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With great satisfaction, we present the second issue of the
thirteenth year of the ALCONPAT Journal.

The objective of the Journal is the publication of contributions
on basic or applied research directly related to solving
problems about quality control, pathology and recovery of
constructions, with related case studies being welcome in
these areas.

This V13N2 edition begins with a work from Mexico, where
Alejandro Meza and colleagues evaluate the effect of
experimental variables in the study of chloride degradation of
steel fiber reinforced concrete (SFRCs). The information was
collected from different literary sources to later be treated
through Taguchi's experimental design and regression
analysis. The results show that the most influential factors in
the degradation of SFRCs degraded by chloride are the load
during degradation and the crack width, factors that
statistically impact on residual resistance and maximum
flexural load. However, others such as the water/cement ratio,
fiber volume, chloride concentration and degradation time
showed little influence on the mechanical response of the
SFRCs.

In the second work, from Mexico, Marco Antonio Navarrete-
Seras and colleagues analyze the influence of the proportion
of sand in Type Il mortars according to standard N-CMT-2-
01-004/02 using three types of aggregates from the region of
Morelia, Michoacan, determining its influence on its
physical-mechanical properties, contemplating the use of
different cementing materials (MC): Portland cement plus
lime (B1) and Portland cement plus masonry cement (B2).
Mixtures for B1 and B2 were prepared with sand/MC volume
ratios, from 2.25 to 4, determining fluidity, uniaxial
compression resistance (UCS) and wet electrical resistivity
(WER). The relationship between fluidity and the amount of
water/MC was studied, concluding that the type of aggregate
and proportions modify the fluidity and demand for fresh
water, impacting on UCS and WER.

The third work in this issue is from Brazil, where Rafael P.
Gurkewicz and colleagues study the water absorption
capacity of concrete panels and their self-healing process by
adding an additive to the concrete or applying it on the
surface. Through permeability, water absorption by
immersion and capillarity tests, after wet curing, the panels
with crystallizing additive applied on the surface showed
lower absorption capacity, followed by those without additive
and those with incorporated additive, which showed higher
absorption. Through microscopy, it was possible to observe
that the crystallization of the panels with surface additive was
more advanced compared to those with incorporated additive.

The induced cracks did not reach the complete filling of the
pores after curing in both types of application.

In the fourth article from Mexico, Arnulfo Luévanos Rojas
shows a new model for the complete design of isolated
rectangular footings under uniaxial and biaxial bending,
considering that the area of the footing in contact with the
ground works partially in compression. The methodology is
presented by integration to obtain moments, bending shears
and penetration. Numerical examples are presented for the
design of isolated rectangular footings under uniaxial and
biaxial flexure and are compared to the current model (total
area works in compression) in terms of volumes of concrete
and steel. The current model shows higher volumes of
concrete and steel. Therefore, the new model is the most
appropriate, since it presents better quality control in the
resources used.

The fifth article, by Marian Diniz and R. Melo, comes from
Brazil and analyzes the correlation between the pavement
condition index and the condition of two surface drainage
elements: storm drains and gutters. The study was carried out
from the analysis of 19 sections, distributed throughout the
Tambad neighborhood, in Jodo Pessoa-PB. The calculation of
the state of the pavements was carried out by the PCI method
and the state of the drainage elements was verified through
subjective analysis. The results of the investigation showed
when the elements fit or not in the ideal conditions, and
although the drainage elements are considered in the
performance of the pavement, the statistical evaluation
showed a weak correlation between the condition of the
pavement and the drainage elements evaluated.

The sixth work of this issue was written by Michel Donadio
and colleagues from Switzerland and Mexico, in which they
make a documentary analysis of the different corrosion
mitigation techniques currently available, such as repair
mortars, active and passive corrosion inhibitors, corrosion,
protective coatings and induced current or galvanic cathodic
protection. These structures, built to last a long time, are
subject to aging due to influences from their environment,
such as water, atmospheric carbon dioxide and other harmful
elements such as chlorides and pollution. The most common
deterioration process in reinforced concrete structures is
corrosion and the consequent expansion of the steel
reinforcement, which causes cracking and spalling of the
concrete.

The article that closes the issue is by Patricia Angulo and
Carlos Ochoa from Mexico, who identify and discuss the
most eco-efficient sustainable strategies to take advantage of
or reduce NOx, SOx and SiO; dust emissions in cement
manufacturing, with the aim of improving competitiveness in
the Mexican cement industry. The research design was
qualitative, observational and deductive. The results showed
that SOx waste bioreactors have higher eco-efficiency;
followed by the domes to capture and take advantage of the
SiO2 and the bag filters. These strategies are effective for
specific pollutants from cement production. This study
investigates a topic that is rarely addressed in Mexico, the
sustainability of cement. By applying these strategies, the
Mexican cement sector would boost its business
competitiveness.



We are sure that the articles in this issue will constitute an
important reference for those readers involved with questions
of evaluation and characterization of materials, elements and
structures. We thank the authors participating in this issue for
their willingness and effort to present quality articles and
meet the established deadlines.

We invite you to collaborate by submitting articles for our
next special issue (RA V13 N3): “Combined binders for
sustainable and durable concrete”, where Dr. Ravindra Gettu
(India) and Dr. Yuvaraj Dhandapani (England) will be the
Guest Editors.

At the close of the last V13 N1 2023 issue, 12 years after
having started operations, our performance as Alconpat
Journal was finally rewarded with our inclusion in one of the
two best indexes for journals such as Elsevier's Scopus. Our
Scopus membership has its historic beginning on December
29, 2022, the date on which we received approval from
Elsevier. This is one more reason of celebration for our
community that has made a scientific investment in our
journal waiting for moments like this. Congratulations to all.

On behalf of the Editorial Board

By

Pedro Castro Borges
Editor in Chief
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ABSTRACT

This research aims to evaluate the effect of experimental variables in the study of chloride degradation
of steel fiber reinforced concretes (SFRCs). The information was collected from different literary
sources to be treated through Taguchi's experimental design and regression analysis. The results show
that the most influential factors in the degradation of SFRCs by chloride are the load during degradation
and the crack width, residual resistance, and maximum flexural load. However, others, such as the
water/cement ratio, fiber volume, chloride concentration, and degradation time, showed little influence
on the mechanical response of the SFRCs.

Keywords: steel fiber reinforced concrete; degradation; chlorides; experimental variables; mechanical
properties.
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Influencia de variables experimentales en las propiedades mecénicas de los
concretos reforzados con fibras de acero (SFRC) en experimentos de
degradacion por cloruros: revision bibliografica y analisis estadistico

RESUMEN

La presente investigacion tiene como objetivo evaluar el efecto de variables experimentales en el
estudio de la degradacion por cloruros de concretos reforzados con fibras de acero (SFRCs). La
informacion fue recopilada de diferentes fuentes literarias para después ser tratada mediante el
disefio experimental de Taguchi y analisis de regresion. Los resultados muestran que los factores
mas influyentes en la degradacién de SFRCs degradados por cloruro son la carga durante la
degradacion y el ancho de fisura, factores que impactan estadisticamente sobre resistencia residual
y la carga maxima a flexion. Sin embargo, otros como la relacion agua/cemento, el volumen de
fibras, la concentracion de cloruros y el tiempo de degradacion demostraron poca influencia sobre
la respuesta mecénica de los SFRCs.

Palabras clave: concretos reforzados con fibra de acero; degradacion; cloruros; variables
experimentales; propiedades mecanicas.

Influéncia de variaveis experimentais nas propriedades mecanicas do concreto
reforcado com fibras de aco (SFRC) em experimentos de degradacao de
cloretos: revisdo bibliogréafica e andlise estatistica

RESUMO

O objetivo desta pesquisa € avaliar o efeito de variaveis experimentais no estudo da degradacédo
de cloretos de concretos reforcados com fibras de aco (SFRCs). As informacdes foram coletadas
de diferentes fontes literarias e tratadas por meio do &baco experimental de Taguchi e da andlise
de regressdo. Os resultados mostram que os fatores mais influentes na degradacdo dos SFRCs
degradados por cloreto séo a carga durante a degradacdo e a abertura da fissura, fatores que
impactam estatisticamente na resisténcia residual e na carga maxima de flexao. No entanto, outros
como relagdo agua/cimento, volume de fibras, concentracdo de cloretos e tempo de degradacéao
mostraram pouca influéncia na resposta mecanica dos SFRCs.

Palavras-chave: concreto reforcado com fibras de aco; degradacdo; cloretos; varidveis
experimentais; propriedades mecanicas.

Nomenclature:

Vrr: Variation of residual resistance (%) C: Chloride concentration (% w/w)

Vem: Maximum load variation (%) Cd: Load exerted during degradation (kN)
Rac: Water/cement ratio Ca: Accelerated corrosion (UA/cm2)

Vf: Fiber volume (%) Ag: Width of controlled cracks (mm)

Td: Degradation time (days) Te: Type of experiment
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1. INTRODUCTION

Concrete is the most used construction material worldwide, mainly due to the availability of the
materials that constitute it (Chen et al., 2021). Concrete has properties that have made it the
construction material par excellence since it has a high resistance to compression, being able to go
decades without requiring practically any maintenance or replacement (Paul et al., 2020). Despite
these qualities, concrete has a relatively low flexural resistance due to the tensile stresses. It has
become necessary to use reinforcing materials to prepare concrete, which allows for improving its
characteristics. (Chen et al., 2021). From the 19th century to the present, steel in the form of bars
has been used to reinforce concrete structures. Although reinforcing bars are still the most widely
used for this purpose, the use of fibers has had a significant boom in recent decades, generating
what is known as steel fiber reinforced concrete (SFRC). , the fibers improve the tensile properties
of concrete, fatigue resistance, impact resistance, and toughness and help control cracking
(Behbahani & Nematollahi, 2011; Kaur et al., (2012), Ferreira et al., 2018; Zhang et al., 2020).
SFRC is used, for example, in tunnel lining, highway construction, and buildings prone to
earthquake damage (Berrocal, 2015; Marcos-Meson et al., 2019; Zhang et al., 2020). In addition,
the SFRC is applied in infrastructures with aggressive environments, such as industrial floors,
buildings to store nuclear waste, and hydraulic and marine structures, such as docks, oil platforms,
and gas pipelines (Doo-Yeol et al., 2021; Hou et al., 2021). Among the most commonly used
materials for this purpose are steel, polymeric materials, and carbon fibers, although the use of
glass, coconut, jute, and asbestos has also been reported (Meza & Siddique, 2019; Paul et al., 2020;
Meza & Shaikh, 2020; Meza et al., 2021), as well as agave vegetable fiber (Juarez-Alvarado et al.,
2017). Steel fibers have been widely used and studied as concrete reinforcement (Horszczaruk,
2009; Hou et al., 2021). As previously seen, SFRCs are used in infrastructures subjected to
aggressive environments; therefore, the scientific community has been in charge of investigating
the different degradation processes to which structures made with SFRCs may be subjected.
Various investigations indicate that corrosion is the primary mechanism of the degradation of
reinforced concrete structures (Paul et al., 2020; Berrocal et al., 2015; Berrocal et al., 2017).
Corrosion causes a decrease in the cross-section of the steel reinforcement (Berrocal, 2015), which
negatively influences the mechanical characteristics of the concrete reinforced with steel bars and
the SFRC. Besides, it is essential to say that the corrosion process affects not only the reinforcement
but also the concrete that surrounds them; this is due to the formation of corrosion products, which
accumulate at the steel-concrete interface, and as the volume increases, internal pressures originate
that cause cracking of the concrete, a process known as spalling (Simdes & Santo, 2019), which in
turn increases the corrosion rate and thereby causes changes in its mechanical properties, including
maximum load and residual resistance (Berrocal et al., 2017; Paul et al., 2020). According to Abbas
et al. (2014), the penetration of chlorides in tunnel walls causes the corrosion of the reinforcement,
thus reducing its load capacity. Also, other researchers, such as Granju and Balouch (2005) and
Carrillo et al. (2017), affirm that corrosive environments can affect the flexural performance of the
SFRCs if the steel fibers are corroded since these cause reductions in the maximum peak load
accompanied by brittle and brittle post-peak behavior. In addition, studies such as that of Hou et
al. (2021) indicate that the decrease in residual resistance in SFRCs is closely linked with the loss
of reinforcement mass, pitting corrosion, and deterioration of the adhesion between the
reinforcement-concrete-corrosion rate.

On the other hand, several factors influence the corrosion process since this depends on the
corroded metal's characteristics and the surrounding environment in which it is found. One of these
factors is the presence of external agents, such as salts containing the chloride ion, such as
aluminum chloride, iron chloride, ammonium chloride, and sodium chloride. Upon entering the
concrete, these salts lower their pH and accelerate the corrosion process of the steel reinforcement
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(Salazar-Jiménez, 2015). Specifically, chloride degradation causes the so-called pitting corrosion
effect; this occurs when enough chlorides accumulate on the reinforcement surface, thus favoring
the corrosive process in a specific area of the material (Berrocal et al., 2015).

The degradation of fiber-reinforced concrete by the action of chlorides has been widely studied due
to the exposure of infrastructures to aggressive environments with high concentrations of this anion
(Berrocal et al., 2015). For this reason, research has been carried out focused on the effect of
degradation on the fibers, concrete, and fiber-concrete set, obtaining that their mechanical
properties vary so much after being subjected to degradable processes by chlorides. Dissimilar
types of fibers and concrete under different experimental conditions have been put to the test, this
has given rise to the results obtained in said investigations being very varied and not always
correlated with each other, so it is still not completely clear what they are the experimental variables
that most affect the mechanical characteristics of concrete and to what extent they do so which
could be solved by carrying out comparative analyzes and research.

For the reasons mentioned above, this study compiles experimental data obtained under laboratory
conditions related to the degradation of SFRC under the action of chlorides. The data from different
investigations were subjected to a statistical analysis where the experimental variables that most
influence the corrosion of the fibers, the general deterioration of the concrete, and the extent to
which they affect their properties when subjected to flexural stress were identified. For this, the
analysis of experimental data obtained from the bibliography was carried out using Taguchi's
robust experimental design, an analysis method focused on maximizing a specific signal-to-noise
ratio (S/N) for each variable studied (Kuehl, 2000). The objective of the present investigation is to
know the experimental variables that affect the responses, which are the decrease in the maximum
load and the decrease in the residual resistance after the degradation process. A regression analysis
was also used to represent the results obtained through the experimental analysis. It is hoped that
the results achieved serve as a basis for researchers who begin the study of concrete reinforced with
steel fibers and their degradation by the action of chlorides since a review and bibliographic
analysis of the most relevant published regarding this subject is made theme in recent years.

2. PROCEDURE

As part of the procedure followed in this research, firstly, the experimental variables studied over
time were identified by performing flexural tests of SFRCs that have been previously exposed to
degradation by chlorides and whose variation directly influences the mechanical properties of
maximum load and residual resistance. For the data analysis, the Taguchi experimental design was
used with the help of the Minitab Software (Minitab 17.0); a regression analysis was carried out
where the influence of the experimental variables on the response variable was corroborated (see
Figure 1 ).

Influence of experimental variables on the mechanical properties of steel fiber reinforced concrete
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Bending tests
(Dependent Statistic analysis
variables)

Experimental variables
(Independent variables)

Figure 1. Representative scheme of the procedure followed in the investigation.

The water/cement ratio (Rac) is one of the most studied variables. The proportions of water and
cement that are used when preparing the concrete influence the corrosive processes that the
structure can suffer; this is because the greater the amount of water, the greater the density of
micropores there will be in the concrete matrix, which facilitates the entry of corrosive agents such
as chlorides. Furthermore, the greater the amount of water, the greater the moisture in the structure,
which is the electrolyte that facilitates the oxidation reaction of the steel fibers. According to
Balouch et al. (2010), when there are high water/cement ratios (Rac) (Rac = 0.78), the fibers that
are close to the surface of the concrete (< 1 mm), show signs of corrosion, and the more this
proportion was reduced, the smaller necessary thickness was so that there was no corrosion in the
fibers. Another determinant variable in the degradation of the SFRC is the volume of fibers (Vf) to
be used in the preparation of the samples; several authors have directed their studies to determine
its influence on the mechanical properties of these concretes. For example, in their study, Chen et
al. (2021) concluded that after the degradation process with sodium chloride, using a higher fiber
content increases dynamic resistance and hence increases the strain. Also, the concentration of
chlorides (C) of the aqueous solution with which the piece of concrete under study is degraded
significantly influences the corrosion of the fibers and, therefore, the properties of the concrete
studied. It has been shown that the maximum chloride content in conventional concrete structures
should not exceed 0.4 to 1.0% by weight of cement, this figure being higher for SFRCs, reaching
permissible values of up to 1.7% (Berrocal et al., 2013). On the other hand, in various studies, it
has been decided to crack the concrete to obtain higher corrosion rates in shorter periods. For this
reason, the width of controlled cracks (Ag) is a variable to be considered in this research; the results
show that cracks allow the transport of aggressive agents into the structures (Berrocal et al., 2015;
Blagojevic, 2016), demonstrating that if this exceeds a certain crack width threshold, they could be
seen. affect the properties of concrete. Investigations have revealed that the chloride diffusion

Influence of experimental variables on the mechanical properties of steel fiber reinforced concrete
(SFRQC) in chloride degradation experiments: bibliographic review and statistical analysis 145

Becerra, O., Meza, A., Salinas, R.



