 2016) pre-trained model and SVM. Ozturk et al.
(2020) proposed a deep neural network using 17 convolutional
layers, obtaining 98,08 and only 87,02% of accuracy in
classifying 2 and 3 classes, respectively. Narin et al. (2020)
obtained a 98% of accuracy using 100 chest X-ray images
(50 COVID-19 + 50 Non-COVID) in conjunction with the
ResNet50 (He et al., 2016) pre-trained model. Mahmud et al.
(2020) used a multi-dilation convolutional neural network for
automatic COVID-19 detection, achieving 97,4% and 90,3%
of accuracy in classifying 2 (COVID-19 and Non-COVID-
19) and 4 classes (COVID-19, normal, viral pneumonia, and
bacterial pneumonia), respectively. Loey et al. (2020) used
a detection model based on GAN and transfer learning to
obtain 80,6, 85,2, and 99,99% for four (COVID-19, normal,
viral pneumonia, and bacterial pneumonia), three (COVID-19,
normal and bacterial pneumonia) and two classes (COVID-
19 and normal), respectively. Nayak et al. (2021) evaluated
the effectiveness of eight pre-trained CNN models such as
AlexNet, VGG-16, GoogleNet, MobileNet-V2, SqueezeNet,
ResNet-34, ResNet-50, and Inception-V3 for classification two
classes (COVID-19 and normal). Varela-Santos and Melin
(2021) compared traditional neural networks, feature based
traditional neural networks, CNNs, support vector machines
(SVM), and k-nearest neighbors to predict 2, 3, and 6 output
classes, obtaining as high as 88,54% when more than 3 outputs
classes were present in the data set. Chaudhary and Pachori
(2020) used the Fourier-Bessel series expansion-based dyadic
decomposition method to decompose an X-ray image into
sub-band images that are fed into a ResNet50 pre-trained
model, where ensemble CNN features are finally fed to the
softmax classifier. In the study, 750 images were used (250
for pneumonia, 250 for COVID-19, and 250 for normal).

In most of these cases, the obtained results are biased and
overfitted due to a huge network capacity (specially in transfer
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learning approaches) compared with the small number of
COVID-19 images. Also, the classification scenarios are
limited to only 2 or 3 classes. It should be highlighted that
the larger networks will likely overfit, while simpler models
are less likely to do so.

In turn, approaches based on transfer learning (Chollet 2017;
Szegedy et al., 2016) used pre-trained models in datasets
scarcely related to X-ray images and would have to go
through a heavy fine-tuning phase to adjust the abstract
representations in the models to make them relevant for
the problem at hand. However, they would end up with an
excess capacity compared to the dataset size. Additionally,
another drawback for transfer learning approaches is that
they result in very big and heavy models, thus making it
difficult to deploy them on devices with limited capacities, or
acquiring Internet access if these large models are deployed
in the cloud, which is not always possible in remote or poor
regions.

For these reasons, the contribution of this paper is:

® To present new models for detecting COVID-19 and
other pneumonia cases using chest X-ray images and
CNNs. The proposed models were developed to
provide accurate diagnostics in more output classes
than previous studies, covering two scenarios: binary
classification (COVID-19 vs. Non-COVID) and 4-
classes classification (COVID-19 vs. Normal vs.
Bacterial Pneumonia vs. Viral Pneumonia). Figure
1 illustrates samples of images used for this study.

COVID-19 Pneumonia

Pneumonia
Bacterial Virus

Normal

Figure 1. Samples of the involved categories.
Source: Authors

® To improve accuracy in the results and prevent
overfitting by following 2 actions: (1) increasing
the data set size (considering more data repositories
and using data augmentation techniques) while
classification scenarios are balanced; and (2) adding
regularization techniques such as dropout and
performing automated hyperparameter optimization.

® To reduce the employed network capacity and size
as much as possible, thus making the final models an
option to be deployed locally on devices with limited
capacities and without the need for Internet access.

The impact of key hyperparameters such as batch size,
learning rate, number of epochs, image resolution, activation
function, number of convolutional layers, the size for each
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layer, and neurons in the dense layer was extensively
experimented on using modern deep learning packages such
as Hyperas and Hyperopt (Pumperla, 2021; Bergstra, 2021).
The final proposed models achieved superior performance
and required a significantly lower number of parameters
compared to other studies in the literature.

Materials and Methods

In this study, new models for detecting COVID-19 and
other pneumonia cases using CNNs and X-ray images
are presented.  Figure 2 shows the general method
used to obtain the proposed models. In general, the
method consists of the following phases: consolidating the
data set, preprocessing (which includes normalization and
image augmentation), and experimentation and automated
hyperparameter optimization.
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Figure 2. General method used to obtain the proposed CNNs.
Source: Authors

Data set

The main challenge when applying deep learning approaches
is to collect an adequate number of samples for effective
training. The literature referenced in the Introduction section
reveals that the earlier models are validated using a fewer
number of samples, and the data in most cases is imbalanced
(Nayak et al., 2021).

One of the goals of this research is to improve the
accuracy and prevent overfitting by increasing the data set
size, considering more data repositories and using data
augmentation techniques while the classification scenarios
are balanced.

For the COVID-19 class, 489 images were obtained from
ISMIR (2020) and Cohen et al.  (2020); 35 images
were obtained from Chung (2020b), and 56 images were
obtained from Chung (2020a). For the Non-COVID-19 class
(Normal/Bacterial Pneumonia/Viral Pneumonia), 2 940 images
were obtained from Kaggle Inc. (2020).

The number of images for each category is presented in Table
1. In order to avoid the issue with unbalanced data, 400 X-ray
images belonging to the COVID-19 category were increased
to 800 via image augmentation. This process consisted of
rotating each image once in an angle between 0 and 360
degrees. Both scenarios balanced the number of images
according to the available images in the COVID-19 category.

For this reason, the binary classification scenario analyzed a
total of 1960 images, 980 belonging to the COVID-19 class
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and 980 belonging to the Non-COVID-19 (Normal/Bacterial
Pneumonia /Viral Pneumonia) class. Finally, the categorical
scenario (4 classes) analyzed a total of 3 829 images, 980 for
each category involved.

Table 1. Number of images for each category in the different scenarios

. Non-COVID
Scenario Dataset COVID-19
Normal Bacterial Viral
Pneumonia  Pneumonia
400 images in-
L creased to 800
Binary Training by image aug- 266 267 266
classification mentation
(1960 total  ogping 180 60 60 60
images)
Total 980 980
400 images in-
Categorical ~ Training Ereé?sed 0800 544 800 800
classification y Image aug-
(4 classes and mentation
3920 total Testing 180 180 180 180
images) Total 980 980 980 980

Source: Authors

Experimental setup

The CNNs were developed using Python (Python Software
Foundation, 2020) in conjunction with the TensorFlow (Abadi
et al., 2015) and Keras (Chollet, 2015) libraries. Training and
experiments were conducted on a computer equipped with
an Intel Core i5-6200U processor (@ 2,40 GHz), 16 GB of
RAM, 222 GB HDD, and Windows 10.

Preprocessing

Data preprocessing aims to make available raw data more
suitable for neural networks (Chollet, 2018). Therefore,
the collected X-ray images were preprocessed to make
the training process faster and easier to implement. The
images were reshaped to uniform sizes followed by value
normalization (VN), which consisted of dividing the values by
255 and casting them to float type so that inputs are floating
point values in the 0-1 range before processing.

Training parameters

The CNNs were trained with a backpropagation algorithm
(Duchi et al., 2011) to minimize the cross-entropy loss
function (binary cross-entropy for the binary scenario and
categorical for the 4-classes scenario) with dropout set to 0,5
to reduce overfitting and weights updated by using the Adam
optimizer (Kingma and Ba, 2014).

Each convolution layer utilized a 3 x 3 filter and an
activation function after each convolution for non-linear
activation, followed by a max pooling layer with 2 x 2
window and no stride (stride 1). The steps per epoch were
calculated by dividing the total training sample between
the corresponding batch size, and the validation steps were
calculated dividing the total validation sample between the
testing batch size (set to 20). Accuracy was the metric
used for monitoring the training and testing phases. For the



categorical scenario, softmax activation was used to produce
a probability distribution over the four categories in the
output layer, while sigmoid activation was used for the binary
scenario to normalize the probability prediction in the output
layer. A dense layer was utilized before the output layer.

Experimentation and hyperparameters optimization

In addition to the training parameters selected in the previous
section, the impact of key hyperparameters such as batch size,
learning rate, number of epochs, image resolution, activation
function, number of convolutional layers, the size for each
layer, and neurons in the dense layer were tested.

The optimization of these hyperparameters is a difficult part
that usually requires a lot of effort, time, computational
resources, and extensive experimentation. But through
modern deep learning packages on Python such as Hyperas
(Pumperla, 2021) and Hyperopt (Bergstra, 2021), extensive
experimentation and hyperparameters optimization are
automated, evaluating all the options for each hyperparameter
in just one execution per scenario, and automatically selecting
the combination that provides the best accuracy. Just as an
example, to test different values for the batch size, the code
batch_size = {{choice(/20,32,40])}} can be used, and these

different options will be tested in the same training execution.

According to Mahmud et al. (2020), models that analyze
COVID-19 images with a 256 X 256 resolution yield good
results. Therefore, imaging was carried out in 256 X 256 and
200 X 200 resolutions (this second resolution reduces the
number of trainable parameters in the models). Both of these
allowed a maximum of 6 convolutional layers, so 3, 4, 5 and 6
layers were tested during 60 epochs, analyzing the accuracy,
network capacity (total trainable parameters), and overfit.
The tested activation functions were relu, elu, and leaky relu.
The depth of the feature maps was progressively increased in
the network (from 32 to 256), whereas the size of the feature
maps decreased (for instance, from 198 X 198 to 1 X 1 when
a 200 x 200 resolution was used). Table 2 shows a summary
of the different choices tested for each hyperparameter, and
Table 3 shows the best models, their accuracy, number of
trainable parameters, and their selected hyperparameters
after experimentation. The models were validated through
cross-validation, confusion matrix and precision, recall, and
F1-score values.

Table 2. Hyperparameters experimented in the two scenarios (binary
and categorical)

Learning Resolution Act. Batch Epochs Layers Size per Neurons
rate size layer  in dense
layer
Te-01 256 X 256 Relu 20 1-60 3to6 32 256
1e-02 200 %200 Elu 32 64 512
1e-03 Leaky 40 128 1024
Relu 256

Source: Authors

BELMAN-LOPEZ

Table 3. Best models and their numbers of trainable parameters and
selected hyperparameters

Best Trainable Resolution Act. Conv. Accuracy Dense
model  Parameters Layers Layer
4-classes 1328900 200 Relu 32-64-64- 94,03 512
128-128
Binary 355108 200 Relu 32-32-64- 99,17 512
64-128-
128

Source: Authors

Results and discussion

This study presents new CNN models for detecting COVID-
19 and other pneumonia cases using X-ray images in two
different scenarios. These scenarios are binary classification
(COVID-19 vs. Non-COVID) and 4-classes classification
(COVID-19 vs. Normal vs. Bacterial Pneumonia vs. Viral
Pneumonia). In both cases, a larger number of COVID-
19 images was obtained to train and test the models. The
classification problems were also balanced, dropout was used
for regularization, and a balance was found between too much
capacity and not enough network capacity through extensive
experimentation. Additionally, extensive experimentation
and hyperparameter optimization were automated using
modern deep learning packages, and the impact of key
hyperparameters was evaluated, such as batch size, learning
rate, number of epochs, image resolution, activation function,
number of convolutional layers, the size for each layer, and
neurons in the dense layer.

Transfer learning approaches such as the one by Wang et
al. (2020) obtained a 93,3% accuracy in classifying 3 classes
using a pre-trained model based on ImageNet and 11,75
million parameters. Sethy et al. (2020) obtained a 95,3%
accuracy using only 50 chest X-ray images and 24,97 million
parameters (ResNet50 + SVM). Narin et al. (2020) obtained
a 98% accuracy using only 100 chest X-ray images and 24,97
million parameters (ResNet50). Loey et al. (2020) obtained
only 80,6 and 99,99% for 4 and 2 classes using detection
models based on GAN, transfer learning and 61 million
parameters. Nayak et al. (2021) obtained a 98,33% accuracy
in classifying 2 classes using ResNet-34 and 21,8 million of
parameters. loannis et al. (2020) obtained 98,75 and 93,48%
accuracy in classifying 2 and 3 classes, respectively, using
224 COVID-19 images, a deep learning model based on
VGG-19 network, and 20,37 million parameters. Chaudhary
and Pachori (2020) obtained a 98,3% accuracy classifying
3 classes using 750 total images but without specifying the
network capacity, trainable parameters, or computational
complexity for the final model.