146

Revista ALCONPAT, 13 (2), 2023: 143 — 157

coefficient is similar in uncracked and cracked SFRC with crack widths less than 0.2 mm (Hou et
al., 2021), which gives a certain measure of crack width to use in experiments of this type. Another
variable to consider is the degradation time (Td) to which the studied sample is subjected; the
degradation process of reinforced concrete can be divided into two fundamental stages: initiation
and propagation. The first stage is considered the time external agents require to enter the concrete
structures and cause the de-passivation of the steel. In the second stage, the propagation of the steel
corrosion occurs, and changes begin to occur in the structure that reduces its safety, which indicates
that the longer the time spent in degraded conditions, it is to be expected that the damage to the
structure is greater (Berrocal et al., 2015). On the other hand, it is important to mention that SFRC
structures subjected to degradative environments and under-bending loads could suffer effects on
their mechanical properties due to the double influence of corrosion and the application of an
external force. For this reason, the charge during degradation (Cd) is a variable investigated in
various studies dedicated to this topic. Although the influence of loads during the corrosion process
of fiber-reinforced concrete is still not completely clear, it has been shown that the action of forces
on experimental beams of SFRCs has increased the width of controlled cracks formed, which could
cause an increase in the corrosion rate of the fibers (Li et al., 2018). It is important to note that
many researchers use alternative methods to carry out degradation experiments on concrete
reinforced with steel fibers; this is because the corrosion process of the fibers is slow, and in some
cases, it could take years for there to be appreciable damage effects. in concrete naturally (Taqi et
al.,, 2021). Therefore, accelerated corrosion (Ca) emerges as an appropriate experimental
alternative in these cases, which consists of making an electric current flow in the SFRC specimens
while they are under the action of chlorides. This combined effect causes the chloride threshold
that must be exceeded for the de-passivation of the steel to decrease and, therefore, the corrosion
of the fibers to occur more quickly (Tang & Wilkinson, 2020). Finally, another experimental
variable to consider in degradation studies is the type of experiment (Te) since there are two ways
to perform these tests. One consists of continuous wetting of the concrete piece with sodium
chloride (NaCl) solution for a determined time (continuous). The other is based on wetting and
drying cycles, submerging the concrete specimens in sodium chloride solutions. NaCl for a certain
time and then left to dry for another defined period, so the cycle is repeated several times (wet-
dry). It has been shown that this type of experiment is the most unfavorable environmental
condition for SFRC structures subjected to degradation conditions caused by the action of chlorides
(Balouch et al., 2010). Through the bibliographic review carried out, experimental data was
obtained from different works related to the degradation of concrete reinforced with steel fibers
(see Table 1). As mentioned, this work focused on the influence of the aforementioned
experimental variables on the reduction of the maximum load and the residual resistance after the
degradation process in bending tests. In general, the authors relied on the standard EN 14651: 2007
for three-point bending tests (Marcos-Meson et al., 2021), as well as the standards EN 1015-3:1999,
EN 413-2: 2016 and EN 14889-1: 2006 for the use of superplasticizer, the air content and the type
of fiber to be used respectively in the preparation of concrete specimens (Marcos-Meson et al.,
2020).
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Table 1. List of works consulted to obtain the data studied.

Author Rac | VI | Td C Cd Ca Ag | Vem | Vrr
(%) | (dias) | (%w/w)| (kN) (uA/cmz) (mm)| (%) (%)
Nguyen, 2018 | 0.54| 1.30 | 812 3.5 0.0 0 0.00 ; 28.79
Nguyen, 2018 | 0.54| 1.30 | 812 3.5 54.0 0 0.00 ; 4228
Nguyen, 2018 | 0.54 | 1.30 | 812 35 89.0 0 0.14 ; 66.62
Marcos-Meson, | 11| 150 | 365 | 35 | 00 0 0.15 | 545 | 941
2021
Marcos-Meson, | 11| 150 | 365 3.5 0.0 0 030 | -22.14 | -18.87
2021
Marcos-Meson, |, 11| 150 | 365 7.0 0.0 0 015 | -1.92 | 235
2021
%grlc"s'Mes"“’ 044 | 120 | 365 7.0 0.0 0 030 | -32.82 | -33.96
Marcos-Meson, |, 11| 150 | 730 35 0.0 0 0.15| 325 |-11.30
2021
Marcos-Meson, |5 4| 150 730 | 35 | 00 0 030 | 1601 | 1.64
2021
Marcos-Meson, |, 1| 120 | 730 7.0 0.0 0 0.15 | -21.75 | -7.83
2021
Marcos-Meson, |, 1| 150 | 730 7.0 0.0 0 030 | 1720 | 12.30
2021
Michel, 2013 043 ] 050 | 24 3.0 0.0 150 0.07 ; 26.44
Michel, 2013 043 ] 1.00 | 24 3.0 0.0 150 0.07 ; 20.39
Berrocal, 2017 | 0.47| 050 | 27 35 0.0 100 000 | 129 | 17.98
Berrocal, 2017 | 0.47] 050 | 97 35 0.0 100 0.00 | -23.56 | 19.10
Bui, 2021 0.50 | 1.00 | 28 3.0 0.0 150 0.00 | 2.66 | 29.59
Bui, 2021 050 | 1.50 | 28 3.0 0.0 150 0.00 | 130 | 19.39
Bui, 2021 0.50 | 2.00 | 28 3.0 0.0 150 000 | 086 | 1633
Doo-Yeol, 2020 | 0.20 | 2.00 | 28 35 0.0 0 0.00 | -1.90 | 1.43
Doo-Yeol, 2020 [ 0.20 | 2.00 [ 70 35 0.0 0 0.00 | 124 |-10.00
Doo-Yeol, 2020 | 0.20 | 2.00 | 140 3.5 0.0 0 0.00 | 3.86 | 22.86
Bernard, 2019 | 0.50| 1.50 | 176 35 0.0 0 0.15 | 1531 | 37.50
Hou, 2021 0471075 | 72 3.5 13.6 200 0.06 | 2335 | 1.98
Hou, 2021 0471075 | 72 35 | 204 200 0.09 | 13.55 | 2.97
Hou, 2021 0471075 | 72 35 | 272 200 0.12 | 3051 | 4.95
Hou, 2021 0471075 | 72 3.5 34.0 200 0.14 | 1423 | 5.94
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3. RESULTS AND DISCUSION

3.1. Effect of experimental variables on the variation of the maximum load

The values of maximum load decrease that were repeated the most in flexural tests of SFRCs after
being subjected to degradation processes by chlorides were selected to determine the effect of the
experimental variables on the variation of the maximum load (Vcm). For this, a histogram was
made with these values, obtaining that the most significant number of variations are from -6 to 5%
(see Figure 2); however, in this work, it was decided not to work with negative values, since this
means that there is an increase in the maximum load in the concretes studied after being exposed
to chlorides. The study of this behavior is not the objective of the present investigation; therefore,
positive values from 0 to 31% were taken, and these data were used.
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Figure 2. Histogram of maximum load variation.

3.1.1. Signal-Noise Plot Analysis

It is possible to determine which control factors have the most significant incidence on the response
variable (the variation of the maximum load) by analyzing Figure 3; this is done by observing the
lines in each variable. There is no present effect when the lines are horizontal, and each level affects
the response similarly. In contrast, when the lines are not horizontal, if there is a main effect and
each level influences the response differently, the greater the distance in the vertical position
between the points plotted, the greater the magnitude of the effect (Antony et al., 2006). Therefore,
it is possible to affirm that width of controlled cracks (Ag) is the variable with the greatest effect
on the maximum flexural load capacity of SFRCs specimens degraded by chlorides. This variable
is followed by fiber volume (Vf), degradation time (Td), chloride concentration (C), and
accelerated corrosion (Ca) in order of incidence in the response variable, which is those with the
greatest separation between their levels. Finally, the water/cement ratio (Rac), the load during
degradation (Cd), and the type of experiment (Te) are the factors with the least effect on the
variation of the maximum load. However, this work aims to find the values of the experimental
variables that cause a significant decrease in the maximum load. These values can be determined
by the maximum value of each factor in the signal-noise plot in Figure 3 (indicated by a red circle).
Therefore, a recommended experiment design to obtain the most remarkable experimental effects
of maximum flexural load variation in SFRCs specimens is the following: Rac (0.47), Vf (0.75%),
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Td (72 days), C (7% ), Cd (27.2 kN), Ca (200 uA/cm2), Ag (0.12) and Te (wet-dry).
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Figure 3. Main effects plot for signal-to-noise ratios for maximum load experiments.

3.1.2. Regression analysis

Analyzing Table 2, which is the result of the analysis of variance for the variables studied, it can
be determined that, for none of the variables studied, the p-value is less than 0.05, which means
that do not have a statistical impact on the results of variation of the maximum load in flexure. The
variable with the greatest statistical impact in the previous figure, the width of controlled cracks,
had a p-value of 0.081 in this analysis. In this case, it shows that the analysis of variance is not a
useful tool to determine the influence of the explanatory variables on the response variable.

Table 2. Analysis of variance of the variables studied for maximum load variation.

Variables p-value
Water/cement ratio 0.544
Fiber percentage 0.841
Degradation time 0.305
NaCl concentration 0.963
Charge during degradation | 0.812
Accelerated corrosion 0.557
Width of controlled cracks | 0.081
Experiment type 0.677

By analyzing the regression equations for the qualitative variable, which in this study is the type
of experiment, it is possible to determine which experimental variables have explanatory power
over the response variable (see equations 1 and 2). This explanatory capacity can be determined by
the variables with a positive coefficient, which are the controlled crack width, NaCl concentration,
and accelerated corrosion. These equations were obtained with the data used in this study using
Minitab.
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The regression equation for the type of continuous experiment variable:

Vem = 13.0 — 284 Ry — 135V, — 0.027 Ty + 0.14C — 0.126 Cg + 0.045 C, + 112.0 A, (1)

The regression equation for the wet-dry type of experiment variable:
Ve = 17.6 — 28.4 Ry — 135V — 0.027 T, + 0.14C — 0.126 C; + 0.045C, + 112.0 A4 )

Therefore, the studies carried out to determine the influence of the experimental variables on the
variation of the maximum load, which were the graph of main effects for signal-noise relationships,
the analysis of variance, and the regression equations, allow us to conclude that the width of
controlled cracks is the experimental variable that has the greatest effect on the maximum load in
concrete reinforced with steel fibers that suffer degradation by chlorides. However, no works are
explicitly dedicated to studying this variable's influence on the maximum load. In investigations
such as that of Hou et al. (2021), contradictory results are shown since when using Ag = 0.06 mm,
the decrease in the maximum load is 23.35%, while for crack widths of 0.09 mm, it is 13.55%. For
values of 0.12 mm, the variation is 30.51%, which shows that this property's variation does not
depend only on this variable. On the other hand, another of the variables with influence on the
variation of the maximum load according to the results obtained here is the concentration of
chlorides. However, this information has yet to be corroborated due to a lack of bibliographic
information; studies such as that of Marcos-Meson et al. (2021) show how this variable negatively
influences the properties of the SFRCs studied.

3.2. Effect of experimental variables on the variation of the residual resistance

It was done similarly to the maximum flexural load data to analyze the residual resistance variation
data (\Vrr) obtained. A histogram of the variation of the residual resistance was made. As observed
in Figure 4, the highest frequency of variations is from 0 to 17% and from 17 to 34%; therefore,
these are the data taken for continuing this study. It is also observed that there are values below
zero and data greater than 34% since these rare results were not used for the abovementioned
reasons.

Frequency
= =
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[-34a-17] [17a0] [0al7] [17a34] [34a51] [51a68]

Decrease in residual resistance (%)
Figure 4. Histogram of residual resistance variation.
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3.2.1. Signal-Noise Plot Analysis

It is possible to determine the control factors that reduce variability by analyzing Figure 5; This
shows that, first of all, the response variable is affected by the bending load during degradation
since it is the one that presents a greater vertical trend in the signal-noise graph.
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Figure 5. Main effects plot for signal-noise relationships for residual resistance experiments.

The other variables with explanatory power over the dependent variable are the water/cement ratio,
the volume of fibers, the degradation time, and the width of controlled cracks, the following levels
being recommended in each case to obtain more significant effects in reducing the residual
resistance: Cd (54 kN), Rac (0.54), Vf (1.3%), Td (176 days) and Ag (0.07 mm), respectively.
These values were obtained by taking the value of the highest level in each factor from Figure 5,
marked with a red circle. On the other hand, the other variables are closer to the mean and have
less effect on the signal-noise ratio; however, an experimental design must be carried out also to
obtain the highest levels of variation of the residual resistance must be taken into account.
Therefore, in the case of chloride concentration, accelerated corrosion, and the type of experiment,
the recommended values are 3%, 150 uA/cm2, and continuous, respectively.

3.2.2. Regression analysis

A regression analysis was also carried out where the analysis of variance was studied (Table 3),
obtaining that the p-value was less than 0.05 in the variables: load during degradation (0.000) and
type of experiment (0.002), which means that these variables have a greater influence on the
variation of the residual resistance to flexion than the others. Said result is not coincident with those
obtained in the Signal/Noise graph since, in said figure, the type of experiment variable has little
influence on the response variable, which is an element to be analyzed in future studies.
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Table 3. Analysis of variance of the variables studied for residual resistance variation.

Variables Valor p
Water/cement ratio 0.401
Fiber percentage 0.452
Degradation time 0.196
NaCl concentration 0.085
Charge during degradation | 0.000
Accelerated corrosion 0.907
Width of controlled cracks | 0.081
Experiment type 0.002

On the other hand, by analyzing the coefficients of each factor in the regression equations (see
equations 3 and 4), it is possible to determine the variables with the greatest influence on the
response: the load during degradation, the water/cement ratio and the time of degradation, which
agrees with the results obtained in Figure 5 and in part with Table 3.

The regression equation for the type of continuous experiment variable

V,r = 19.5 4 23.4 Ry, — 4.93 V5 + 0.019 T, — 2.81C + 0.555 C4 — 0.006 C, — 46.8 A, (3)
The regression equation for the wet-dry type of experiment variable

Vyr = 3.1+ 234 Ry —4.93V; +0.019 T, — 2.81C + 0.555 C4 — 0.006 C, — 46.8 A, (4)

In the studies of SFRCs degradation by the action of chlorides, the experimental variable with the
greatest incidence of the variation of the residual resistance is the load to which the concrete
specimens are subjected during the degradation. Similar results were found by Nguyen et al.
(2018), which obtained a decrease in the load capacity of the concrete studied once cracked by
having been subjected to a sustained load while exposed to chlorides; found that steel fibers
corroded when the applied load was 50% of the yield load. Similarly, Hou et al. 2021 found that
by increasing the levels of sustained load to the concrete and under severe corrosion conditions,
the load capacity of these was affected. In the same way, the water/cement ratio has a marked
influence on the variation of the residual resistance, according to the results found here. However,
no studies in the literature are dedicated to comparing how this variable influences said property.
Finally, as has been seen, the degradation time also influences this characteristic, which is
contradictory to that obtained by Marcos-Meson et al., 2021, since they got few changes in the
mechanical performance of the degraded SFRCs. by chlorides and carbon dioxide for 1 and 2 years.
It means that the results obtained in this type of study remain contradictory and future research is
required.

4. CONCLUSIONS

Through the analysis of the studies carried out regarding the degradation of concrete reinforced

with steel fibers by the action of chlorides, and taking into account the main experimental variables

that affect the properties of residual resistance and maximum load of said concretes, it is possible

to arrive at the following conclusions:

1. Theresults found in the bibliography show that the degradation processes by chlorides not only
negatively affect the mechanical properties of the SFRCs but that, in some cases, said
properties could have an improvement after the degradation; this is attributed to an increased
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bond strength between concrete and fiber due to increased surface roughness due to corrosion.

2. Analyzing the results obtained for the experiments where the variation of the maximum
flexural load was evaluated, it is found that the variable whose variation affects this property
the most is the width of controlled cracks, with the value of 0.12 mm being the most relevant.
In the same way, when ordering the variables according to their influence on the variation of
the maximum load supported by the CRFAs after degradation processes due to chlorides, it
would be as follows: Ag (0.12 mm), Vf (0.75%), Td (72 days), C (7%), Ca (200 uA/cm2), type
of experiment (wet-dry) and Rac (0.47).

3. Inthe case of residual flexural strength, the experimental variable that has the greatest effect
on this property is the load during degradation, and it was shown that the higher the load, it is
to be expected that the residual strength after the degradation process will be more affected. In
the same way, an order of variables was obtained in terms of their influence on the residual
resistance, so it is possible to recommend the following values of each variable to be used to
obtain the greatest decreases in this property in chloride degradation experiments: Cd (54 kN),
Rac (0.54), Vf (1.3%), Td (176 days), Ag (0.07 mm), C (3%), Ca (150 uA/cm2) and type of
experiment (continuous). These variables were arranged from highest to lowest influence on
residual resistance.