In all these cases, the obtained results are biased and
overfitted due to the huge network capacity (million
parameters) compared with the small number of COVID-
19 images. Moreover, scenarios are limited to only 2 or
3 classes. In turn, the pre-trained models are little related
to X-ray images and had to go through a heavy fine-tuning
phase to adjust the models to make them relevant for the
problem at hand, but this resulted in models with excess
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capacity compared to sample size. Another drawback of
these approaches is that they end up in very big and heavy
models, thus making it difficult to deploy them on devices
with limited capacities. People may also require Internet
access to large models deployed in the cloud, which is not
always possible in remote or poor regions.

Other approaches that do not use transfer learning such as
Ozturk et al. (2020) obtained 98,08 and only 87,02% in
classifying 2 and 3 classes using 17 convolutional layers and
1 164 million parameters. Mahmud et al. (2020) achieved
97,4 and 90,3% classifying 2 (COVID-19 and Non-COVID-
19) and 4 classes (COVID-19, normal, viral pneumonia, and
bacterial pneumonia), using a multi-dilation convolutional
neural network. Varela-Santos and Melin (2021) compared
traditional neural networks, feature based traditional neural
networks, CNNs, support vector machines (SVM), and k-
nearest neighbors for predicting 2, 3, and 6 output classes,
obtaining at most 88,54% when more than 3 outputs classes
were present in the data set. Additionally, it is not clear
if some method is better than the others, and the network
capacity or trainable parameters for these models are not
specified.

Most of the previous studies have only used between 25 and
224 COVID-19 images, for analyzing just 2 or 3 categories.
Furthermore, the hyperparameter optimization process is
not performed in an exhaustive and automated way as this
research does. Additionally, only Mahmud et al. (2020),
Loey et al. (2020), and Santos and Melin (2021) analyzed 4
categories, obtaining an accuracy of 90,3, 80,6, and 88,54%,
respectively, which can be clearly improved. In this research,
980 COVID-19 images were used (580 increased to 980 by
image augmentation to avoid the unbalanced data problem)
and a total of 1 960 and 3 920 images for each classification
scenario, respectively, which is a significantly higher number
of images. Furthermore, the network capacity for the binary
scenario was adjusted to only 353 569 parameters, while the
accuracy was increased to 99,17%, and, for the categorical
scenario (4 classes involved), the network capacity was
adjusted to only 1 328 900 parameters, while the accuracy
was increased to 94,01%.

Extensive experimentation and hyperparameter optimization
were automated, evaluating an appropriate set of options
for each hyperparameter in just one execution per scenario
and automatically selecting the combination that provided
the best accuracy.  The proposed models obtained
superior performance, analyzed a larger number of classes,
and required a significantly lower number of parameters
compared to other studies in the literature (Table 4).

With these network sizes (number of parameters), the models
are a perfect choice to be deployed locally on devices with
limited capacities and without the need for Internet access.
The resolution used in both cases was 200x200. For an
analysis of each model, the categorical and binary confusion
matrix were provided in Figures 3a and 3b, respectively, and
precision, sensitivity/recall, and F1-score values are shown in
Table 5. The details for the final proposed models are given
in Tables 6 and 7.
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The proposed models can be used for the diagnosis of
COVID-19 in just a couple of seconds. These can also
be widely applied because X-ray techniques are preferred to
CT because they are more accessible, cheaper, and widely
applied in health centers. Patients diagnosed as positive by
the models can be addressed to advanced health centers for
confirmation, initiating a treatment immediately. COVID-19
public images are still limited, which, in turn, is a limitation in
this study; a greater number of images could help to increase
the performance, especially in the categorical scenario.

Table 4. Comparison of the proposed COVID-19 diagnostic models
with previous works in the literature

Reference Number of images Architecture/ Acc (%) Acc (%)
parameters (binary) (Cat.)
Sethy et al. 25 COVID-19 + 25 ReNet-50/SVM 24,97 05 38
(2020) Non-COVID Million ’
Narin et al. 50 COVID-19 + 50 ResNet-50 24,97 Mil- o
(2020) Non-COVID lion
VID-19 + 7
69 CO 9 0 80,6 (4
Normal |
Alexnet / GAN 61 classes)
Loey et al. -
69 COVID-19 + 79 Million Googlenet / 99
(2020) )
Normal + 79 Viral GAN
Pneumonia + 79 Bac.
Pneumonia
125 COVID-19 + 500
87,02 (3
Normal
classes)
Ozturk et al. DarkCovidNet / 98.08
(2020) 125 COVID-19 + 500 1164434 )/
Pneumonia + 500
Normal
loannis et al 224 COVID-19 + 700
* Pneumonia + 504 VGG-19/20,37 Million 93,48 (3
(2020)
Normal classes)
VID-1
Wang et al. 358 COVID 9 *o COVID-Net/11,75 mil-
2020) 538 Pneumonia + 8 lion 93,33
066 Normal classes)
305 COVID-19 + 305
90,3 (4
Normal
classes)
Mahmud et Multi-resolution 97 4
al. (2020) 305 COVID-19 + 305 CovXNet ’
Normal + 305 Viral
Pneumonia + 305 Bac.
Pneumonia
Nayak et al. 203 COVID-19 + 203 ResNet34 / 21,8 mil- 98.33
(2021) Normal lion !
h h: VID-1
Chaudhary . 250€O D 9+250 FBD Method + Rest-
and Pachori Pneumonia + 250 Net50 98,6 (3
(2020) Normal classes)
158 images .
Santos and . Feature based tradi-
Melin (2021) distributed in 6 tional neural networks 88,54 (6
classes classes)
980 COVID-19 + 980
Non-COVID lutional |
This proposal oo Ez:xzrfs][;nss :l()e; ;a 9917 403 @
ProPosal 980 COVID-19 + 980 "7 classes)

Normal + 980 Viral
Pneumonia + 980
Bacterial Pneumonia

1328900

Source: Authors



Table 5. Precision, recall/sensitivity, and F1-score values obtained for
each model
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Table 7. The layers and parameters of the proposed model in the
categorical scenario

Performance Metrics (%)

Class Precision Recall F1-score Accuracy
Binary Scenario COVID-19 0,99 0,99 0,99 99,17
Non-COVID 0,99 0,99 0,99
Categorical Scenario  COVID-19 0,97 0,98 0,97 94,03
Normal 0,94 0,94 0,94
Bacterial P. 0,95 0,88 0,91
Virus P. 0,91 0,96 0,93

Source: Authors

CoVvID-19

Normal COVID-19

Bacterial P. Non-COVID

Virus P.

(b)

Figure 3. Categorical (a) and binary confusion matrix (b).
Source: Authors

Table 6. The layers and parameters of the proposed model in the binary
scenario

Number of Layer Layer Type Output Shape Parameters

1 Conv2D (198, 198, 32) 896

2 MaxPooling2D (99, 99, 32) 0

3 Conv2D (97,97, 32) 9248
4 MaxPooling2D (48, 48, 32) 0

5 Conv2D (46, 46, 64) 18496
6 MaxPooling2D (23, 23, 64) 0

7 Conv2D (21, 21, 64) 36928
8 MaxPooling2D (10, 10, 64) 0

9 Conv2D (8,8, 128) 73856
10 MaxPooling2D (4, 4, 128) 0

11 Conv2D (2,2,128) 147584
12 MaxPooling2D (1,1,128) 0

13 Flatten (128) 0

14 Dropout (128) 0

15 Dense (512) 66 048
16 Dense (1) 513

Total trainable parameters: 353 569

Source: Authors

Conclusions and future work

Deep learning deals with more complex and extensive data
sets for which classical machine learning and statistical
techniques such as Bayesian analysis and support vector
machines, among others, would be impractical. Deep
learning has interesting applications in healthcare areas,
such as biomedicine, disease diagnostics, living assistance,
biomedical information processing, among others. It has

Number of Layer Layer Type Output Shape Parameters
1 Conv2D (198, 198, 32) 896
2 MaxPooling2D (99, 99, 32) 0
3 Conv2D (97,97, 64) 18 496
4 MaxPooling2D (48, 48, 64) 0
5 Conv2D (46, 46, 64) 36 928
6 MaxPooling2D (23,23, 64) 0
7 Conv2D (21, 21, 128) 73 856
8 MaxPooling2D (10, 10, 128) 0
9 Conv2D (8,8,128) 147 584
10 MaxPooling2D (4, 4,128) 0
13 Flatten (2048) 0
14 Dropout (2048) 0
15 Dense (512) 1049088
16 Dense (1) 2052

Total trainable parameters: 1 328 900

Source: Authors

also achieved outstanding results solving problem such as
image classification, speech recognition, autonomous driving,
text-to-speech conversion, language translation, targeted
advertising, or natural language processing. When enough
labeled data is available to solve the problem, supervised
learning can achieve very good performance on many tasks,
for example, in image processing. For other problems, where
there is insufficient labeled data, there are various deep
learning techniques to enhance the model performance, such
as semi-supervised and unsupervised learning with unlabeled
data or transfer learning approaches using pre-trained models.
A disadvantage of transfer learning approaches is that they
end up in very big and heavy models, thus making it difficult
to deploy them on devices with limited capacities. They may
also require Internet access when they are deployed in the
cloud, which is not always possible in remote or poor regions.
This study presents new models for COVID-19 detection
and other pneumonia cases using CNNs and X-ray images.
CNNs are the state-of-art methods when it comes to image
classification, and they provide better results in non-linear
problems with highly dimensional spaces. The proposed
CNN models were developed to provide accurate diagnostics
in more output classes, while the accuracy was increased
in comparison with previous studies. The proposed models
prevented overfitting by following 2 actions: (1) increasing
the data set size (considering more data repositories and using
data augmentation techniques) while classification scenarios
are balanced, (2) adding regularization techniques such as
dropout and performing hyperparameter optimization.

The impact of key hyperparameters such as batch size,
learning rate, number of epochs, image resolution, activation
function, number of convolutional layers, the size for
each layer, and neurons in the dense layer were tested.
Hyperparameter optimization is a difficult part that usually
requires a lot of effort, time, computational resources, and
extensive experimentations. However, by using modern deep
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learning packages such as Hyperas and Hyperopt, extensive
experimentation and hyperparameters optimization are
automated, evaluating all the options for each hyperparameter
in just one execution for each scenario. In previous research,
the obtained results are biased and overfitted due to the
huge network capacity compared with the small number
of COVID-19 images, and hyperparameter optimization is
done weakly and manually in just a few hyperparameters. It
should be highlighted that larger networks will likely overfit,
while simpler models are less likely to overfit than complex
ones. The proposed models provided a satisfactory accuracy
of 99,17% for binary classification (COVID-19 and Non-
COVID) and 94,03% for 4-classes classification (COVID-19
vs. Normal vs. Bacterial Pneumonia vs. Viral Pneumonia),
obtaining superior performance compared to other studies
in the literature. Finally, the proposed models reduced the
network capacity and size as much as possible, thus making
the final models an option to be deployed locally on devices
with limited capacities and without the need for Internet
access. The developed models (available at https://github.com
/carlosbelman/COVID-19-Automated-Detection-Models/) can
also be deployed on a digital platform to provide immediate
diagnostics.

In the future, the proposed models can be extended by
incorporating more output categories and validating them by
using more images. As the models were developed using
Python and TensorFlow, the next step will be to deploy these
models in devices with limited capacities, using Android and
TensorFlow Lite, or through hybrid mobile applications using
platforms such as lonic and TensorFlow JS. In this way, the
models can be deployed locally, fully automating the process
of detection, and they will not require Internet access in the
future, thus providing diagnosis in a few seconds, helping
affected people and health centers immediately, or making
them usable in remote regions affected by COVID-19 to
overcome the lack of radiologists and experts.
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ABSTRACT

In network management and monitoring systems, or Network Management Stations (NMS), the Simple Network monitoring Protocol
(SNMP) is normally used, with which it is possible to obtain information on the behavior, the values of the variables, and the status of
the network architecture. network. However, for large corporate networks, the protocol can present latency in data collection and
processing, thus making real-time monitoring difficult. This article proposes a multi-agent system based on layers, with three types of
agents. This includes the collector agent, which uses a Management Information Base (MIB) value to collect information from the
network equipment, an input table of information from the network devices for the consolidator agent to process the collected data
and leave it in a consumable format, and its subsequent representation by the application agent as a web service, in this case, as a
heat map.