4. Due to the results obtained, it is recommended to continue with the study of the influence of
experimental variables such as the material of the fibers, the size and shape of the concrete
specimens, and the type of raw material used for the elaboration of these in mechanical
characteristics such as durability, toughness, and ductility.
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ABSTRACT

The influence of the sand proportion in mortars Type Il was studied, according to the standard N-CMT-
2-01-004/02, using three fine aggregates from the region of Morelia, in Michoacan, and determining
their influence in the physico-mechanical properties, while considering the use of different
cementitious materials (CM): Portland cement plus lime (B1), and Portland cement plus construction
cement (B2). Mortar mixtures were designed for B1 and B2 with volume ratios of aggregates/CM,
from 2.25 to 4, determining the fluency, the uniaxial compressive strength (UCS) and the wet electrical
resistivity (WER). The relation between the fluency and the ratio water/CM were studied, concluding
that the aggregate type and the proportions employed modify the fluency and the water demand in the
fresh state of the mortar, and consequently impact the UCS and WER.
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analysis.
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Influencia de la proporcién de arena en las propiedades fisicas y mecanicas de
morteros para la edificacion

RESUMEN

Se analizé la influencia de la proporcion de arena en morteros Tipo 1l segin norma N-CMT-2-01-
004/02 empleando tres tipos de aridos de la regién de Morelia, Michoacan determinando su
influencia en sus propiedades fisico-mecanicas, contemplando el uso de diferentes materiales
cementantes (MC): el cemento Portland mas cal (B1), cemento Portland mas cemento de
albafiileria (B2). Se elaboraron mezclas para B1 y B2 con relaciones en volumen arena/MC, desde
2.25 hasta 4, determinando la fluidez, resistencia a compresion uniaxial (UCS) y resistividad
eléctrica humeda (WER). Se estudié la relacion entre la fluidez y la cantidad de agua/MC,
concluyendo que el tipo de arido y proporciones modifican la fluidez y demanda de agua en estado
fresco impactando en UCS y WER.

Palabras clave: morteros de construccion; resistividad eléctrica; agregados finos; resistencia
mecénica, granulometria.

Influéncia da proporc¢éo de areia nas propriedades fisicas e mecanicas de
argamassas para construcao

RESUMO

As proporgdes de areia nas argamassas de tipo Il foram analisadas de acordo com a norma N-
CMT-2-01-004/02. Foram utilizados trés tipos de agregados da regido de Morelia, Michoacan para
determinar a sua influéncia nas suas propriedades fisico-mecéanicas. Considerando a utilizacéo de
diferentes materiais cimenticios (CM): cimento Portland mais cimento de alvenaria (B2) e cimento
Portland mais cal (B1). Foram preparadas misturas para B1 e B2 com relac6es areia/MC de 2,25
para 4. Foram determinadas a fluidez, resisténcia uniaxial a compressao (UCS) e resistividade
elétrica umida (WER). Estudando a relacdo entre a fluidez e a quantidade de &gua/MC, concluindo
que o tipo de agregado e as proporcdes modificam a fluidez e a demanda de agua no estado fresco
com impacto no UCS e no WER.

Palavras-chave: argamassas de construcdo; resistividade elétrica; agregados finos; resisténcia
mecanica, dimensao das particulas.
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1. INTRODUCTION

Traditionally, the residential buildings have been built with different construction materials like
the regular and irregular stones, ceramic bricks, wood, or earthen blocks among many others. These
walls and floors often have joining mortars to bind the masonries, or to act as the coatings or
refurbishments (which are called “plasters” or plastering” by archaeologists) that cover the wall
systems (Alvarez Galindo et al., 1995). Mortars are mixtures of inorganic conglomerates,
aggregates, water, and other elements used as additives. Their main purpose is joining the
construction elements, filling the void spaces as binding agents, and protecting the surfaces and
systems from external agents (Sanchez Tizapa et al., 2017; Wu et al., 2021).

In the ancient Rome the containers where the mixtures of lime paste and sand were transported
were called “mortarius”; and over time this term has derived to the one utilized to designate the
actual mixture. As a matter of fact, the first records of lime mortars can be found in the Vitruvius
works, where the selection and manufacturing process of limestone are described to be used for
building purposes (Navarro-Mendoza et al., 2023). These traditional systems were utilized for
centuries in the construction of foundations, walls, pavements and coatings; until the appearance
and popularization of Portland cement (Alvarez Galindo et al., 1995; Navarro-Mendoza et al.,
2020).

The mortars have had multiple uses in the construction industry over time; for instance, in
residential buildings, they were utilized to provide thermal and acoustic insulation properties, to
avoid the proliferation of harmful or problematic fauna and flora, or to obtain certain aesthetic
features. Regarding the joining purposes of the mortars, they need to achieve adequate mechanical
resistances to allow the masonries of the structural elements to withstand the required loadings of
the constructions.

Before the emergence of the contemporary construction cement, in Mexico, the artisans and
builders used to add lime for increasing the setting times of the mortars. Lime had the function of
retaining the water and allow the internal curing and hydration of the mortar. This mixture, resulting
from the experience at works, receives the name of tertiary mortar, on account of the three
employed elements: Portland cement, lime and fine aggregates.

This mortar is easy to purchase, as the basic elements required (water, adhesives and sand) to make
the mixture are affordable, and the application of the product is simple. Nevertheless, the users
have neglected the importance of the proper proportions of the components, and this situation has
brought problems such as the decrease of the adherence and the mechanical resistance, structural
deterioration, or shrinkage resulting into cracks that reduce the lifetime of the mortar (Jacques et
al., 2023; Li et al., 2023). Additionally, in most cases, the physical and mechanical properties of
the FA extracted from quarries are unknown, and the selection of the materials is determined by
the cheap prices and proximity.

The type and proportions of the constituent materials of a mortar will influence the properties in
the fresh state (Giordani & Masuero, 2019), and consequently, their performance in the hardened
state (Haach et al., 2011). One of the most desired features during the fresh state is the workability,
which must be adequate for the execution of the coating or render, to guarantee its performance in
terms of adhesion to the substrate (Ribeiro & Oliveira Rey, 2019; Tenaet al., 2017). Some elements
which affect directly the mortar properties are the raw materials and their quality, especially the
FA. Therefore, an adequate rheology analysis must be performed to determine if they comply with
the established standards, and that the FA are not affecting the mortar viscosity and workability
(Danish & Ozbakkaloglu, 2023; Li et al., 2022; Westerholm et al., 2008).

Typically, the FA represent more than 35% of the total volume of the mortar, being one of the most
important components of the mixture. Consequently, using different FA with irregular shapes and
an ineffective distribution will result in a deterioration of fluency properties, decreasing the density
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and increasing the specific surface area while reducing the paste thickness (Hafid et al., 2016; Stolz
& Masuero, 2018). The morphology of these FA also plays an important role in the physical
properties, due to impact on mortar rheology (Duran Ramos, 2021; Ren et al., 2021).

Different studies have been carried out to understand the importance of the FA and their feasible
substitution in mortar mixtures. It was reported how the single use of FA increased by 30% the
plastic viscosity of the mortar designs (Hu, 2005); another research compared the difference in the
performance of Portland cement mortars and geopolymers with residual fine glass aggregate (Gao
et al., 2022); the carbonation behavior of mortars was also analyzed by adding different waste
materials with cementitious and/or pozzolanic properties as replacements of the Portland cement,
determining if the additions could limit or improve the carbonation of the mixtures when they
harden (Martinez-Molina et al., 2021).

Other works investigated the suitability of waste plastic aggregates instead of FA, reporting that
proportions from 10 to 20% may decrease the compressive strength and splitting tensile strength
(Ullah et al., 2021). The influence of fiber additions was also analyzed on the fresh properties, as
well as the deformability and the mechanical behavior (Brazdo Farinha et al., 2021); also, the
effects of additions like silica flume, superplasticizer and the water/binder ratio have been studied
(Senff et al., 2009). The partial substitution of cement by limestone powder (0, 9, 16, 23 and 30 %)
has proven an affectation in the rheological, mechanical and durability properties (Souza et al.,
2020), as well as fine eggshell powder (Beng Wei et al., 2021), or natural pozzolans (HAMMAT
etal., 2021).

The issues described about the importance of the FA properties within the mortars, as well as the
ambiguity of the Mexican standards (NMX-C-486-ONNCCE-2014 and N-CMT-2-01-004/02)
regarding the water and CM proportions led to this research. It is important to note that the analyses
were performed with sand quarries from a particular region of Mexico (in Morelia). The relevance
of the research relies on the visualization of the differences in the workability and the hardened
state of the mortars in function of the different FA quarries of the same region; furthermore, it
allows to assess the reliability and quality of the mortars used as structural coatings.

The present research work focuses on the analysis of the relation FA/CM to comply with the
existing regulations, while determining the maximum amount of sand utilized to design a mortar
with structural purposes. Additionally, three different natural sands (FA) were studied, with
different combinations of hydraulic cement (Portland cement), construction cement, and lime;
analyzing the influence of sand proportion in the physico-mechanical properties of the mortars.
These mixtures were characterized with non-destructive techniques and mechanical tests to assess
the better combinations in function of the regulation requirements. All of this, with the objective
of increasing the scientific and technical knowledge of the common construction and building
mortars, impacting positively on their quality and durability.

2. MATERIALS AND PROCEDURE METHODS

The mortars were designed to be used outside and inside the buildings, but they were particularly
conceived for self-construction purposes in residential housing. In the standard N-CMT-2-01-
004/02, the masonry mortars are classified into three classes: I, Il, and Ill, depending on the
components and the minimum mechanical resistance value. The mixtures were based on the
mortars Type Il (ONNCCEE, 2002), consisting in a combination of cement, lime, and different
proportions of sand to determine the better behaviors. The sand proportion should not be less than
2.25 nor more than 4 times the sum of the CM in volume.

In this research, all the mortar mixtures were designed and tested in the materials laboratory,
starting from the characterization and quality control of the prime materials. The cement employed,
CPC 30R RS, is classified as Type Il according to the standard ASTM C150-C150M-22 (ASTM
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International, 2022c). Conversely, the lime complies with the standard ASTM E1266-20 (ASTM
International, 2020b). The sands were sampled from quarries in the State of Michoacan, in Mexico,
and tested in the laboratory, with each data being the average of three tests. The physical
characterization of the sands was performed as indicated in American Society and Testing and
Materials (ASTM) international standards, and the Organismo Nacional de Normalizacién y
Certificacion de la Construccion y Edificacion (ONNCCE) of Mexico.

The mixtures were elaborated and then the fluency in fresh state was determined, later they were
tested to obtain mechanical properties like the Uniaxial Compressive Strength (UCS), considering
the minimum resistance of 75 kgf/cm? requested by the standard NMX-C-486-ONNCCE-2014
(ONNCCE, 2014); or other characteristics by means of non-destructive techniques (NDT), like the
Wet Electrical Resistivity (WER) at 7 and 28 days of age.

2.1 Design of the mixtures

The mortar specimens, all being type Il according to the standards, were prepared in laboratory
conditions with different proportions of cement, lime, aggregates and water, as it is shown in Table
1. Half of the mortars (B1) were prepared with hydraulic cement, lime and sand; while the other
half (B2) were prepared mixing hydraulic cement, construction cement and sand. For both kind of
mortars, different proportions of sand (from 2.25 to 4) were used, obtaining a great quantity of
samples; for all of them the standard fluidity, which must range between 105% and 130%
(ONNCCE, 2015b), was calculated. Later, the samples were cured in water as it is indicated in the
standard ASTM C31-C31M-22 (ASTM International, 2022a), and the water employed was
obtained from the public water network of the UMSNH university campus. 6 cubes were made for
each mixture, resulting in 96 cubes for each type of sand due to the multiple combinations and
proportions.

Table 1. Mixture design and proportions.

Code | Hydraulic cement | Construction cement | Lime Sand
(Portland cement)
Bl 1 - Yo 12.25,25,2.75,3,3.25,35,3.75,4
B2 1 1 - 2.25,2.5,2.75, 3,3.25,3.5,3.75, 4

2.2 Characterization and properties of the fine aggregates

The FA were extracted from surrounding quarry stones in the state of Michoacan, in Mexico. The
State of Michoacan is located in the Trans-Mexican Volcanic Belt, where the extrusive igneous
rocks and the siliceous materials are abundant, like the river aggregates or the quartz sands. The
three FA utilized in this research are all natural sands, not being submitted to any grinding or
artificial procedures. First, we find the “El Coro” quarry (CH) in the municipality of Zinapecuaro,
near the Cuitzeo Lake, in Latitude 19.893889, Longitude -100.875833; secondly, the “ El Cuervo”
quarry (R), near the Huajumbaro river in the Balsas basin region, in Latitude 19.626110, Longitude
-100.636667; last, the “Joyitas” quarry (J), in Morelia, Latitude 19.727222, Longitude -
101.385278. The three sands are displayed in figure 1.
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Figure 1. Sand aggregates: a) Joyitas volcanic sand; b) EI Coro volcanic silty sand; (c) EI Cuervo
river sand. Image sources: (Durén, 2021; Durén, 2021; Mondragon, 2021).

The sands were sampled from the mentioned quarries and transported to the materials laboratory
to be analyzed. They were dried and prepared as representative sampling quantities (100 kg) to
undertake the mortars design process. The geomaterials don’t have the same strict quality control
as the cement, because of their natural origin; instead, commonly, the mortars are based on the
previous experience of users, artisans and builders. The table 2 presents the set of characterization
methods applied for the three different FA utilized in the research work before the manufacturing
of the mortars (ASTM International, 2017, 2018, 2019b, 2022b; ONNCCE, 2004, 2006, 2020).

Table 2. Test methods performed on the aggregates.
Standard
ASTM D75/D75M-19

CH| R J
100 { 100 | 100

Test method

Standard Practice for Sampling Aggregates (kg)

Standard Test Method for Relative Density (Specific
Gravity) and Absorption of Fine Aggregate (g/cm3)
Aggregates — Determination of the relative density and
water absorption of fine aggregate — Test method (g/cm3)
Standard Test Method for Relative Density (Specific
Gravity) and Absorption of Fine Aggregate (%)
Aggregates — Determination of the relative density and
water absorption of fine aggregate — Test method (g/cm3)
Standard Test Method for Bulk Density and Voids in
Aggregate (g/cm?)

Aggregate for Concrete - Volumetric Mass - Test Method
(glem?)

Standard Test Method for Bulk Density and Voids in

ASTM C128-22

NMX-C-165-ONNCCE 2.22

2.13 [ 2.40

ASTM C128-22

NMX-C-165-ONNCCE 7.02

5.92 [4.75

ASTM C29/C29M-17a

NMX-C-073-ONNCCE 118

1.23]1.36

Aggregate (g/cm?)
Aggregates Particles Finer Than 0.075 mm (No. 200) Sieve
by Washing — Test Method (g/cm?®)

ASTM C29/C29M-17a
NMX-C-084-ONNCCE

1.28

1.36

1.42

Standard Specification for Concrete Aggregates (fineness

ASTM C33-C33M-18

3.51

2.98

3.87

modulus)
* The density and absorption values are detached in the table but they correspond to the same standards.

The bulk density was calculated for all the sands, obtaining similar results for each specimen
(ASTM International, 2017); on the other hand, the CH material had an absorption coefficient
higher than 7%, while J had a lower value of 4.75%, being a prominent feature. This condition can
have a direct affectation on the mortar’s properties, as it could increase the water demand and
consequently decrease the compression strength.

The figure 2 displays the sieve analysis and particle size of the different FA used in the research.
The upper and lower limits of the standard are represented (ASTM International, 2018), showing
how R adapts perfectly to the granulometric curve; on the other hand, CH presents an excess of
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fine material from the 0.1 to 0.4 mm range approximately, while R slightly oversteps the lower
limit. These conditions can have consequences on some properties of the mortar mixtures like the
fluency and the water demand in the fresh state of the mortars, as it will be displayed later in figures
6and 7.

100 A
90 A
80
70

- = = Upper limit

% passing
S

40 1 -+ = Lower limit
30 - —_—
20 A — CH
10 - —R

0 A : e :

0.075 0.75 mm

Figure 2. Sieve analysis of the sand aggregates.

2.3 Test methods performed on the mortars

The Table 3 displays the set of test methods used for the characterization of the mortar mixtures in
both fresh and hardened state. The international and Mexican standards (ASTM and ONNCCE)
were followed to analyze the different combinations. Additionally, the three trials and their
procedure are detailed in the following section (ASTM International, 2019a, 2020a, 2021;
ONNCCE, 2014, 2015a, 2019).

Table 3. Test methods performed on the mortars.

Test methods Standard Conditions
. . ASTM C109/C109M-21 Solid cubes
Uniaxial Compression Strength (UCS) NMX-C-486-ONNCCE-2014 | 5x5x5 cm?
. o ASTM C1876-19 Solid cubes
Wet Electrical Resistivity (WER) NMX-C-514-ONNCCE-2016 | 5x5x5 cm?
Mechanical Mixing of Hydraulic Cement Pastes | ASTM C305-20 Fresh state
and Mortars of Plastic Consistency NMX-C-061-ONNCCE-2015 | mixture

2.3.1. Fluency

The fluency test (see figure 3) allows to determine the flow or workability of the mortar mixture in
fresh state, according to the water content utilized. The trial denotes the consistency of the mixture
as well as its suitability for each specific technique and application, according equation 1. The
limits required for this the test rely in a range between 105 and 130 %

Extended diameter — 25cm (1)
Fluency (%) = x 100
25cm
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Figure 3. Trlals on the mortar mlxtures a) Mixture in moId b) Con5|stency, c) Adherence Image
source: (Duran, 2021).