Keywords: distributed systems, multi-agent system, network monitoring, parallelization, SNMP

RESUMEN

En los sistemas de administracion y monitoreo de redes o Network Management Stations (NMS), normalmente se utiliza el protocolo
Simple Network Monitoring Protocol (SNMP), con el cual es posible obtener informacion sobre el comportamiento, los valores de
las variables y el estado de la arquitectura de red. Sin embargo, para las grandes redes corporativas, el protocolo puede presentar
latencia en la recopilacion y el procesamiento de datos, lo que dificulta el monitoreo en tiempo real. Este articulo propone un sistema
multi-agente basado en capas con tres tipos de agentes. Esto incluye el agente recolector que utiliza un valor MIB(Management
Information Base) para recolectar informacion de los equipos de red, una tabla de entrada de informacion de los dispositivos de
red para que el agente consolidador realice el procesamiento de los datos recolectada y los deje en un formato consumible y su
subsiguiente representacion por parte del agente de aplicacion como un servicio web, en este caso como un mapa de calor.

Palabras clave: sistemas distribuidos, sistema multi-agente, monitoreo de redes, paralelizacion, SNMP
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DESIGN AND IMPLEMENTATION OF NETWORK MONITORING SYSTEM FOR CAMPUS INFRASTRUCTURE USING SOFTWARE AGENTS

and tabular. These are useful to present the NMS information.
The Object Identifier (OID) is organized in a tree-like hierar-
chy as a set of integers separated by dots, with the purpose
of instantiating objects with a unique ID, for instance, devices
and their function (router, switch), interface name, interface
state, and so on Kaushik, 2010). SNMP’s modularity helps
it evolve through three major versions and find widespread
use and acceptance. The IETF recognizes SNMP version 3,
defined by RFC 3411 and RFC 3418, as the current standard
version of SNMP. The IETF has designated SNMPv3 as a full
Internet standard, the highest level of maturity for an RFC.
In practice, SNMP implementations often support multiple
versions: typically, SNMPv1, SNMPv2c, and SNMPv3. SNMP
is a useful and versatile protocol that can work with other
network information data sets, neural networks, machine
learning systems, multi agent systems, or other monitoring
platforms. For instance, in Sanchez et al. (2013) machine
learning uses clustering and visualization techniques to iden-
tify and locate anomalous SNMP situations, and thus get an
idea of network performance. Other approaches are focused
on information security and cybersecurity to detect network
attacks based on machine learning and event correlation
(Hwoij et al., 2020; Al-Naymat et al., 2019).

Our approach is a campus network testbed based on a multi-
agent system with mobile agents to monitor and present the
location of users on a campus network via the SNMP protocol.
The proposed model has three types of agents, i) the collector
agent, ii) the consolidator agent, and jii) the painter agent.

This paper is organized as follows: the Methodology sec-
tion shows the process used to design and implement the
model; the Related Work section presents a review of existing
solutions similar to our proposal; the Framework Architec-
ture section introduces the reference models adopted in the
debate for the system architecture and describes its com-
ponents; the Use case section explains the implementation
and its scope; the Results section describes the implemented
prototype and the experimental demonstration of the pro-
posed solution, showing its effectiveness; and, finally, the
conclusions are presented in the Conclusions section, along
with future work.

Methodology

Based on previous applications used on the university cam-
pus to measure the number of users per building, a new
model is proposed that incorporates a multi-agent architec-
ture to optimize data collection times on the network. A
multi-agent model with SNMP was designed, developed, and
implemented to allow comparative measurements between
the two systems, as well as to verify the change in collection
response times. The procedure is classified in three stages: (1)
a description of the multi-agent architecture and the different
layers and agents of the proposed model; (Il) a description of
the implementation and scope of the model; (Ill) an analysis
of results and proposals for improvement.
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Related Work

System monitoring and detection through the SNMP protocol
with snmpwalk command routines are a solution to monitor
and collect information about the network. However, this
approach has huge response times, and it decreases the de-
vice’s performance by consuming computing resources such
as CPU and memory while querying on the MIB. The model
presented by Brattstorm and Morreale (2017) uses metrics,
collection, storage, presentation, and alerting to notify the
system or device administrator or central control process of
abnormal system or device behavior, where presentation is
the way of displaying control data and issuing alerts. Another
approach is proposed by Affandi et al. (2015) with a network
mapping tool that sends early warnings via Short Message
Service (SMS). The process starts with metwork mapping
using the SNMP agent on all network interfaces. The infor-
mation contained in the agents is retrieved and processed
as Transport Control Protocol (TCP) traffic. Finally, a moni-
toring system checks TCP traffic and the use of computing
resources. This process allows the bandwidth and resources
optimization to manage the emergency systems and control
some variables via SNMP agents.

An implementation to monitor networks and systems is pro-
posed by some authors with a generic matrix grammar (Min,
2011; Garcia et al., 2014). This framework uses some pro-
tocols to display and monitor the system, such as Windows
Management Instrumentation (WMI), Computer Integrated
Manufacturing (CIM), and SNMP to remotely collect and man-
age NMS data. The authors propose a monitoring automation
engine with a matrix analyzer into the multi-agent-based
solution. Additionally, the most widely used monitoring
information systems use a traditional snmpwalk command
to enable system integration with any management tool with
SNMP support such as Nagios (Barth, 2008), SNMP MIB
Browser Android Tool (Hidalgo and Gamess, 2014), and Man-
age Engine MIB Browser Free Tool (Free SNMP Walk Tool for
Windows and Linux, n.d.). A layered approach is introduced
by Wan et al. In this paper, a smart emergency system is
proposed. This model collects data from urban areas, and its
most important task is to detect an emergency and handle it
in a timely fashion to ensure protect human integrity and the
continuous operation of critic infrastructures.

Other auhtors have developed SNMP and multi-agent sys-
tems (Barruiso et al., 2017; Moreira et al., 2016; Torre and
Yucelen, 2018). The first model is a proposal for a mecha-
nism to provide flexibility and dynamism using virtual agent
organizations (VO) embedded in different wireless sensors,
which are embedded in devices with limited computational
resources. The PANGEA framework incorporates features to
the wireless sensor network such as adaptability, reorganiza-
tion and learning capabilities, its agents have a control role
in atomatically collecting and processing information. This
approach allows using the MAS as a virtual organization to
define the structure, roles, and hierarchies, thus regulating
the interaction and communications between agents and
network devices via SNMP and MIB analysis. The second
approach uses the SNMP protocol to manage ubiquitous



systems through behavior graphs and a metric called the ex-
pected behavior representation (GoES). This method allows
the link between SNMP agents and commercial off-the-shelf
systems (COTS). The approach consists of characterizing
the context of devices and testing whether they are able to
understand what other systems are doing by monitoring their
state. Finally, the approach with mobile agents described by
Madi and Alkasassech, 2019) is a simulation with a Omnet
++ network simulator that aims to use the mobile agent on
the network with different amounts of nodes (5, 10, 15, 20,
and 30 nodes in the proposed scenario). The objective is to
probe an algorithm to improve SNMP queries using two type
of agents: link and data agents. The link agent is responsible
for discovering the network and storing the connected nodes
in the home server. The data agent is responsible for data
retrieval.