2.3.2. Wet Electrical Resistivity (WER)

The WER is an alternative test to evaluate the homogeneity in concrete matrices, allowing us to
obtain relevant information about the performance of the material, without physically
compromising the structure, being a NDT. The test was performed according to standards NMX-
C-514-ONNCCE and ASTM C1876-19 (see figure 4). The procedure is based on the Ohm's Law,
that indicates that the electrical resistivity is a reciprocal property of the conductivity, as it is
considered a volumetric property of materials that indicates their resistance to the passage of
electric charges. The WER is represented by the following equation 2, where R is the electrical
resistivity in kQ-cm, | is the specimen length in cm and A is the specimen cross-sectional area in

cm2,

R:;:p— (2)

Figure 4. Nilsson resistivity appara:[us.

2.3.3. Uniaxial compressive strength (UCS)

The objective of this test is determining the uniaxial compressive strength (UCS) of 50 mm cubic
specimens (see figure 5), standardized by the standards NMX-C-486-ONNCCE and ASTM
C109/C109M-21. The UCS is obtained with equation 3, where UCS is the uniaxial compressive
strength in kgf/cm?, W is the maximum load of the specimen in kgf, and A is the specimen contact
area, in cm?.

_w ©)
ucs =
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Figure 5. Uniaxial compressive strength (UCS) testing machine for mortars.

3. RESULTS

The research work analyzed the properties of the three FA in the mortar mixtures and their different
dosages. The figure 6 displays the comparison between the fluency of the three FA and the
volumetric relation of the water content and the CM of each B1 specimen; in this case the
aggregates CH and J required the same amount of water (the curves overlap), while R needed less
content, similar than the research performed by Hu et al. (2005). On the other hand, the figure 7
shows the results of the B2 mortars; in this case, each sand required different quantity of water,
and until the 3.25 proportion, the water demand for R was the lower of all the FA, like other authors
reported before (Duran Ramos, 2021; Ren et al., 2021). As it was mentioned before, the fluency
limits must range between 105 and 130 %, and all the samples fulfilled this condition. For both
classes of mortars, it was corroborated that with a higher sand proportion the water/CM ratio also
increases, according to Giordani and Masuero (2019).

—FlowR ——FlowCH s Flow ] =— =—\WaterR =-=-=-WaterCH = = WaterJ
135 : : : : : : : 2.00
130 1 | | | | | | -
- | R N D SR Y3y
S 125 1 i i i i [ L =
g : : : —— : : S
S 120 - L ——t = —t S
o ! n B s : : - 1.00 5
fus{ | T 5
! ! ! ! ! ! ! <
U nm e Tt
105 - ? ? L S ] ?
o LU O T T,
2.25 2.5 2.75 3 3.25 3.5 3.75 4
Sand proportion
Figure 6. Fluency and and volumetric relation of water/CM of B1 mortars.
166 Influence of sand proportion in the physical and mechanical properties of construction and building mortars

M. Navarrete-Seras, et al.



Revista ALCONPAT, 13 (2), 2023: 158 — 174

——FlowR ——FlowCH == Flow]) — = WaterR = = Water CH = = WaterJ
135 : : : : : 3
130 P S v - 25
e L _ - O c
<Sundl S U | R N S N RPPE1 - 1 £ i WP~
S -7 TR S
= 120 A L == T : Q
9 SRS - 7 — I o
S -1l -7 - 158
Sz R~ a- T W T 5
LL : : : : : : :
: : : : : : i -1 o
110 1 I =
105 - H. H H HI H L 0.5
oo LU LI O TR D O TR
2.25 2.5 2.75 3 3.25 3.5 3.75 4

Sand proportion

Figure 7. Fluency and volumetric relation of water/CM of B2 mortars.

Figures 8 and 9 display the results of the WER test at 7 and 28 days for B1 and B2 mortars. We
can also find the behavior of the three different FA employed and how they work with the different
cementitious materials. The minimum limit suggested by the standard NMX-C-514-ONNCCE-
2019 is 10 kQ-cm; a higher value might suggest an excessive porosity of the mortars.

All the samples complied with the standard, being able to be utilized as Type Il mortars for building
construction; nevertheless, we can find higher results for the B2 mortars, which are closer to the
minimum limit. For both B1 and B2, the CH sand was the one that presented higher electrical
resistivity values, which could be related with the higher content of coarse material and the lower
density obtained.

10 ~

WER (KQ-cm)

R 7 days
] 7 days

= R 28 days
mE ) 28 days

C—1CH 7 days E——CH 28 days
= = minimum limt

2.25

25

2.75

3 3.25

Sand proportion

Figure 8. Wet electrical resistivity of B1 mortars as a function of the sand proportion.
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Figure 9. Wet electrical resistivity of B2 mortars as a function of the sand proportion.

Figures 10 and 11 show the UCS of B1 and B2 mortars in function of the sand proportions utilized
(from 2.25 to 4), at 7 and 28 days respectively. The minimum individual compressive strength
required is fj = 75 kg/cm? (7.5 MPa), according to the standard N-CMT-2-01-004/02, considering
the utilization and application of these mortars.

Logically, the mortars increased their resistance over time, as the samples at 28 days reported
higher values. In general, the sand proportions from 2.25 to 3 worked better, since from the 3.25
value, the mixtures did not comply with the standard. We can see how the B1 lime mortars
functioned better, with more specimens reaching the minimum strength required of 75 kgf/cm?,
according to the results reported by other authors (Beng Wei et al., 2021; HAMMAT et al., 2021;
Souza et al., 2020). For B1 mortars the best aggregate was R; while for the B2 mortars, the best
one was J.

ER7days @R28days OCH7days ©OCH?28days ®mJ7days mJ28days
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Sand proportion
Figure 10. Compressive strength of B1 mortars as a function of the sand proportion.
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Figure 11. Compressive strength of B2 mortars as a function of the sand proportion.

The figure 12 shows the correlation of the designed mortars between the UCS and the WER results
at 28 days. The aggregate J presented the best trend line with a correlation coefficient of R? = 0.87
for the B2 type mortars and R? = 0.87 for the B1 mixtures. This great correlation of the two method
tests could be related to the low absorption and high density of the material, in addition to its
granulometric curve with a good distribution according to the standard ASTM C-91. On the other
hand, the R and CH sands evidenced a worst correlation, especially the last. These mortars
presented higher water absorption and more fine material during the sieve analysis, which increased
the water demand and consequently the water/CM ratio, as it was reported before by Haach et al.
(2011).
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Figure 12. Correlation between UCS and WER of the mortars at 28 days.
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4. DISCUSSION

The Joyitas sand (J) historically has been the most employed material by the builders and artisans
in the region near Morelia, in Michoacan. This dark volcanic sand, according to the sieve analysis
presented fewer fine materials and a slightly excess of coarse grains, which were retained in the
meshes n°® 16 and 30, providing a greater mechanical behavior compared to the two other quarries.
Furthermore, J presented greater density values and the lowest water absorption, justifying the
choice of the local users in the region.

The characterization process allowed to assess the three FA and determine how they work with
each type of mortar (B1 and B2) and which proportions obtain the best results. It is important to
understand that other than the compliance with the minimum requirements, each mixture could be
useful under specific conditions. The WER test is a great NDT to assess the durability of concretes
and mortars, and infer the porosity, while all this data can be related to the sieve analysis and
particle size of the studied sands. To this effect, the CH sand presented the higher electrical
resistivity values, while it contained great amounts of fine material retained in the meshes #100
and #200, and they act as fillers, sealing the porosity of the mixtures and impeding the permeability
of depassivating ions, which could reduce the durability of reinforced concrete and mortar
structures, as some researchers reported (Durdn Ramos, 2021; Giordani & Masuero, 2019; Haach
etal., 2011; Ren et al., 2021).

The lower sand proportions achieved the better mechanical behavior, at the same time that they
complied with the fluency required values for mortar design. Regarding the WER, all the specimens
remained under the limit of 10 kQ-cm imposed by the standard NMX-C- 514-2019. Even though
this parameter is associated to concrete mixtures, the mortars were designed with high ratios of
water/CM, as it is displayed in the figures 8 and 9. Due to the desired fluency requirements to
achieve a good workability, the mortars need good adherence either for its use as joining elements
or coatings.

Additionally, it was corroborated how the sand proportion has a direct correlation with the water
demand, resulting in an increase of the water/CM ratio. Therefore, the better and more adequate
mortars are the ones with lower sand proportions without taking account of their typology or
cementitious products employed, like other authors have stated (Hafid et al., 2016; Stolz &
Masuero, 2018). It is interesting to prove how the B1 mortars achieved a satisfactory performance
for all the test methods, considering that they were elaborated with lime, a material which is known
for its low strength (Souza et al., 2020), and commonly substituted by Portland cement (Navarro-
Mendoza et al., 2023). Notwithstanding the lower mechanical behavior of the B1 mixtures, they
had a considerably lower water demand than B2, while they achieved the same fluency
requirements, being this a great attribute to consider.

The WER technique has demonstrated to be really useful to characterize materials and components
while assessing their durability. The higher correlation values of R? for J sands indicate how the
density, the electrical resistivity and the mechanical resistance are related. The correlation
coefficient between UCS and WER is strongly related with the absorption and density of the FA.
When these two variables increase, the coefficient will considerably alter, with a dispersion of the
data. For this reason, it is important to combine the NDT with the mechanical test methods to have
a better understanding of the construction and building materials.

According to the regulations, the fineness modulus (FN) of the FA employed in mortars for
construction and building processes must range between 1.6 and 2.5. The three sands analyzed met
this parameter: CH presented the lower FM value, with 2.06; also presenting a slight excess of fine
material, as it was shown in figure 2. These particles can act as fillers, shuttering the porosity and
consequently increasing the electrical resistivity of mortars B1 and especially B2, compromising
the durability of the mortars at 28 days.
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5. CONCLUSIONS

The results showed how the water demand of the studied mortars increases at the same time than
the relation FA/CM. For both mixtures, B1 and B2, the reduction of the volumetric proportion of
FA/CM, increased the UCS, while the fluency remained in the expected range of 105 to 130 %.
Regarding the water/CM relation, it increased with the sand proportion from 1.10 to 1.80 for the
B1 mixtures, and from 1.10 to 2.60 for the B2 mixtures; noting that the incorporation of lime
improves this relation, especially for the higher sand proportions.

Regarding the WER, at early ages of 7 days both mixtures B1 and B2 presented a similar behavior,
with slight advantage of J over CH and R; however, at 28 days CH standed out for B2 mixtures,
with a closer value to 10 kQ-cm for the FA/CM ratio of 2.25 (the minimum WER required for the
elaboration of hydraulic concrete mixtures considering the corrosion velocity).

With the results obtained in this research, it is confirmed that is necessary to study and characterize
properly the construction materials, especially the compound ones like the construction and
building mortars. An inadequate utilization of the FA and the CM could affect hugely their
mechanical resistance. These research works enhance the technical and scientific knowledge of
construction mortars, allowing the builders and workers to make better decisions based in these
formal studies.
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ABSTRACT

This research studies the water absorption capacity of concrete panels and its self-healing process,
using the incorporation of admixtures to the concrete or its application on the surface. Through
permeability tests, water absorption by immersion and by capillarity, after the wet curing, the panels
with crystalline admixtures applied superficially showed lower absorption capacity, followed by those
without admixtures and those with the admixtures incorporated into the concrete, which showed greater
absorption. Microscopy characterization was performed on the panels split in half, it was observed
that the crystallization of the panels with superficial admixtures was more advanced compared to those
with the incorporated admixtures. The induced fissures did not reach full pore filling after curing in
both types of application.
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Estudio de paneles de hormigdn impermeabilizado con aditivo reductor de
permeabilidad a base de silicatos

RESUMEN

Esta investigacion estudia la capacidad de absorcion de agua de los paneles de hormigén y su
proceso de autorreparacion, mediante la incorporacién de aditivo al hormigon o aplicacion sobre
la superficie. Mediante ensayos de permeabilidad, absorcion de agua por inmersion y capilaridad,
después del curado en humedo, los paneles con aditivo cristalizador aplicado superficialmente
mostraron menor capacidad de absorcidn, seguidos de los sin aditivo y los con aditivo incorporado,
gue mostraron mayor absorcion. A través de la microscopia, se pudo observar que la cristalizacion
de los paneles con aditivo superficial fue mas avanzada en comparacion con aquellos con aditivo
incorporado. Las fisuras inducidas no alcanzaron el llenado completo de los poros después del
curado, en ambos tipos de aplicacion.

Palabras clave: aditivo cristalizante; fisura; autorreparacion; impermeabilizacion; hormigon.

Estudo de painéis de concreto impermeabilizados com aditivo redutor de
permeabilidade a base de silicato

RESUMO

Esta pesquisa estuda a capacidade de absor¢cdo de d&gua em painéis de concreto e seu processo de
autocicatrizacdo, através da incorporacdo de aditivo ao concreto ou aplicacdo na superficie.
Atraveés de ensaios de permeabilidade, absorcdo de dgua por imersdo e por capilaridade, apds a
cura Umida dos painéis, os painéis com aditivo cristalizante aplicado superficialmente
apresentaram menor capacidade de absorcdo, seguido pelos sem aditivo e as com o aditivo
incorporado ao concreto. Através da microscopia realizada nos painéis partidos ao meio, péde-se
observar que a cristalizacdo dos painéis com aditivo superficial estavam mais avancadas em
compara¢do aos com o aditivo incorporado. As fissuras induzidas nao atingiram o total
preenchimento de poros apds a cura, em ambos 0s tipos de aplicagdo.

Palavras-chave: aditivo cristalizante; fissura; auto cicatrizacdo; impermeabilizacdo; concreto.
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1. INTRODUCTION

In recent years, with the decrease in demand and the increase in competitiveness in the civil
construction market, companies have begun to pay more attention to the materials used in their
buildings, to minimize costs, rework and, in this way, remain competitive in the market. In addition
to economic factors, the performance standard, as NBR 15575:2013 is known, with an emphasis
on meeting user requirements, provides opportunities for the search and use of new materials and
construction methods in buildings.

Among the many materials used in a building, those used for waterproofing deserve special
attention, given that their cost is 1% to 3% of the value of the building (VEDACIT, 2019).
Currently, the products used in the waterproofing process are divided into 2 groups according to
NBR 9574:2008, rigid and flexible materials. Thus, they must be applied in locations consistent
with their technical characteristics to ensure the efficiency of the system. Within the rigid group,
there are the crystallizing additives. Composed of silicates, which when mixed with water and in
contact with the alkalinity of the concrete, become hydrosilicates, an insoluble crystal. Crystals can
fill pores and fissures in concrete, making it waterproof.

The ability to fill fissures, also called self-healing, is a great advantage of the system, especially in
structures that need to be impermeable to negative pressures, according to the process described by
the NBR 9574:2008 standard. Through the self-healing capacity of concrete, these fissures, if they
do not exceed the limit of 0.6 mm of opening, can be automatically filled.

According to Takagi, Almeida Junior and Oliveira (2007), the crystallization treatment is a
physical-chemical process where the active ingredients of the crystallizer trigger catalytic
reactions, compatible with the cement hydration reactions, in which the formation of non-soluble
crystals occurs and non-toxic in the concrete structure. In this way, ensuring that there is no
penetration of water by capillarity, supporting both positive and negative hydrostatic pressures of
up to 0.7 MPa.

As they are added to fresh concrete, after hardening, the crystallizers prevent the passage of water
in the liquid phase, but do not completely prevent the passage when in the gaseous phase. This
behavior can be validated by the authors Pazderka and Hajkova (2016), who, after testing with two
different crystallizers, obtained percentages of only 16% and 20% of reduction in the absorption of
water steam.

Recently studies conducted by Huang et al. (2016), with the aid of magnetic resonance, pointed out
that in concrete with permeability-reducing additives, after a few hours, the non-chemically bound
water content decreased in areas adjacent to the fissures, proving that the water that had penetrated
the fissure was used in hydration processes, making these areas denser.

According to the company that manufactures the product used in the present work, concrete with
additives can fill fissures of up to 0.6 mm, this value being 0.2 mm higher than the maximum
allowed by the NBR 6118:2014 standard, for reinforced concrete inserted in the class of
environmental aggressiveness I.

This research studies and evaluates the water absorption capacity of concrete panels and their self-
healing process, through two methods of application of permeability-reducing additives.
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2. PROCEDURE

In order to verify the impermeability and the self-healing effect in concrete panels, an experimental
procedure was elaborated that consists in the execution of 2 groups of panels with 3 subgroups
each. The distinction between the first and second groups refers to the presence of induced fissures,
that is, one group had two induced fissures across the entire thickness of the panel, while the second
group did not. The subgroups are distinguished according to the waterproofing treatment used, with
the first subgroup not having any type of waterproofing treatment, while the second and third
subgroups were waterproofed, but in a different way between them. The second subgroup was
waterproofed by incorporating the crystallizing additive into the concrete and in the third subgroup
the crystallizing additive was applied on one of the panel faces. For this, 18 panels were produced
(9 for each group, 3 for each subgroup). Table 1 presents the groups and subgroups developed, in
addition to the nomenclature adopted for each subgroup of panels.