Another approach focused on the choice of a methodology
to design and implement multi-agent systems to design the
monitoring system, as shown in Lin and Jiang (2014), to
introduce the design steps and organizational methods such
as GAIA and Ingenia. Based on the methodological approach,
Isaza et al. used JADE as a multi-agent framework and the
GAIA methodology to monitor 32 personal computers.

There are models without the SNMP protocol to monitor
university campus networks with specific architectures, as
is the case of lot, deployed as a platform to characterize
energy consumption (Moura et al., 2021) in order to man-
age electrical resources or electrical grids (Chiadone et al.,
2019). Another approach used to monitor networks includes
Software Defined Networks (SDN) techniques to monitor
traffic flows on lot devices. These models need two psychic
channels to monitor the network: the data plane and the
control plane (Pashamoktari et al., 2020).

Finally, network monitoring has evolved into the field of cy-
bersecurity as a monitoring system on a campus and industry
infrastructure to identify and mitigate potential vulnerabilities
(Lastovicka et al., 2020), in addition to analyzing the network
flow with recurring neural networks (Yang et al., 2020), wire-
less analysis (Jin et al., 2019; Allahham and Rahman, 2018),
or risk assessment (Awang et al., 2020).

Our approach is an intermediate model proposed to mon-
itor campus network core devices (routers, switches, and
manageable network devices) and as a possible platform to
deploy some monitoring systems for other variables taken
from sensors, personal computers, or other linked devices
within the campus network.

Framework Architecture

Our approach contemplates a three-layer architecture as
shown in Figure 1 with mobile agents and a dispersion
strategy to scan the campus network. Each of these layers
has a specific task to accomplish an objective and finally
obtain the number of users present in the network as a heat
map. All the services are deployed on an virtual server on
the private cloud infrastructure of the University.
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Figure 1. Proposed multi-agent system architecture.
Source: Authors

Data collection layer: It is the bottom layer that establishes
communication with the SNMP agents using the Pysnmp
library to make the query with the OID code on the MIB. It
contains the collector agents (mobile agent).

Data processing layer: It is the intermediate layer that
consolidates all the data obtained from all the collecting
agents. It is also tasked with deploying and organizing
the collecting agents. It summarizes, analyzes, and draws
statistics from the data obtained.

Application layer: Its is the top layer that displays the
collected information. It contains the application agent that
creates the different web files to present data in the form
of a heat map. Furthermore, all the data obtained from the
preceding layers are also available in tables for ease of use
and analysis.

PySNMP library

The library that has been used for our implementation is
PySNMP (PySNMP 4.4.12, n.d), a free and open source imple-
mentation of the v1/v2c/v3 SNMP engine that is distributed
under a 2-clause BSD license. It manages different layers as
an evolution of SNMP We have used only the first layer of
Pysnm2 in the implementation (Figure 2). This layer covers a
basic and low-level protocol scope (SNMP v1/v2) in order to
make a simple implementation and use all the power of the
SNMP API to use the core functions of the SNMP protocol.
Figure 2 shows the modular architecture of the library. Not
all functionalities have been used in this work, but it can
provide a handful of easy to use tools.

A brief description of the library is presented below:

® SNMP engine: it is a central object that controls the
other components of the SNMP system.

® Transport subsystem: it is used to send SNMP mes-
sages and accept them from the network. The I/O
subsystem consists of an abstract dispatcher and one
or more abstract transport classes.

® Message and PDU dispatcher: its main responsibili-
ties include dispatching PDUs from SNMP applications
through various subsystems, all the way down to the
transport dispatcher, as well as passing SNMP mes-
sages from the network up to SNMP applications.
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Figure 2. PySNMP library.
Source: Authors

® Message Security Modules: it performs message au-
thentication and/or encryption. At the time of this
writing, the User-Based (for v3) and Community (for
v1/2c) modules are implemented in PySNMP. All se-
curity modules share the standard API used by the
message processing subsystem.

® Message processing modules: it handles message-
level protocol operations for current and possibly future
versions of the SNMP protocol. Most importantly, they
include message parsing/building and possibly invoke
security services when required.

® MIB modules: used by the SNMP engine to maintain
its configuration and operational statistics.

Data collection layer-collector agent

The collector agent has only one task: to communicate with
an SNMP agent. These agents receive all the information
needed from the preceding layers: the SNMP community
name and the node target. The work of these agents is entirely
reactive, as they only respond to the demands of the second
layer. They manage errors that can be generated during
SNMP communication and report them to the next layer; the
algorithm overview is shown in Algorithm 1. In order to get
the expected values, some parameters are needed to identify
certain core switches in the network. Some of the given
parameters are switch number, rack number, telecommuni-
cations enclosure room ID and its respective floor number,
and building number of the university campus to which the
device belongs (according to the building nomenclature). All
these fields have three descriptive characters.

As shown in Algorithm 1, the work of each collector agent
requires parameters such as lan, network scope, and SNMP
community. The algorithm starts with a loop for every vlan
on the switch. Each vlan is isolated from the others and, to
make a more realistic measurement, all available vlans must
be analyzed. Each of these changes the SNMP community,
as a complement to SNMP validation. As a result, this
validation is as follows: SNMPCommunity@VLAN NUMBER.
Communication problems may occur. Each SNMP request
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that files are logged along with the switch IP address and the
associated vlan. Once the work is finished, the agent moves
on, and the result is taken by the consolidator agent.

Algorithm 1 Collector Agent

Require: IP Address - SNMP community - Vlans - Log File
Move
for Every Vlan do
Create connexion SNMP
Manipulate SNMP Response
Report missed calls
end for
return Number of users

Listing 1: SNMP request

error_indication, error_status, error_index, var_bind_table =
— cmd_gen.nextCmd(cmdgen.CommunityData(’{}@{}’ . format(
— community_name, str(vlan))), cmdgen.UdpTransportTarget
— ( (target, 161), timeout=1,retries=1 ),’
— 1.3.6.1.2.1.17.4.3.1.2")

The nextCmd method provided by the Pysnmp library allows
to perform a snmpwalk operation by iterating over the MIB
with OID 1.3.6.1.2.1.17.4.3.1.2. The "dot1dTpFdbPort" allows
reading a table with the MAC addresses that have been seen
through a given port. As we make use of an SNMP walk
operation, we do not need to specify a port, but we go
through all possible ports to get an accurate measurement.

Consolidation layer-consolidator agent

Agents in this layer are tasked with getting all the network
devices to be scanned and deploying collector agents. This
implementation, as shown in Algorithm 2, considers a pool of
threads, each collector agent will manage its own thread, and
the consolidator agent is responsible for synchronizing and
managing the threads. The consolidator agent will call each
agent, assign them a target and manage their response. The
target is an IP address of the network devices. Each one of
these threads has an independent execution. Communication
between these execution time agents is asynchronous; hence,
we can make use of distributed parallel processing at jobs
(mobile agents), thus reducing network delay and execution
time. When the collector agent completes its work, the
consolidator agent has to examine the data. In this step,
the consolidator agent logs some information in terms of
performance or errors, with the objective of making statistics.
Therefore, the data is sent to the presentation layer. The logic
of this agent is presented as follows.

This agent receives information from the presentation layer as
the SNMP community and the name of the file source. These
parameters are given to the collector agents to accomplish
their tasks. Here the input file is analyzed with a mapping
between physical buildings, IP references and vlans. For each
physical building, a log file is created with a pool of threads.
Each thread is going to point to a network device in that
building. After the execution of the mobile agents’ collection
is done, the results are logged and added to the statistics.
The final data is exposed to the presentation layer. The input
file is represented as follows:




UhA W N =
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Algorithm 2 Consolidator Agent

Require: List IP Addresses - List Vlans - SNMP Community
for IP address in list do
Create thread
Call Agent Collector
Collect result
end for
Sum up results
Get statistics
return

® Physical section: Section code and name, switches in
this section together with uplink port

® Mapping: Buildings names and codes, network device
count, number of buildings

o List of vlans: Name, range IP.

Listing 2: SNMP request

for building in data:
with open(file_name,
log_file.write("Building:
result = []
args = [[self.community_name, Xx,
— faults]
for x in data[building]]
with mp.Pool() as pool:
for i in pool.imap_unordered(Collector.get_users,
— args):
result.append(i)

"a") as log_file:
{} \n".format(building))

list_vlans, file_name,

In this part of the code, we iterate over the list of buildings,
logging the obtained data. In line 7, a pool of collector
agents are called. This call acts asynchronously using all the
processors available in the machine through the PySNMP
library. In line 8, the call to the collector mobile agents
is made along with the information related to the device
managed by SNMP.

Application layer-application agent

This layer is responsible for initializing the system and dis-
playing the results, as shown in Algorithm 3. During the
initialization, the consolidation agents are called and assigned
their tasks. Once all the underlying layers (collection and
consolidation) have finished their work, they send the results
to the presentation layer, where they are computed, and a
HTML file is created. This file contains the HTML code nec-
essary to display a heat map, helped by the OpenlLayers open
source technology. To complete the map, the application
agent takes the coordinates and publishes the information
as a web server. Thus, all the University’s buildings can
be appropriately named and pointed in this map. These
coordinates were taken in the geodetic coordinate system
‘EPSG:4326’ in order to make the data available for future
use. Styles and actions modules (javascript) were created
with a user-centered design approach. The web module is
done, and a python script is responsible of serving web files
to make them available over the network. The result is shown
in Figure 6. The gradient color has a variation from 0 to 1
according to the Openlayers specification. The weight of
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each point on the map is calculated between the number of
users present in the whole building versus the total number
of people in the university, with red being the closest to 1,
turning greener the farther away they are.

Algorithm 3 Presentation Agent

Require: Coordinates file, SNMP Community, Input File
Get Input parameters
Initialize MAS system
Initialize consolidator agent
Get physic coordinates
Get consolidation layer data
Create javascript heat map
Create HTML file

Use case

Monitoring a complex system such as a campus network
requires mechanisms that efficiently verify the status of users
and services on the network. For this experiment, the capacity
of the proposed mechanism will be measured by verifying the
number of connected users on campus. The empirical experi-
ment was carried out in the facilities of Universidad Nacional
de Colombia (Bogota), which currently has 152 buildings,
out of which 129 belong to the faculties, and the remaining
23 correspond to cultural and extension centers located at
different points of the city. These facilities have an average
of more than 40000 end users, including undergraduate,
postgraduate and extension students, professors, administra-
tive staff, and the general public. At the data network level,
there are 73 buildings interconnected to the wired network
(optical fiber and ethernet), which have approximately 30 000
structured cabling points, and are distributed in 210 telecom-
munications enclosures. There are 620 network core devices
(switches and routers), which provide approximately 15 000
wired network connections. The university has network
management and monitoring systems, such as HP Network
Node Manager and Cisco Prime, which are used to monitor
network problems such as equipment failures, network loops,
or resource saturation (memory, processor, or channel band-
width) on network equipment. The information provided
by these systems is consolidated, which includes the total
number of connected users or the distribution of users per
vlan. However, obtaining particular information as to how
many users are connected in a building or on a specific floor
is not possible in real time, so other systems are required to
analyze the data, and more processing time is spent. With
SNMP, it is possible to consult the network from the core
equipment network by analyzing the information of the con-
nected users with an SNMP walk agent. However, the time
consumption and processing are too high for the network’s
monitoring needs.

To monitor and manage the quantity of users in a specific
building or floor, the consolidator agent sends the collector
agents from the server located in the main data center and
checks the network management devices in each building.
The second phase is to analyze the information form the
collector agents and create the tables and data useful to
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publish them on the web server, which managed by the
application agent.

As shown in Figure 3, the experiment was deployed on
Vmware vsphere 6.5, on a virtual server with 4 vcores (Physi-
cal core Intel(R) Xeon(R) CPU E5-2699 v3 @ 2.30GHz), 16
GB RAM, and 100 GB of storage. The operative system was
Centos 7. The server works as a web server managed by the
application agent; the MAS deployed on python uses the spe-
cific agent roles to first send the collector agents as a thread
on the network. In some cases, the agent can be deployed
and cloned on the server or embedded devices near the net
device to collect the information. Mobility is limited, and it
is possible to an ambient as a destination with an exposed
port (the collector agent needs to know the route). Next, the
collector agents return to the server or send the information
collected from the net core device, i.e. the query on the MIB.
The information is analyzed by the consolidator agent, and it
creates information files to present on the application layer
as a heat map and information table on the web server.