Tabela 1. Modelos de painéis.
GROUP SUBGROUP NOMENCLATURE

Control Panel
Without
Crystallizing
Additive

SCRI

Panel With
Crystallizing
Additive Mixed To
Concrete Still Fresh

Panel With
Crystallizing
Additive Applied C CRI SOB
Superficially After
Curing Time

NO FISSURE C CRI

Control Panel
Without
Crystallizing
Additive

S CRI+F

Panel With
Crystallizing
Additive Mixed To
Concrete Still Fresh

WITH FISSURE C CRI+F

Panel With
Crystallizing
Additive Applied C CRI SOB+F
Superficially After
Curing Time

178 Study of waterproofed concrete panels with silicate-based permeability reducing admixtures

Alves, F. E. Z., Gurkewicz, R. P., Zancan, E. C., Nieves, L. J. J., Antunes, E. G. P.



Revista ALCONPAT, 13 (2), 2023: 175 — 191

The panels produced measure 50 x 25 x 5 cm (length x width x thickness) and 2 cm thick wooden
molds were used for their execution. The concrete used was dosed in a machined plant with an
average strength of 10 MPa, with a slump of 10 + 2 cm, in accordance with NBR 16889:2020. The
filling of the molds was done manually.

The application of the crystallizing additive on the panels of the subgroups “C CRI SOB” and “C
CRI SOB+F” occurred after 28 days of curing the panels. Figure 1(a) illustrates the casting of
concrete into the molds and Figure 1(b) the mold filled with concrete.

Figure 1. M

i
&
/i

h concrete

olds: (a) concreting of a panel, (b) mold filled wit
The fissures were induced in the panels by inserting two 0.4 mm thick aluminum sheets, which
were introduced into each panel shortly after concreting and removed after 48 hours of concreting,
when its fluidity was not able to cause closure from the fissure. The thickness of the sheets was
determined following NBR 6118:2014, which limits the value of 0.4 mm as the largest permissible
dimension of fissures in structural elements of reinforced concrete and the manufacturer's
recommendation on the maximum dimension of clogging of the product.

Figure 2(a) shows the aluminum sheets inserted in a panel and Figure 2(b) the fissure induced by
the aluminum sheet, both 48 hours after concreting, that is, when it was already possible to remove
the sheets of concrete panels.
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Figue 2. Sheets for fissure induction: (a) panel with two shéets, (b) sheet in detail.
Table 2 presents the characteristics of the crystallizing additive used in the research.

Table 2. characteristics of the crystallizing additive

Density 1.200 Kg/m3

Base Silicate

Dosage r2n03002°n(! Jr?gr(;\t/:ry 50 kg of cement or 1.2 | for every
Appearance Yellow liquid

pH 11

Viscosity (Ford 4 at 25°C) 12 seconds

Validity 24 months from fabrication date

To mix the additive to the concrete, a concrete mixer was used. It should be noted that such action
was necessary in order not to contaminate the concrete of the panels without the use of the additive.
Figure 3(a) shows the amount of product used for concreting and Figure 3(b) the process of
incorporating the additive into the concrete.
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Figure 3. Crystallizer mixing process: (a) required amount of crystallizer, (b) mixing process in
the concrete mixer.

After the execution and deforming of the panels, which took place on the third day, the panels were
submitted to submerged curing for a period of 28 days. To avoid contamination of the samples not
yet waterproofed, the panels with waterproofing incorporated into the concrete were separated into
different tanks. After 28 days of curing, the panels were oven-dried for 72 hours at a temperature
of 40 = 5 °C. Figure 4(a) shows the panels during submerged curing and Figure 4(b) the panels
after the curing and drying process.

1,

Figure 4. Panels during submerged curing and drying: (a) panels in tank, b) panelé in oven.

Once the panels were dry, the crystallizing additive was applied to the panels of the subgroups “C
CRI SOB” and “C CRI SOB+F”. The application was performed through 2 coats of the product
with the aid of a brush. The surface of these panels was completely saturated with the crystallizing
additive and it took approximately 3 hours for the additive to be completely absorbed by the panels.
Subsequently, these panels were stored outdoors for 3 days, and during these days they were
exposed to rain, which aids in the hydration of the crystallizing additive. Figure 5(a) shows the
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surface application of the additive on one side of the plates, Figure 5(b) the plates during the
product absorption process and Figure 5(c) the curing process of the panels with surface

application.

S - b

Figure 5. Crystallizer épplication process: (a) application with a brush, l(b) Waterproofe panels,
(c) panels during the curing process.

The “C CRI SOB” and “C CRI SOB+F” panels received a total of 14.4 mm of rain, as shown in
Figure 6, taken from the meteorological station close to the test site.

1043: Criciima - UNESC

Total Precipitation (mm)

2,5

1.5

[am—

Total Precipitation (mm)

0

0
N

0 I“hl |II|I |l I| (il II||‘I||‘|‘I

2. Oct 3.0ct 4.0ct 5. Oct 6. Oct 7. Oct 8. Oct

Highcharts.com

Figure 6. Pluviometric index graph (Source: EPAGRI).

Once the stage of execution, waterproofing and curing of the panels was over, tests were started to
verify the permeability of the panels. The tests carried out were: determination of water absorption
by immersion, water absorption by capillarity with calculation of the void ratio and water
absorption by the Karsten Tube.
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The first test performed was the test to determine permeability using the Karsten tube. This test
was carried out in accordance with NBR 14992:2003, which specifies such verification for Portland
cement-based mortars for grouting ceramic tiles. The Karsten tubes were placed on the concrete
panels, and their lateral bases, which were in contact with the face of the panels, were sealed with
polyurethane. Each tube was fixed 10 cm away from the edges and 30 cm spacing between the
tubes, thus, two tubes per panel. The Karsten tubes were filled with water up to the predefined
volume of 3.5 ml and later the level measurements were performed after 60, 120, 180 and 240
minutes. Each panel had two points of permeability measurement.

Figure 7(a) shows the test being performed on the panel with crystallizer and Figure 7(b) the
Karsten tube over the fissure of a plate with crystallizer applied on the concrete.

b

Figure 7. Karsten tubes fixed on the panels: (a) Panel tube without fissure, (b) neI tube with
fissure.

The second test carried out was the determination of the panel's water absorption and the
calculation of the void ratio, as described by NBR 9778:2005, using three panels per condition.
The panels were initially dried in an oven at 105 + 5 °C for 72 hours and the dry mass was measured,
then immersed in water for another 72 hours, for complete saturation. After removing the saturated
panels, the saturated sample was weighed and another weighing was carried out using a hydrostatic
balance, as shown in Figure 8. From these values, it was possible to determine the water absorption,
the voids ratio, dry specific mass and saturated specific mass.

Figure 8. Hydrostatic weighing.
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The percentage of water absorption can be calculated with Equation 1.

Az%x 100 (1)

S

Wherein

A is the absorption rate, expressed in percentage;

Msat IS the mass of the sample saturated in water after immersion and boiling;
ms is the mass of the sample dried in the oven.

The last test carried out was the determination of water absorption by capillarity, described by the
NBR 9779:1995 standard. To carry out this test, the panels were placed in a water depth of 0.5 cm
for a period of 72 hours, in order to verify the absorption of water by capillarity. In order to be able
to observe variations in absorption between the panels, the waterproofed upper faces were
submerged. Mass measurements were taken after 3, 6, 24, 48 and 72 hours.

Figure 9(a) shows the verification of the water depth of 0.5 cm, Figure 9(b) the panels arranged in
the tank during the absorption process and Figure 9(c) the weighing of one of the panels.

.‘- iy - K : -~
Figure 9. Capillarity absorption test: (a) Submerged panel 0.5 cm deep, (b) Panels in the tank, (c)
Panel being weighted.

The water absorption by capillarity can be calculated with Equation 2.

Mgat—Ms

C =Tt )
Wherein

C is the water absorption by capillarity, expressed in grams per square centimeter;

Msat IS the saturated mass of the specimen that remains with one side in contact with the water
during a specified period, expressed in grams;

ms is the mass of the dry specimen, as soon as it reaches a temperature of 23 £ 2 °C, expressed in
grams.

S is the cross-sectional area, expressed in square centimeters.

The data from the results were analyzed using analysis of variance (ANOVA) and the Tukey test,
when necessary, with a significance of 95%.

After finishing the tests, a microscopy of the plates was performed for a better observation of the
state of crystallization of the pores. For this purpose, 3 plates were broken, “S CRI”, “COM CRI”
and “C CRI SOB”, and a digital microscope with 1600x magnification capacity.
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3. RESULTS AND DISCUSSION

The results of the permeability test with a Karsten Tube, represented by Figure 10, indicate the
permeability values obtained over time (60, 120, 180 and 240 min). As can be seen, the panels with
the highest permeability at 240 minutes, the final measurement time, were the panels with
crystallizer additive incorporated into the concrete, followed by panels without crystallizer and,
finally, by the panel with crystallizer applied on its surface.

7.0
6.0
5.0
4.0 3.6

in

Absorption (ml)

60 120 180 240
Time (minutes)
—C CRI —C CRISOB —S CRI
Figure 10. Average absorption over time.

Through the analysis of the permeability values presented graphically, it was possible to observe
that both the initial absorption and the absorption speed of the panels with the incorporation of the
crystallizing additive were superior to those of the other panels. The highest permeability, since the
first measurement of the “C CRI” panels in relation to the other panels reached 171.43% more
absorption in comparison to the “C CRI SOB” and 58.33% more in relation to the “S CRI” panel.
The higher water absorption speed of the “C CRI” panels can be visualized by their steeper
inclination in relation to the other panels, as well as by the greater difference between the initial
and final absorption, which was 171.34%, being that for the “C CRI SOB” panels it was 200% and
for the “S CRI” panels it was 125%.

After statistical analysis, through analysis of variance (ANOVA), it was possible to conclude that
the panels present a significant difference between them in the permeability test through the
Karsten tube, that is, the type of waterproofing treatment influenced the results of this verification.
Through the Tukey Test (p= 4.13477E-05) it can be stated that the “C CRI” panels were the most
permeable, followed by the “S CRI” panels and, finally, by the “C CRI SOB” panel.

It is important to mention that it was not possible to analyze the permeability by the Karsten tube
method of the “C CRI + F”, “S CRI + F” and “C CRI SOB + F” panels, with induced fissures, due
to the final dimension of the fissure opening, approximately 1.3 mm. Even so, it should be noted
that an attempt was made to carry out the test, however, given the thickness of the opening, the
water from the Karsten tube, which was inserted exactly over the fissure, completely drained
through it in seconds. Figure 11(a) shows the sheet after 48 hours of concreting the panels and
Figure 11(b) the fissure after the panels curing process.
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Figura 11. Fissuras: (a) Fissura ainda com a lamina, (b) Fissura apos a retirada da lamina

The induced fissure, which had been planned for 0.4 mm, exceeded its opening by 0.9 mm, as it
ended at 1.3 mm (Figure 11), extrapolating the 0.6 mm presented by the company as the maximum
dimension for clogging fissures.

During the hardening process of concrete, reactions occur that cause plastic shrinkage. According
to Marin, Brasil (2016) plastic shrinkage occurs by evaporation of water on the surface of freshly
compacted concrete and is influenced by climatic conditions to which the concrete is exposed.
Therefore, it was not possible to evaluate the clogging of the induced fissures through the
permeability test using the Karsten tube method, considering that the induced fissures had a final
opening thickness of approximately 1.3 mm. In addition, the clogging process by the “self-healing”
effect is slow, since, as presented by Venquiaruto (2017), after 91 days of wet curing, there was a
partial recovery of the micro fissures, in relation to the analyzes after 3 and 28 days. After 3 days
of healing, the fissures ranged from 2,294 um to 5,410 um, and at 91 days they had dimensions
from 1,204 pm to 3,077 pm.

Through the results of the water absorption test by immersion, presented from Figures 12 and 13,
it can be concluded that again the panels with crystallizer incorporated into fresh concrete showed
a higher void rate and, consequently, a greater absorption after 72 hours submerged. Panels with
superficially applied crystallizer had the lowest void ratio and an average of 1.29% lower than
panels with crystallizer mixed with concrete.

The results were condensed into “C CRI and C CRI+F” (with crystallizer and with crystallizer +
induced fissure), “C CRI SOB and C CRI SOB+F” (with crystallizer superficially and with
crystallizer superficially + induced fissure), “S CRI and S CRI + F” (without crystallizer and
without crystallizer + induced fissure).
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The results of the water absorption by capillarity test can be seen in Figure 14. Again, it was found
that the “C CRI” and “C CRI + F” panels showed values that demonstrated greater permeability of
these panels in relation to the others.
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Figure 14. Absorption by capillarity.

In this test, the “C CRI” and “C CRI+F” panels had an absorption of 9.38% higher than the
reference panels, while the “C CRI SOB” and “C CRI SOB+F” panels showed a decrease of
10.94%. It is also possible to observe that during the periods of 3 and 24 hours there was the highest
absorption by the panels, after these periods the plates had low absorptions.

After statistical analysis using analysis of variance (ANOVA) and Tukey test, with a significance
of 95% (p=0.000142449), it was possible to conclude that the panels present a significant difference
in their absorption by capillarity results in 72 hours.

Based on the results obtained in the three tests (Karsten tube, absorption by immersion and
absorption by capillarity) it can be concluded that the incorporation of the permeability-reducing
additive caused a significant increase in permeability and water absorption in relation to the other
types of treatments. Meanwhile, the “C CRI SOB” and “C CRI SOB + F” panels had a significant
decrease in their permeability compared to untreated panels (“S CRI” and “S CRI + F”). This
behavior can be explained by the process of crystallization of the permeability-reducing additive.
For the reaction of the silicate additive to occur, it is necessary to hydrate it, similarly to the
hydration reactions of cement grains. Therefore, the water initially made available in the mixture
ends up being necessary for both actives in the first days, causing a slower formation of concrete
crystals and the crystals that fill the pores.

The presence of the additive mixed with the concrete during the curing process can cause internal
reactions that divide the crystallization power, since both use water for the process. Thus, the
crystallization of the product combined with the crystallization of calcium hydroxide may be
responsible for the greater initial absorption. The slow formation of crystals, when the additive is
incorporated into the concrete, is due to the gradual formation of crystals in the cement, created
during the curing process, since the product reacts both with the cement and with the water for its
crystallization. In this way, the crystals of the additive and the concrete begin to hydrate more
slowly than with the panels without the crystallizer.
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This behavior was also observed by Araijo, Saviatto (2018), who, after an absorption and
compression test, observed an increase in permeability and a decrease in resistance in the plates
with the additive mixed with the concrete, after 28 days of submerged curing.

The surface application on the panels after the curing process presents a better initial performance
due to the higher surface concentration of the product and the calcium hydroxide crystals in the
concrete being mostly hydrated at the time of application of the permeability-reducing additive.
For a better visualization of the crystalline processes in the 3 types of panels, microscopies were
performed with a digital microscope that has a 1600x magnification capacity. These images are
represented in Figure 15(a) which illustrates the panel after the cutting process, Figure 15(b)
microscopy of the “C CRI” panel, Figure 15(c) panel “C CRI SOB” and Figure 15(d) “S CRI”
panel. The cut on the panel was performed with a diamond saw and water cooling at the cutting
site, minimizing vibrations, in accordance with NBR 7680: 2015.

(b)

B o b L B0 ?-" | ""':‘ '.‘:‘ FEN - S
Figure 15. Microscopy: (a) Panel cut in half, (b) Panel with crystallizer mixed with concrete, ()
Panel with crystallizer applied over it, (d) Reference panel.

In the panels with the application of the additive incorporated into the concrete (C CRI), it was
possible to observe few crystals on the pore surfaces, which may indicate an initiating
crystallization process. In the panels with superficial application of the crystallizer (C CRI SOB),
it was possible to observe a greater clogging, with many being completely obstructed by the
crystals.
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4. CONCLUSIONS

Through the analysis of the results, a similarity can be portrayed in the data obtained from the tests,
which present the same behavior regarding the absorption capacity and permeability of the panels.
Pointing out the samples with the crystallizing additive applied superficially, with the lowest water
permeability, and the samples with the additive mixed with the concrete, with the highest voids
and water absorption ratios.

The superior performance of panels with surface application can be explained by the high
concentration of the additive on the face, obtaining a greater crystallization capacity since the
crystals from the concrete curing are completely hydrated, in this way the additive manages to have
a more effective initial performance.

Panels with additive mixed with concrete showed higher absorption in all tests and higher void
ratio after submerged time. This happens because its crystallization process has not ended, as it
uses water and crystals from cement hydration, which are being formed simultaneously with the
additive crystals, making the process slower, and it is not possible to observe improvements after
28 days of submerged curing.

Despite not having presented clogging of the fissure after the curing time, the crystallization
process was present in the fissures, requiring more time in contact for the clogging to possibly end.
For future works, it is recommended to use more resistant concrete, with at least 20 Mpa. Carry out
the same tests, but verifying the results after 1, 20, 40, 60 and 90 days after the submerged curing
process, in order to verify the evolution of the process and monitor the clogging of the pores over
time.
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ABSTRACT

This paper shows a new model for complete design of rectangular isolated footings under uniaxial and
biaxial bending, considering that the footing area in contact with the soil partially works to
compression. The methodology is presented by integration to obtain moments, flexural shearing and
punching shearing. Numerical examples are presented for design of rectangular isolated footings under
uniaxial and biaxial flexion and are compared with the current model (total area works in compression)
in terms of concrete and steel volumes. The current model shows greater volumes of concrete and steel.
Therefore, the new model is the most appropriate, since it presents better quality control in the
resources used.
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Nuevo modelo para el disefio completo de zapatas aisladas rectangulares
tomando en cuenta que la superficie de contacto funciona parcialmente en
compresion

RESUMEN

Este documento muestra un nuevo modelo para disefio completo de zapatas aisladas rectangulares
bajo flexidn uniaxial y biaxial, tomando en cuenta que el area de la zapata en contacto con el suelo
funciona parcialmente a compresion. La metodologia se presenta por integracion para obtener
momentos, cortantes por flexion y penetracion. Los ejemplos numéricos se presentan para el
disefio de zapatas aisladas rectangulares bajo flexion uniaxial y biaxial, y se comparan con el
modelo actual (&rea total funciona en compresion) en términos de volumenes de concreto y acero.
El modelo actual muestra mayores volimenes de concreto y acero. Por lo tanto, el nuevo modelo
es el mas adecuado, ya que presenta mejor control de calidad en los recursos utilizados.
Palabras clave: zapatas aisladas rectangulares; nuevo modelo para disefio completo; momentos;
cortante por flexion; cortante por penetracion.

Um novo modelo para o dimensionamento completo de fundacdes isoladas
retangulares levando em consideracéo que a superficie de contato funciona
parcialmente em compressao

RESUMO

Este artigo mostra um novo modelo para o dimensionamento completo de fundacdes isoladas
retangulares sob flexdo uniaxial e biaxial, levando em consideracdo que a area da sapata em
contato com o solo funciona parcialmente a compressdao. A metodologia é apresentada por
integracdo para obter momentos, cisalhamento por flexdo e puncdo. Exemplos numéricos sao
apresentados para o projeto de fundages isoladas retangulares sob flexdo uniaxial e biaxial e sdo
comparados ao modelo atual (a area total funciona em compressao) em termos de volumes de
concreto e aco. O modelo atual mostra maiores volumes de concreto e aco. Portanto, 0 novo
modelo é o mais apropriado, pois apresenta melhor controle de qualidade nos recursos utilizados.
Palavras-chave: fundacdes isoladas retangulares; novo modelo para dimensionamento completo;
momentos; cisalhamento de flexdo; pungéo.
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1. INTRODUCTION

The design of shallow footings supported on the ground depends of the loads and moments
provided by the columns.

Figure 1 shows the distribution of soil pressure under the rigid footing that depends on the type of
soil, and the position of the applied resultant force at the center of gravity of the base. Figure 1(a)
presents a footing resting on sandy soil. Figure 1(b) shows a footing resting on clay soil. Figure
1(c) presents the uniform soil pressure distribution used in the current design.

The bearing capacity has been investigated for shallow footings subjected to biaxial bending, which
takes into account a linear ground pressure distribution and this contact area works partly in
compression (Irles-Mas and Irles-Mas, 1992; Ozmen, 2011; Rodriguez-Gutierrez and Aristizabal-
Ochoa, 2013a, b; Lee et al., 2015; Kaur and Kumar, 2016; Bezmalinovic Colleoni, 2016;
Dagdeviren, 2016; Aydogdu, 2016; Girgin, 2017; Turedi et al., 2019; Al-Gahtani and Adekunle,
2019; Galvis and Smith-Pardo, 2020; Rawat et al., 2020; Lezgy-Nazargah et al., 2022; Gor, 2022).

I JT IT

(a) RON _ ©)
Figure 1. Pressure distribution under the footing
Source: Own elaboration

The mathematical models for the foundations design: for isolated footings have been developed for
square, circular and rectangular shapes (Algin, 2000, 2007; Luévanos-Rojas, 2012a, b, 2013,
2014a, 2015a; Luévanos-Rojas et al., 2013, 2014b, 2016b, et al., 2017; Filho et al., 2017; Lopez-
Chavarria et al., 2017a, c, 2019; Khajehzadeh et al., 2014); For rectangular, trapezoidal, corner, T-
shaped and strap combined footings (Jahanandish et al., 2012; Luévanos-Rojas, 2014c, 2015b, c,
d, 20162 b, et al., 2018a, b, 2020; Lopez-Chavarria et al., 2017b; Velazquez-Santillan et al., 2019;
Aguilera-Mancilla et al., 2019; Yafez-Palafox et al., 2019). These papers take into account the
entire contact area working under compression.

The models closest to this document are: Soto-Garcia et al. (2022) proposed a mathematical model
to obtain the minimum area for circular isolated footings, taking into account that footing area in
contact with the soil works partially to compression, this model presents a case because the analysis
is developed for the resultant moment. Vela-Moreno et al. (2022) developed a mathematical model
to find the minimum surface for rectangular isolated footings, taking into account that footing area
in contact with the soil works partially to compression, this model shows five cases for biaxial
bending, two cases for uniaxial bending (Load is on the X axis) and another two cases for uniaxial
bending (Load is on the Y axis). Kim-Sanchez et al. (2022) presented a mathematical model to
obtain the thickness and the areas of transverse and longitudinal steel for circular isolated footings,
taking into account that footing area in contact with the soil works partially to compression.

This investigation presents a new analytical model to obtain a complete design (thickness and areas
of transverse and longitudinal steel) for rectangular isolated footings, taking into account that
footing area in contact with the soil works partially to compression, this model is based on the area
of contact with the soil (sides of footing) of the model proposed by Vela-Moreno et al. (2022). The
formulation of the new model is developed by integration to find the moments, the flexural shearing
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and the punching shearing under the code criteria (ACI 318S-19). Other authors present the
equations to find the complete design of a rectangular isolated footing, but considering the total
surface working under compression. Numerical examples are shown to find the complete design
of rectangular isolated footings under axial load and moments in one and two directions and the
results are compared with those of other authors to observe the differences. The ground contact
areas presented in this document are based on the work proposed by Vela-Moreno et al. (2022).
This model will have its impact on the construction industry with lower costs (materials and labor).

2. FORMULATION OF THE NEW MODEL

A rigid rectangular isolated footing is deformed in a planar shape, i.e., the distribution of soil
pressure under the footing is considered linear.

The general equation for any footings subjected to biaxial bending under a factorized axial load
and two factorized orthogonal moments is:

P,  12M,y 12M,x
h.h + 3 3
<y hehy hehy

ou(x,y) = (1)

where: oy is the factorized pressure generated by the soil due to the factorized axial load and the
factorized moments that are applied at the footing, Py is the factorized axial load, Mux is the
factorized moment on the X axis, Myy is the factorized moment on the Y axis, hx and hy are the
sides of the footing, x and y are the coordinates where the pressure generated by the soil is located.
The biaxial bending equation can be applied when the resultant force Py is located inside the central
nucleus (area working fully in compression), and when the resultant force Py is outside of the
central nucleus (area working partially in compression) is not valid.

When the resultant force Py is outside of the central nucleus, the general equations of soil pressure
under the footing subjected to uniaxial and biaxial bending are:

Uniaxial bending (Pu is located on the Y axis):

O-umax(Zhyl - hy + Zy)

o, (x,y) = )
2(%,y) 2,
Uniaxial bending (P is located on the X axis):
2hyy —hy +2
a,(x,y) = Oumax (2N x x) @A)
2hyq
Biaxial bending:
az(x, y) — Oumax [hyl(zx - hx) + hxl(zy - hy) + thlhyl] (4)

2hy1hyq

where: aumax IS the factorized maximum pressure generated by the soil due to the factorized axial
load and the factorized moments that are applied at the footing.

The critical sections for moments are located on the a-a and b-b axes, for the critical sections for
the flexural shearing are located on the c-c and e-e axes, and the critical section for the punching
shearing occurs in the perimeter formed by points 5, 6, 7 and 8 (ACI 318S-19).
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2.1. Rectangular isolated footing subjected to uniaxial bending

Figure 2 shows the four possible cases to obtain the minimum area of a rectangular isolated footing
subjected to uniaxial bending. Two cases when P is located on the Y axis: 1) when P is located
inside the central nucleus; 2) when P is located outside the central nucleus. Two cases when P is
located on the X axis: 1) when P is located inside the central nucleus; 2) when P is located outside
the central nucleus.

Case II-Y Case II-X
Figure 2. Four possible cases of minimum area for uniaxial bending
Source: Own elaboration based on Vela-Moreno et al. (2022)

Figure 3 shows the critical sections for moments and flexural shearing of four possible cases: Case
I-Y when P is located on the Y axis, and inside the central nucleus. Case 11-Y when P is located on
the Y axis, and outside the central nucleus: Case II-YA when the neutral axis is located hy/2 — hy:
> c1/2 (moment) and hy/2 — hy1 > ¢1/2 + d (flexural shearing); Case 11-YB when the neutral axis is
located hy/2 — hy1 < c1/2 (moment) and hy/2 —hy1 <c1/2 + d (flexural shearing). Case 1-X when P is
located on the X axis, and inside the central nucleus. Case 11-X when P is located on the X axis,
and outside the central nucleus: Case I1-XA when the neutral axis is located hy/2 — hy1 > ¢2/2
(moment) and hy/2 — hx1 > c2/2 + d (flexural shearing); Case 11-XB when the neutral axis is located
hx/2 — hxt <c2/2 (moment) and hy/2 — hx1 < c2/2 + d (flexural shearing).

2.1.1. Flexural shearing and moments
The general equations in the “c” and “e” axes for the factored flexural shearing “Vy.” and “Ve”,

and in the “a” and “b” axes for the factored moments “Mys” and “Myp” are:

Case I-Y

hy  hx
2 2
V,c = J; f . o, (x, y)dxdy ®)
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hx Ry
2 2
Vie = f fh Uu(xr Y)dydx (6)
2,4qJ-Y
2
hy he )
2 2
My, = _];1 j he Gu(xr y) (y - ?1) dxdy (7)
2 T2
hx Ry c
2 2
M, = j; I (x,v) (x - ?2) dydx (8)
2 2

where: d is the effective depth of the footing, c1 and c; are the sides of the column.
Note: Equation (1) is substituted into equations (5) to (8) and My = 0 and the integrals are
developed to obtain the final equations.
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Figure 3. Moments and flexural shearing for uniaxial bending
Source: Own elaboration
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Case II-YA

For hy/2 — hy1 > ¢1/2 + d (flexural shearing) and hy/2 — hy1 > ¢1/2 (moment) are:

hy hx

= J. : .fz o,(x,y)dxdy
hy hy
PR

Vie = J. J. O-Z(x’y)dydx

c2 hy
2 Td 5y

e [ [Eten (- Do
f ¥ f__h o,(x, y) )dydx

Case I1-YB

For hy/2 — hy1 <c1/2 + d (flexural shearing) and hy/2 — hy1 <¢1/2 (moment) are:

Ay hx
= f : Jz o, (x,y)dxdy

hx  hy
2 2
Vie = h Gz(x: y)dydx

c2 Y
2 Td 5

Mg j j xazoc ) (v - 2) dxdy
ub—jczxj_ 00 (- 5) dve

©)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

Note: Equatlon (2) is substituted into equations (9) to (16) and the integrals are developed to obtain

the final equations.

Case I-X

The general equations in the “c” and “e” axes for the factored flexural shearing “Vy.” and “Vie”,
and in the “a” and “b” axes for the factored moments “Mya” and “Myp” are equations (5) to (8). But
in these equations Myx = 0 is substituted and the integrals are developed to obtain the final

equations.
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Case I1-XA
For hy/2 — hx1 > ¢2/2 + d (flexural shearing) and hy/2 — hy1 > c2/2 (moment) are:

= J. : f o,(x,y)dxdy a7
Sia ——h 1
hx
Ve = [, f 0, (x, y)dydx (18)
——h -2
Mua f f 0.6,9) (v - 2) dudy (19)
——h 1
My = f f 0:(0y) (x — Z) dydx (20)
__h _
Case 11-XB
For hy/2 — hx1 < ¢2/2 + d (flexural shearing) and hy/2 — hy1 < c2/2 (moment) are:
h_x
f o,(x,y)dxdy (21)
“Lid ——h 1
hx My
Ve = j . 0z (x, y)dydx (22)
C22+d _Ty
hy hx
_ 2 2 (o8}
c
My, = j a,(x,y) (x - —2) dydx (24)
T‘hﬂ 2

Note: Equation (3) is substituted into equations (17) to (24) and the integrals are developed to
obtain the final equations.

2.1.2. Punching shearing

Figure 4 shows the critical sections for punching shearing of four possible cases: Case I-Y when P
is located on the Y axis and inside the central nucleus. Case II-Y when P is located on the Y axis
and outside the central nucleus: Case 11-YA when the neutral axis is localized hy/2 — hys > ¢1/2 +
d/2, Case II-YB when the neutral axis is localized hy/2 — hy1 < ¢1/2 + d/2. Case 1-X when P is
located on the X axis and inside the central nucleus. Case 11-X when P is located on the X axis and
outside the central nucleus: Case I1-XA when the neutral axis is localized hy/2 — hx1 > ¢2/2 + d/2,
Case 11-XB when the neutral axis is localized hy/2 — hy1 < c2/2 + d/2.
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The general equation for the factorized punching shearing “Vup” is

Case I-Y

Cq1 +_ (%) +_

=R [ [ 17 e y)dxdy (25)

Note: Equation (1) is substituted into equation (25) and Myy = 0 and the integral is developed to
obtain the final equation.

Case lI-YA
For hy/2 —hy1 > c1/2 + d/2 is:

Vip = Py (26)

Case 11-YB
For hy/2 —hy1 <c1/2 + d/2 is:

c,d c.d
22 (22

Vup - Pu _f fcz do-z(x:y)dxdy (27)
Vs 2 2

where: — c1/2 — d/2 <ys <ci/2 + d/2
Note: Equation (2) is substituted into equation (27) and the integral is developed to obtain the final
equation.

Case I-X
Equation (1) is substituted into equation (25) and Mux = 0 and the integral is developed to obtain
the final equation.
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Figure 4. Punching shearing for uniaxial bending
Source: Own elaboration

Case I1-XA
For hy/2 — hxt > c2/2 + d/2 is equation (26).

Case I1-XB
For hy/2 —hy1 < co/2 + d/2 is:

ng C1d
2

2 2 2
Vp = By — f . daz(x, y)dydx (28)

where: — ¢2/2 — d/2 <xs < c2/2 + d/2.
Note: Equation (3) is substituted into equation (28) and the integral is developed to obtain the final
equation.

2.2. Rectangular isolated footing subjected to biaxial bending

Figure 5 shows the five possible cases to obtain the minimum area of a rectangular isolated footing
subjected to biaxial bending.

For case I, it is considered that the total surface of the footing works under compression. The
pressure generated by the soil on the footing is obtained by equation (1) (biaxial bending).

For cases II, IIl, IV and V consider that the total surface of the footing works partially under
compression, i.e., part of the surface has zero pressure. The pressure generated by the soil on the
footing is obtained by equation (4).
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Figure 5. Five possible cases of minimum area for biaxial bending
Source: Own elaboration based on Vela-Moreno et al. (2022)

2.2.1. Flexural shearing and moments

Figure 6 shows the critical sections for flexural shearing and moments for all possible cases.

The general equations on the “Cc”” and “e” axes for the factorized flexural shearing “Vuc” and “Ve”,
on the “a@” and “b” axes for the factorized moments “Mya” and “Myp” are:
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Case |

When P is located inside the central nucleus

Equation (1) is substituted into Equations (5) to (8) and the integrals are developed to obtain the
final equations.

Case Il
When P is located outside the central nucleus

hy
J;l _];’-x hxl(hy Zy) O-Z(x Y)dxdy (29)
+d 2hyq x1
x h
o n
Vue N CZ J;‘y hy1(hx—2x) Uz(X,y)dydx (30)
+d ST hy1
ua f ,Lx hxl(hy 2y) O-Z(x y)( )dxdy (31)
Zhy
Mo = f ﬁ‘y hy1(hx=2x) ho 0, (x, y)( )dydx 32)
2he1 y1

Case 111

When P is located outside the central nucleus of two possible cases: Case I11A when the neutral
axis is located hy/2 — hy, < c1/2 (moment) and hy/2 — hy> < ¢1/2 + d (flexural shearing); Case 111B
when the neutral axis is located hy/2 — hy> > ¢1/2 (moment) and hy/2 — hy> > ¢1/2 + d (flexural

shearing).
Case 1A
:f f Jz(x;Y)dxdy (33)
Ayq)-hx
2 2
he My
2 2
e = 244 ﬁy S 72 (%, y)dydx (34)
Mua f f 0, (,y) (y = ) dxdy -
Mup = f ,I;ly hyithx—20) o.(x,y) (x - —) dydx (36)
AT
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Case 11IB

1+d

J; J;,x h1(hy—2y) a,(x,y)dxdy + j; ) f " a,(x,y)dxdy
T+T_h9ﬂ T_hyz -

he Ny
2 2
Vue - c2 hy hy1(hx 2x) O—Z (x) Y)dydx
+d T -
__hyz nx
ua f f hx1(hy—2y) O-Z ('x y) ( ) dxdy

Zhy

fh_y_h f__ 0,(6,) (v ) dxdy

h
Muw = f ﬁ‘y hyithe-20) a,(x,y) (x - 7) dydx
1

2hyq y
where: hy2 = hyl(hxl — hx)/hxl.