Collector Agent Server MAS Collector Agent

@) o

Collector Agent

Net core Device 1 Net core Device 2 Net core Device n

Figure 3. Infrastructure model.
Source: Authors

Results

The results of this empirical approach presented below are not
comparable with other schemes proposed in the literature,
such as those presented by Isaza et al. (2007), which are
based on simulation environments. In the case of this work,
it is an implementation that raises the technical rigor of the
unloading of this system as a service without depending on
frameworks such as JADE or Pangea, which are limited by
the simulation scenario, that is, abstraction at the software
level. In our case, the multi-agent system prototype used
for network monitoring was implemented and deployed in
computer equipment and network devices such as switches
or a router.

The data to carry out the experiment was taken from two
sources. The first is the legacy system that uses SNMP2 and
sequentially goes one device at a time collecting data. The
second source is the proposed multi-agent system model,
where data are collected in parallel on the device. Mea-
surements were made every hour, running both systems
and measuring execution times. The results obtained from
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multiple executions for three months of data are represented
in graphs to facilitate comprehension.

Comparison SNMP v2 - Our Approach

—+ mas approach
—+— snmp v2

1000

Query Time (s)

100

L L A L B
o 2 4 6 8 10 12 14 16 18 20 22 24 26

Sample

Figure 4. Time reduction; our approach (software agent approach) vs.
the traditional mode (SNMP v2).
Source: Authors

In Figure 4, the analyzed data show how time is reduced
because of the proposed architecture: a massive amount of
agents going through the network with separated zones. Due
to the way in which SNMP acts within the network, the time
could be extended due to network traffic. This network traffic
may cause some SNMP errors that affect the measurements
and a certain number of users. Node query time with the
traditional SNMP process walk takes more than one hour. In
contrast, our approach with a multi-agent system architecture
with some mobility reaches averages of 21,83 minutes on
the wired campus network (122 network core devices at 73
buildings). During that period, the consolidation process,
map creation, and publishing take place.

High traffic on the network and restrictions in the communica-
tions channel are some of the factors that make the collection
time variable. In this sense, measurements take longer when
there are more requests for navigation and service access
by users, thus generating an additional load for the agents
deployed over all the network devices registered in the sys-
tem. This non-controllable variable is characterized in Figure
4, where we have the average measurements of the working
days of the week. This behavior is close to the self-similar
traffic. This sample allows additional management decisions
to be made during this period of the day.

Other useful information to characterize user behavior is
taken from the collector agents, such as the normal state
of the wired network on campus. This information allows
determining the amount of users per hour, as show in Figure
5, with a peak of 6 500 users linked to the network at noon.
It was taken on work days in a regular academic semester for
three months. This information allows planning of network
resources, like switches, vlans, or management systems,
infrastructure changes, and new service design. It can also
be used to identify anomalous behavior as a security thread.

All types of agents in the model are designed to be customiz-
able, this gives them the ability to make more queries on
other specific MIB. This feature allows scaling the solution
and taking even more data from the equipment registered in
the system, not only the number of users, as seen in Figure
5. The information collected by the system peaks at noon.



This behavior allows characterizing the network and serves
as input for a fault detection system or to detect anomalies
that can be categorized as cyber-attacks. Finally, the infor-
mation is displayed on the web server and published on the
University’s LAN, as shown in Figure 6.
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Figure 5. Mean Users campus linked to the network (data from three
months).

Source: Authors
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Figure 6. Application Agent (left: heat map; right: user detail table).
Source: Authors

Conclusions

In this work, we used a multi-agent system with some mo-
bility characteristics to determine the number of users on
the campus network and the density in specific buildings,
reducing the data collection time by one third of the normal
time. The agents were used to collect, analyze, and present
information about the campus network in less time than
traditional SNMP queries.

The obtained results also allow describing user behavior on
campus. This information is useful as an input for modelling
normal traffic for planning and decision-making for scaling
and management of the campus network.

All types of agents in the model are designed to be cus-
tomizable, this gives them the possibility of making more
queries about other specific MIBs. This feature allows scaling
the solution and taking even more data from the equipment

EsPINEL-ViLLALOBOS, ARDILA-TRIANA, ZARATE-CEBALLOS, AND ORTIZ-TRIVINO

registered in the system, not just the number of users. The
model would even allow the simultaneous use of several
types of collecting agents, each one collecting data for a
specific problem to be solved.

We demonstrated the effectiveness of our solution on a
case study by implementing the MAS system on a campus
network. Our approach allows using other tools apart from
the the SNMP protocol for the monitoring or analysis of
telecommunications networks. This design based on multiple
agents is scalable to allow the incorporation of other protocols
in the collection and analysis of the data to convert it into
information or present it in the form of a report or graphical
interface. It can be used at the level of energy consumption
calculation, in a similar way as those presented in the literature
(Lastovickaetal., 2020; Jinetal., 2019; Allahham and Rahman,
2018), with the great difference of reducing the number of
sensors required, that is, the hardware component is reduced
through the estimation of energy levels based on theoretical
models, and some agent of the developed system is in charge
of computing them.

Traditional network management and monitoring schemes
made up of the management server and manageable devices,
based on the SNMP protocol, have allowed different manu-
facturers to guarantee a monitoring scheme, offer specialized
products, and create their own MIBs. However, as the
number of links and core devices within the network grows,
latency becomes an additional element that constitutes a lim-
itation for managing these resources, determining the status
of the network, and having a complete view of a system. For
this reason, the scheme, combined with multiple agents and
parallel computing, allows making a network management
scheme based on distributed architectures, applications, and
algorithms that allow optimizing the use of network protocols,
programming language libraries, and operating systems.

This approach increases the impact and reach of these pro-
cesses, and it is the novelty of this prototype. In the same way,
it is not limited or non-scalable like proprietary monitoring
platforms such as Nagios or Cisco Monitoring, which only
use the SNMP protocol to review records and some states of
network devices.

Finally, thanks to the customization capacity of the agents,
it is possible to define write-type agents, which would allow
the system to modify parameters in the network to improve
performance or prevent issues. As for future improvements
to the model, focusing on the mobility of the consolidator
agent is proposed, thus allowing the coexistence of several
of these agents, allowing them in turn to run on different
devices in the network. This would facilitate the use of the
new capabilities of network equipment that allow running
Python on their operating systems, which would most likely
further reduce data collection times.
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