Case IV

37)

(38)

(39)

(40)

When P is located outside the central nucleus of two possible cases: Case IVA when the neutral
axis is located hy/2 — hyo < c2/2 (moment) and hy/2 — hy < ¢2/2 + d (flexural shearing); Case I11B
when the neutral axis is located hy/2 — hx2 > ¢2/2 (moment) and hy/2 — hxo > ¢2/2 + d (flexural

shearing).

Case IVA

h

Y
ﬁl‘Fd ,’;lx hxl(hy Zy) IO-Z(x _'Y)dxdy

hy  hy

2

Vie =f fh a,(x,y)dydx
2

C2+d

Mua J j hxl(hy Zy) Uz(x y) ( )dxdy

2 2hyq

Mus _J xj o, (x, }’) )dydx
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Case IVB
f7'f% (x, y)dxd (45)
= o, (x,y)dxdy

c < hx1(hy—2y) z

Zta h7+12+1y—hx1
__hxz

J; . J; ) Iyl a,(x,y)dydx + f f o, (x,y)dydx (46)
+d Ty

Myq J. .f Jha(hy-2y) Gz(x y)( )dXdy (47)
2 Zhy]_

__hxz
M = f ﬁ‘y hy1(hx—2x) b, o, (x, )’)( )dydx
zhx y1 )

f o,(x,y) (x — —) dydx
Where: hx2 = hxl(hyl — hy)/hyl.

_hxz

Case V

When P is located outside the central nucleus of four possible cases: Case VA when the neutral
axis is localized hy/2 — hy2 < c1/2 + d and hy/2 — hxa < c2/2 + d (flexural shearing) and hy/2 — hy2 <
c1/2 and hy/2 — hy2 < ¢2/2 (moment); Case VB when the neutral axis is localized hy/2 — hy, <c1/2 +
d and hy/2 — hyo > ¢2/2 + d (flexural shearing) and hy/2 — hy, < ¢1/2 and hy/2 — hy2 > ¢2/2 (moment);
Case VC when the neutral axis is localized hy/2 — hy2 > ¢1/2 + d and hy/2 — hy2 < c2/2 + d (flexural
shearing) and hy/2 — hy2 > ¢1/2 and hy/2 — hyo < ¢2/2 (moment); Case VD when the neutral axis is
localized hy/2 — hy2 > ¢1/2 + d and hy/2 — hxa > c2/2 + d (flexural shearing) and hy/2 — hy2 > ¢1/2 and
hx/2 — hx2 > c2/2 (moment).

Case VA
Ay hx
=J2]2@mwww (49)
hy Ry
%=L [+, oG ayax (50)
2 +d >
hy hx
2 2 C
Mua = JC_1 j_h_xo-Z(x'y) (y_?l) dxdy (51)
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ub—f f 0, (x,) (x - 2) dydx

Case VB

= f 2 fz O-z(x;Y)dXdy
Ztd —hz_x

_hxz 7 T
fc_z h_y A2 GZ(X,y)dydx+th_x_hxz f_h_yaz(x,y)dydx

2hyx yi

hy  hx
2 2 C
Mua = J;l J he O-z(x; y) (y - ?1) dxdy
2 Tz

__hxz c,
ub B J- hy hyl(hx—Zx) h 0y (x' y) (X - ?) dydx

zhxl y1

L;_ J:_fE(x30 )dydx

Case VC

_hyz
Jcl ,[ hx1(hy—2y) Uz(x _'Y)dxdy +f
2t

J; O-z(x;:V)dXdy
=

hy hy
2 2
Vue = J O'Z(X y)dydx

C2+d h

__hyz nx
Mua = ,[C_l J LJalhy-2y) UZ (x,y) (y - —) dxdy

2 2hy1

+f2 fza(x )( —&)dxd
Py I ARV Y

he Ry
N Cy
Mup = fc_z f_ , ) (x =) dydx
2 2
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Case VD

__hyz nx Tx
fc f hxl(hy_zy) az(x y)dxdy + f__h J_ . o,(x,y)dxdy
2

__hxz
J; J;zy hyrtha=20) o, (x,y)dydx +f f o,(x,y)dydx

2
+d
2hx1 y1

J; J;lx haa(hy=2y) 3 o (x,y) ( > ) dxdy

Zhy]_

f 06, (v - 3) dxdy
_hxz
ub B f _];ly hy1(hx—2x) n GZ(X y) (X - _) dydx
T y1

L;_ J:_fE(x30 )dydx

_hyZ

(61)

(62)

(63)

(64)

Note: Equation (4) is substituted into equations (29) to (64) and the integrals are developed to

obtain the final equations.

2.2.2. Punching shearing

Figure 7 shows the critical sections for punching shearing of six possible cases (Critical perimeter

formed by points 5, 6, 7 and 8).

For case I, it is considered that the total surface of the footing works under compression. The

pressure generated by the soil on the footing is obtained by equation (1) (biaxial bending).

For cases I, 111, IV, V and VI consider that the total surface of the footing works partially under
compression, i.e., part of the surface has zero pressure. The pressure generated by the soil on the

footing is obtained by equation (4).
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(d) Case IV

The general equation for the factorized punching shearing “Vyp” is

Case |

a2 d2

61

Y
a2 ¢z a2
>l
G2
NA i
s Tbs
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i '
ar. Il el
7 8
63
hy/2
hy
(b) Case II
s
a2 d2

(e) Case V
Figure 7. Punching shearing for biaxial bending
Source: Own elaboration

G3

(c) Case III

a2ex| A2

o P

(f) Case VI

Equation (1) is substituted into equation (25) and the integral is developed to obtain the final

equation.

Case Il

The neutral axis does not reach the perimeter of the critical section; therefore, it is equation (26).

Case 111

= b _f _Lx haa(2y-hy)

where: yp =

Zhyl

o,(x,y)dxdy
X1

(65)

hy/2 — hy1(c2 + d — hy)/2hy — hys (If the neutral axis crosses the critical perimeter on the

side formed by points 5 and 8) and y, = — ¢1/2 — d/2 (If the neutral axis crosses the critical perimeter
on the side formed by points 7 and 8).
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Case IV
—2+E y C_2+E C_1+E
22 Pl 2 2 2 2
Vup = Py — f o ﬁl )yt o,(x,y)dydx — f o a f o,(x,y)dydx (66)
2 2 2 2hx1 hy1 577 Vp1
Where: yp]_ = hy/2 + hy]_(CZ + d + hx)/2hx1 — hyl.
Case V
Xp1 Yp1 %24% 52_1+§
2 2 2 2Ryt hy1 22 Yp1 (67)

c2,4d
2 12

g

Xpl

Yp1
f . daz(x, y)dydx

WherEZ Xp]_ = hx/2 — hxl(Cl + d — hy)/2hy1 — hxl and ypl = hy/2 + hyl(CZ + d + hx)/2hx1 — hyl.

Case VI

(SRS

F+5 (3t
Vup = P, —f df . daz(x, y)dydx (68)
WherEZ Xp]_ = hx/2 — hxl(Cl + d — hy)/2hy1 — hxl and ypl = hy/2 + hyl(CZ + d + hx)/2hx1 — hyl.

Note: Equation (4) is substituted into equations (65) to (68) and the integral are developed to obtain
the final equations.

3. RESULTS

In this section the application of the new model is described, using the same examples to obtain
the minimum area and the sides of a rectangular isolated footing proposed by Vela-Moreno et al.
(2022).

Tables 1 and 2 present the four cases to obtain the complete design of the rectangular isolated
footings subjected to uniaxial bending. Two cases when the axial load is located on the Y axis:
Case I-Y, when the entire contact area works under compression; Case I1-Y, when the contact area
works partially in compression. Two cases when the axial load is located on the X axis: Case I-X,
when the entire contact area works under compression; Case I1-X, when the contact area works
partially in compression.

Table 1 shows the results for ¢y and c2 = 0.40 m, Py = 720 kN, Myx = 360, 720, 1440, 2160 kN-m,
Muy = 0 KN-m and umax = 250 KN/m?,

The procedure used is the following:

For the case I-Y: Substituting Pu, Mux, Mu = 0, hx, hy into equation (1), and subsequently
substituting equation (1), hx, hy, c1, c2 and d into equations (5) to (8) and (25).

For the case Il-Y: Substituting oumax, hy, hy1 into equation (2), and subsequently substituting
equation (2), hy, hy, c1, ¢c2 and d into equations (9) to (12) or (13) to (16), and (26) or (27) according
to the case.

The value of d is fixed by the equations proposed by (ACI 318S-19).
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Table 1. Complete design of the footing when the axial load is on the Y axis.
(Source: Own elaboration)

M
Caso kl\il)-( hy hy d Mua Mub Vie Ve Vup Asmy Asminy Aspy Asmx | Asminx Aspx
m m m Jem] kKN-m | KN-m | kN kN kN cm? | cm? cm? cm? ] cm? cm?
22.80 6555
- *
-y ” 1.00 | 3.65 | 52 | 41097 | 3240 | 342.89 553.04 | 2200 | 17.32 | (0L 165 | 6320 | 2000
22.80 34.20
-y 133| 3.00 | 32 | 24038 | 4054 | 27263| 5438 | 655.20| 21.10 | 1417 | (CUL. 1337 | 3197 | SO
34.20 136.89
- *
-y . 1.00 | 6.00 | 67 | 794.45 | 32.40 | 42026 56261 | 3332 | 2231 | 50 | 12813387 | 52000
25.65 81.12
- *
-y 1.00 | 4.67 | 52 | 468.41 | 2250 | 322.24 631.92 | 2528 | 1732 | o0 | 115 | 8087 | i
-y 2.00 [ 12.00 | 42 | 1693.21 | 115.20 | 500.88 | 136.80 | 699.83 | 130,51 | 27.97 | 13182 1757 |16783| 17238
1440 26017) (34017)
65.91 76.95
-y 200 | 5.33 | 42 | 80498 | 80.00 |490.75 | 95.00 | 720.00 | 6171 | 27.97 | L |5.05 | 7455 | \J00
-y 2.00 | 18.00 | 52 | 2592.81 | 115.20 | 510.05 | 100.80 | 703.07 | 161.36 | 34.63 | 18224 |5g7|31160| 31434
7160 (32017) (62017)
111.54 91.20
-y 200 | 7.33 | 37 | 1268.16 | 80.00 |350.12 | 107.50 | 720.00 | 100.86 | 2464 | 51000 573 | 903L | 0

where: Asmy and Asmx are the steel areas generated by the moments in the a (Y direction) and b (X
direction) axes, Asminy and Asminx are the minimum steel areas in both directions, Aspy and Aspx are
the proposed steel areas in the Y and X directions (ACI 318S-19). * The axis is located outside the
area of the footing.

Table 2 shows the results for ¢ and ¢2 = 0.40 m, Py = 720 kN, Mux = 0 KN-m, Myy = 360, 720,
1440, 2160 kN-m and oumax = 250 KN/m? (same procedure used in Table 1, but with the
corresponding equations).

Table 2. Complete design of the footing when the axial load is on the X axis.
(Source: Own elaboration

M
Caso kl\jll-/ hx hy d Mua Mub Vuo Vue Vup Asmy Asminy ASpy Asmx Asminx Aspx
m m m Jcmf kN-m | kN-m kN kN kN fcm?] cm? cm? cm? cm? cm?
8555 22.80
- *
I-X ” 3.65 |1.00 | 52 | 32.40 | 410.97 34289 | 553.04 | 165 | 6320 | 2020, | 2200 1732 | (B0
34.20 22.80
11-X 3.00 | 133 | 32 | 4054 | 24038 | 5438 |272.63| 65520 | 3.7 | 397 | 3030 | 2010|147 | FLO
I-X 6.00 |1.00| 67 | 32.40 | 79445 | * |42046|582.61|1.28 | 13387 (5%?2) 3332 | 2231 (1233322‘,,)
720
11-X 467 |1.00| 52 | 2250 | 46841 | * |32224|631.921.15 ] 80.87 (1861(5112”) 2528 | 17.32 (9%;’3?3,,)
I-X 12.00 | 2.00 | 42 | 115.20 | 1693.21 | 136.80 | 500.88 | 699.83 | 7.27 | 167.83 éjéjjf) 130,51 | 27.97 égg?f)
1440
76.95 6591
11-X 533 |2.00 | 42 | 80.00 | 894.98 | 95.00 | 499.75 | 720.00 | 5.05 | 7455 | 1575 | 6171 | 2797 | L
I-X 18.00 | 2.00 | 52 | 115.20 | 2592.81 | 100.80 | 510.05 | 703.07 | 5.87 | 311.69 é;‘gf,‘f’) 161.36 | 34.63 égéff)
2160
91.20 11154
11-X 7.33 |2.00 | 37 | 80.00 | 1268.16 | 10750 | 350.12 | 720.00 | 5.73 | 9031 | 1p0. | 10986 | 2464 | G100

Tables 1 and 2 present the complete design of the rectangular isolated footings subjected to uniaxial
bending.

Table 1 shows the following: The effective depth is governed by the flexural shearing in the ¢ axis
for the two cases (Mux = 360, 720, 1440 kN-m), and by the moment in the a axis for the two cases
(Mux = 2160 kN-m). The smallest effective depth is presented in case 11-Y for Mux = 360, 720, 2160
kN-m, and for Myx = 1440 kN-m the effective depth is the same in case I-Y and II-Y. The smallest
proposed steel area appears in case 11-Y for the two cases in both directions except at Mux = 360
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kN-m which are the same in case I-Y and II-Y in Y direction.

Table 2 presents the following: The effective depth is governed by the flexural shearing in the e
axis for the two cases (Myy = 360, 720, 1440 kN-m), and by the moment in the b axis for the two
cases (Muy = 2160 kN-m). The smallest effective depth is presented in case I1-X for Myy = 360,
720, 2160 kN-m, and for Muy = 1440 kN-m the effective depth is the same in case I-X and 11-X.
The smallest proposed steel area appears in case 11-X for the two cases in both directions except at
Muy = 360 KN-m which are the same in case I-X and 11-X in X direction.

Tables 3 to 6 present the complete design of the rectangular isolated footings subjected to biaxial
bending.

Tables 3 to 6 present the two cases to obtain the complete design of the isolated rectangular footings
subjected to biaxial bending, a case when the entire contact area works under compression (Case
1), and another case when the contact area works partially under compression (the smaller area of
cases 11, 111, IV and V).

The procedure used for Tables 3 to 6 is as follows:

For case I: Substituting Py, Mux, Muy, hx, hy into equation (1), and later equation (1), hx, hy, c1, C2
and d is substituted into equations (5) to (8) and (25).

For cases Il, 111, IV and V: Substituting cumax, hx, hx1, hy, hy1 into equation (4), and subsequently
substituting equation (4), hx, hxt, hy, hy1, c1, c2 and d into equations (29) to (32) (case Il), into
equations (33) to (36) (case I11A), into equations (37) to (40) (case I1IB), into equations (41) to (44)
(case IVA), into equations (45) to (48) (case IVB), into equations (49) to (52) (case VA), into
equations (53) to (56) (case VB), into equations (57) to (60) (case VC), into equations (61) to (64)
(case VD), and (26), (65) to (68) as the case may be.

Table 3 shows the results for ¢ and c2 = 0.40 m, Py = 720 kN, Mux = 360, 720, 1440, 2160 KN-m,
Muyy = 360 KN-m and oumax = 250 kN/m?. The smallest area appears in the case V for Mux = 360
and 720 kN-m, and in the case Il for Mux = 1440 and 2160 kN-m.

Table 3. Complete design of the footing for Myy = 360 kN-m.
(Source: Own elaboration)

Caso a/ll\LlD-( hx hy d Mua Muo Vie Ve Vup Asmy | Asminy Aspy Asmx | Asminx Aspx
m m m fJcecm] kN-m | kN-m kN kN kN cm? cm? cm? cm? | cm? cm?
6555 6555
| - 6.00|6.00 | 27 | 63243 | 63243 | 391.39 39130 | 71102 | 65.04 | 53.95 | , 5020, 6504 | 5395 | 2000,
31.35 31.35
v 272|272 22 | 220.25 | 229.25 | 305.04 | 305.04 | 698.58 | 20.25 | 10.93 | | }r>n.. | 20.25 | 1093 | (P00
| 6.00 |12.00| 27 | 1351.21 | 632.43 | 421.25 | 391.39 | 71551 | 148.38 | 53.95 | 12210 |6343 10789 11154
720 (30017) (22017)
5577 42.75
v 222|445 | 27 | 47200 | 196.31 | 367.54 | 208.13 | 700.58 | 5144 | 1008 | [l [1961 ] 4001 | (S0
| 6.00 [24.00| 32 | 2790.60 | 632.43 | 434.23 | 384.90 | 717.41 | 278.00 | 63.94 | 27885 |5p71|25574| 29857
1440 (55017) (51017)
79.80 94.05
1 187 |7.46 | 37 | 048.06 | 174.75 | 410.11 | 254.16 | 720.00| 78.18 | 23.04 | [0 |1286 | on91 | R
| 6.00 [36.00| 42 | 4230.40 | 632.43 | 437.49 | 371.76 | 717.76 | 311.87 | 83.92 | 31434 |39.06 50350 29700
2160 Cirsi e
1 171[10.24 42 | 1428.46 | 165.34 | 447.01 | 210.14 | 720.00| 10068 | 23.02 | 500 |1044 | 14322 | (D08

Table 3 shows the following: The effective depth is governed by the punching shearing for the two
cases (Mux = 360, 720 kN-m), and by the moment in the a axis for the two cases (Mux = 1440, 2160
kN-m). The smallest effective depth occurs in case V for Mux = 360 KN-m, smallest effective depth
occurs in case | for Mux = 1440 kN-m, and for Mux = 720, 2160 kN-m the effective depth is the
same in both cases. The larger proposed steel area appears in case | for the two cases in both
directions.
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Table 4 shows the results for c1 and ¢z = 0.40 m, Py = 720 kN, Mux = 360, 720, 1440, 2160 kKN-m,
Muyy = 720 KN-m and oumax = 250 kN/m?. The smallest area appears in the case V for Mux = 360
kN-m, and in the case 1l for Myx = 720, 1440 and 2160 kKN-m.

Table 4. Complete design of the footing for Myy = 720 kKN-m.
(Source: Own elaboration)

Mux hx hy d Mua Mub Vuc Vue Vup Asmy Asminy Aspy Asmx Asminx Aspx
Caso
kN-m] m m Jcm] kN-m | kN-m kN kN kN cm? cm? cm? cm? cm? cm?
| 12.00 | 6.00 | 27 | 632.43 | 135121 | 391.39 | 421.25 | 71551 | 63.43 | 107.89| 11154 | 14838 5395 | 15210
Vv 445 |222| 27 | 19631 | 472,00 | 20813 | 36754 | 70958 | 1961 | 4010 | (S2TE. | 5144 | 1096 | o0l
| 12.00 [12.00| 27 | 1351.21 | 1351.21 | 421.25 | 421.25 | 717.76 | 139.46 | 107.89 | 1419 | 13946 | 107,89 | 14196
120 (28017) (28017)
45.63 4563
1 373 (373 | 27 | 43031 | 43031 | 39278 | 39278 | 72000 | 4447 | 3354 | (08| 4aar | 3354 | (00
| 12.00 |24.00| 27 | 2790.60 | 1351.21 | 435.76 | 421.25 | 718.88 | 307.84 | 107.89 é?%fz) 135.74 | 215.78 é}%?,l,)
1440 106.47 59.85
1 322 |645 | 27 | 91351 | 408.86 | 45825 | 42374 | 72000 10420 | 2895 | 20 | ar2t | 57.99 | 200
| 12.00 |36.00| 27 | 4230.40 | 1351.21 | 440,54 | 421.25 | 719.25 | 508.33 | 107.89 | 21207 | 13459 | 32368 | 32448
7160 (101017 (64017)
141.96 96.90
1 3.00 [9.00 | 32 | 1404.83 | 40375 | 48092 43367 | 72000 | 14024 | 397 | e | 3385 | 9590 | 300

Table 5 shows the results for ¢ and c2 = 0.40 m, Py = 720 kN, Mux = 360, 720, 1440, 2160 KN-m,
Muy = 1440 kKN-m and cumax = 250 KN/m2. The smallest area appears in the case Il for Myx = 360,
720, 1440 and 2160 kKN-m.

Table 5. Complete design of the footing for Myy = 1440 kKN-m.
(Source: Own elaboration)

Caso Mux hx hy d Mua Mub Vuc Vue Vup Asmy Asminy Aspy Asmx Asminx Aspx
kN-m| m m fecm] kN-m | kN-m kN kN kN cm? cm? cm? cm? cm? cm?
| 24.00 | 6.00 | 32 | 632.43 | 2790.60 | 384.90 | 434.23 | 717.41 | 5271 | 25574 | 29857 | 27800 | 63.94 | 27885
4. )
1 7.46 | 187| 37 | 17475 | 948.06 | 25416 | 419.11| 72000 | 1286 | 9191 | ;3000 | 7818 | 2304 | [0
| 24.00 [12.00 27 | 1351.21 | 2790.60 | 421.25 | 435.76 | 718.88 | 135.74 | 21578 | 21801 | 30784 | 107.89 | 30927
720 Cors Coei7
1 645 |322| 27 | 40886 | 91351 | 42374 45825 | 72000 | 4121 | 57.99 | , 005 | 10420 | 2895 | STOH
| 24.00 [24.00| 27 | 279060 | 2790.60 | 435.76 | 435.76 | 719.44 | 288.54 | 21578 | 288:99 | 28854 | 21575 | 28899
1440 (59760313 : (5976%13 :
1 573 |573| 27 | 89907 | 890.07 | 48427 | 48427 | 72000 | 9495 | 5152 | oS% | 0495 | 5182 | A0
| 24.00 |36.00| 27 | 4230.40 | 2790.60 | 440.54 | 435.76 | 719,63 | 45151 | 215.78 | 4630 | 28313 | 32368 | 32448
b i
1 5.41 [8.12 | 32 | 1399.94 | 89875 | 498.17 | 495.32 | 72000 | 15703 | 4864 | 700l | 9267 | 7301 | 3000

Table 4 shows the following: The effective depth is governed by the punching shearing for the two
cases (Mux = 360, 720, 1440 kN-m), and by the moment in the a axis for the two cases (Mux = 2160
kN-m). The smallest effective depth occurs in case | for Myx = 2160 kN-m, and for Myx = 360, 720,
1440 kN-m the effective depth is the same in both cases. The larger proposed steel area appears in
case | for the two cases in both directions.

Table 5 shows the following: The effective depth is governed by the punching shearing for the two
cases (Mux = 720, 1440, 2160 KN-m), and by the moment in the a axis for the two cases (Mux = 360
kN-m). The smallest effective depth occurs in case | for Mux = 360 kN-m, and for Myx = 720, 1440,
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2160 kN-m the effective depth is the same in both cases. The larger proposed steel area appears in
case | for the two cases in both directions.

Table 6 shows the results for ¢ and c2 = 0.40 m, Py = 720 kN, Myx = 360, 720, 1440, 2160 kKN-m,
Muyy = 2160 kKN-m and cumax = 250 KN/m2. The smallest area appears in the case Il for Myx = 360,
720, 1440 and 2160 kN-m.

Table 6. Complete design of the footing for Myy = 2160 KN-m.
(Source: Own elaboration)

Mux hx hy d Mua Mub Vuc Vue Vup Asmy Asminy Aspy Asmx Asminx Aspx
Caso

kN-m] m m Jecm] kN-m | kN-m kN kN kN cm? cm? cm? cm? cm? cm?

| 36.00 | 6.00 | 42 | 632.43 | 4230.40 | 371.76 | 437.49 | 717.76 | 39.96 | 50350 | 20700 | 31187 g3o2 | 31434

i i

I 1024|171 | 42 | 16534 | 142846 | 21014 | 44701 | 72000 | 1044 |14322| 00 | 1008 | 2392 | 5000

| 36.00 [12.00| 27 | 1351.21 | 4230.40 | 421.25 | 44054 | 719.63 | 134.50 | 323.68 | 32448 | 307.84 | 107.89 | 30927

120 (64017) 61017)

96.90 141.96

1 9.00 [3.00 | 32 | 403,75 | 1404.83 | 43367 | 480.82 | 72000 | 3385 | 9590 | 20U | 14024 | 3197 | 50

| 36.00 |24.00| 27 | 2790.60 | 4230.40 | 435.76 | 440.54 | 719.44 | 283.13 | 323.68 | 324*® | 45151 | 21578 | 42630

1440 oS A

1 812 [5.41 | 27 | 898.75 | 1399.04 | 495.32 | 498.07 | 72000 | 9267 | 7301 | ;y0in. | 15708 | 4864 | 010

| 36.00 [36.00| 27 | 423040 | 4230.40 | 44054 | 44054 | 719.75 | 437.69 | 323.68 | 24109 | 43769 | 32368 | 44109

2160 (87017) (87917

152.10 152.10

I 773 | 773 | 32 | 1396.69 | 1396.69 | 498.81 | 498.81 | 72000 | 14944 | 6950 | O | 14044 | 6950 | 10D

Table 6 shows the following: The effective depth is governed by the punching shearing for the two
cases (Mux = 1440, 2160 kN-m), and by the moment in the a axis for the two cases (Mux = 360, 720
kN-m). The smallest effective depth occurs in case | for Mux = 720 kN-m, and for Myx = 360, 1440,
2160 KN-m the effective depth is the same in both cases. The larger proposed steel area appears in
case | for the two cases in both directions.

Figure 8 shows the comparison for uniaxial bending (Axial load on the Y axis) of the current model
(Case 1-Y) and new model (Case 11-Y) in terms of volume of concrete and steel of the considered
examples.

Figure 8 shows the following: The new model presents smaller volumes of concrete and steel in all
cases than the current model. The smallest difference in volumes of concrete and steel occurs at
Mux = 360 kN-m of 1.37 times for concrete and 1.31 times for steel. The biggest difference in
volumes of concrete and steel occurs at Myx = 2160 kN-m of 3.27 times for concrete and 3.55 times
for steel.

Figure 9 shows the comparison for uniaxial bending (Axial load on the X axis) of the current model
(Case 1-X) and new model (Case 11-X) in terms of volume of concrete and steel of the considered
examples.

Figure 9 presents the following: The new model presents smaller volumes of concrete and steel in
all cases than the current model. The smallest difference in volumes of concrete and steel occurs at
Muy = 360 kN-m of 1.37 times for concrete and 1.31 times for steel. The biggest difference in
volumes of concrete and steel occurs at Myy = 2160 kN-m of 3.27 times for concrete and 3.55 times
for steel.

New model for complete design of rectangular isolated footings taking
into account that the contact surface works partially in compression

Luévanos Rojas, A.



Revista ALCONPAT, 13 (2), 2023: 192 — 219

0
My, (KN-m) 360

—4— Current Model Case Y-I

21.6
/102//
4.5
- 6.6
533
16 -
720 1440 2160

—f—New Model Case Y-II

500000
400000
Vi
(em?) 300000

200000

100000

0 -

My, (KN-m)

—4— Current Model Case Y-I

354900

=

192@/

99998.82

50520.03
14877

% 55

360 720 1440 2160
—#—New Model Case Y-1I

(a) Concrete
Figure 8. Comparison for uniaxial bending (Muy = 0)
Source: Own elaboration

(b) Steel

500000

21.6 400000 354900
v, 20 \A /
() / (cm?)300000
15
12 19266/
200000
10
5
45 oo 99998.82
? - 6.6 34209, 50520.03
533 14877
1.6
0 2.8 o 11388 PR, 55
My (kN-m) 360 720 1440 2160 My (N-m) 360 720 1440 2160
=4— Current Model Case X-I == New Model Case X-II == Current Model Case X-I == New Model Case X-II
(a) Concrete (b) Steel

Figure 9. Comparison for uniaxial bending (Mux = 0)
Source: Own elaboration

Figure 10 shows the comparison for biaxial bending of the current model (Case I) and new model
(Case Il or V) in terms of volume of concrete and steel of the considered examples.

Figure 10 shows the following:
The new model presents smaller volumes of concrete and steel in all cases than the current model.
The smallest differences occur at Mux = 360 kN-m for all cases in the volumes of concrete and steel
of 5.68 times for concrete and 4.61 times for steel (Muy = 360 kN-m), 7.28 times for concrete and
7.43 times for steel (Myy = 720 kN-m), 9.17 times for concrete and 10.69 times for steel (Myy =
1440 kN-m), 12.33 times for concrete and 10.32 times for steel (Muy = 2160 KN-m).
The largest differences occur at Mux = 2160 kN-m for all cases in the volumes of concrete and steel
of 12.33 times for concrete and 10.32 times for steel (Muy = 360 kN-m), 14.00 times for concrete
and 14.24 times for steel (Muy = 720 kN-m), 19.66 times for concrete and 13.57 times for steel
(Muy = 1440 kKN-m), 21.69 times for concrete and 13.51 times for steel (Muy = 2160 KN-m).
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Figure 10. Comparison for biaxial bending
Source: Own elaboration

4. CONCLUSIONS

This work presents a new complete design mathematical model to obtain the thicknesses and areas
of transverse and longitudinal steel for rectangular isolated footings subjected to uniaxial and
biaxial bending supported on elastic soils, which considers the total surface working partially under
compression and it is assumed that the distribution of pressures on the ground is linear.
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The main contributions in this work are:

The main contributions of this work for these examples are:

1.- This work shows a significant reduction in the volumes of concrete and steel than the current
model, if the contact surface with the ground working partially under compression.

2.- This work shows a significant reduction in the volume of excavation than the current model,
because the new model occupies less volume.

3.- The thickness for both models are governed by moments and flexural shearing for uniaxial
bending, and by moments and punching shearing for biaxial bending.

4.- The new model can be used for any building code, simply taking into account the moments, the
flexural shearing and the punching shearing that resist to define the effective depth, and the
equations to determine the reinforcing steel areas proposed by each building code.

5.- The new model can be used when the load Py is located outside the central nucleus (ex/hx+
ey/hy>1/6), and the current model is used when load Py is located inside the central nucleus (ex/hx+
ey/hy<1/6), where ex = My/P and ey = My/P.

This works shows an effective and robust solution applied to obtain the complete design for
rectangular isolated footings subjected to uniaxial and biaxial bending supported on elastic soils
working partially under compression, and the variation of the pressure diagram is linear.

The suggestions for the next research:

1.- Complete design for combined footing (rectangular, trapezoidal, strap, corner and shaped-T)
subjected to uniaxial and biaxial bending supported on elastic soils working partially under
compression.

2.- Footings supported on totally cohesive soils (clay soils) and/or totally granular soils (sandy
soils), the pressure diagram is different, because the pressure diagram is not linear as it is presented
in this work.
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ABSTRACT

The research in question aimed to analyze the correlation between the pavement condition index and
the condition of two surface drainage elements: culverts and gutters. The study was carried out from
the analysis of 19 stretches, distributed by the neighborhood of Tambad, in Jodo Pessoa-PB. The
calculation for the condition of the pavements was carried out using the PCI method and the condition
of the drainage elements was verified through subjective analysis. The research results showed when
the elements fit or not in the ideal conditions, and although the drainage elements are considered in the
performance of the pavements, the statistical evaluation showed a weak correlation between the
condition of the pavements and the evaluated drainage elements.
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Analise da correlacdo entre a condicdo de pavimentsos urbanos e elementos
do sistema de drenagem

RESUMO

A pesquisa em questdo objetivou analisar a correlacdo entre o indice de condi¢do dos pavimentos
e a condicdo de dois elementos de drenagem superficial: bocas de lobo e sarjetas. O estudo foi
realizado a partir da andlise de 19 trechos, distribuidos pelo bairro de Tambad, em Jodo Pessoa-
PB. O calculo para a condi¢do dos pavimentos foi realizado pelo método do PClI e a condicao dos
elementos de drenagem foi verificada por meio de andlise subjetiva. Os resultados da pesquisa
mostraram quando os elementos se enguadravam ou ndo nas condicdes ideais, e embora 0s
elementos de drenagem sejam considerados no desempenho dos pavimentos, a avalia¢do estatistica
apresentou uma correlacdo fraca entre a condi¢do dos pavimentos e 0s elementos de drenagem
avaliados.

Palavras-chave: sistemas de infraestrutura; estatistica; vias urbanas.

Analisis de la correlacion entre el estado de los pavimentos urbanos y los
elementos del sistema de drenaje

RESUMEN

La investigacion en cuestion tuvo como objetivo analizar la correlacion entre el indice de
condicion del pavimento y la condicion de dos elementos de drenaje superficial: desagues pluviales
y cunetas. El estudio fue realizado a partir del andlisis de 19 tramos, distribuidos por el barrio de
Tambau, en Jodo Pessoa-PB. El célculo del estado de los pavimentos se realizé por el método PCI
y el estado de los elementos de drenaje se verificd mediante analisis subjetivo. Los resultados de
la investigacién mostraron cuando los elementos encajan o no en las condiciones ideales, y aunque
los elementos de drenaje son considerados en el desempefio del pavimento, la evaluacién
estadistica mostré una débil correlacion entre la condicion del pavimento y los elementos de
drenaje evaluados.

Palabras clave: sistemas de infraestructura; estadistica; caminos urbanos.
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1. INTRODUCTION

Considered as the main mode of transport, highways are of great importance in the development
of the country (PIRES E MENDES, 2021), and for roads to fulfill their function properly, they
must have an appropriate state of conservation.

A pavement with a structure that does not perform adequately can lead to undesired consequences.
In this perspective, the drainage of a road helps in its conservation, in addition to preventing
accidents on the roads. Therefore, one of the main objectives of draining highways is to protect the
infrastructure from the negative action of water, such as reducing the floor structure and breaking
up embankments (LIMA et al., 2022).

According to Pinheiro, Coutinho and Ferreira (2021), the drainage system is an essential element
with regard to the performance of most of the elements that make up an urban road. Still according
to the author, the correct conduction of water is the main function of the drainage system, being
able to preserve the characteristics of the pavement design layers, such as the base, sub-base and
subgrade, in addition to ensuring greater durability of the pavement, in addition to preventing the
accumulation of water on the surface.

One way to make sure that the drainage system works correctly is by checking the good condition
of the elements that compose it. In addition to the structure, cleaning and maintenance of the
elements are also essential for the system to fulfill its design functions.

Therefore, the work in question proposed to evaluate the correlation between the condition of the
selected pavements and the condition of two surface drainage elements of the stretches: culverts
and gutters. From the correlation, it is intended to ascertain to what extent there is influence of the
state of conservation of the drainage elements on the condition of the pavements. Finally, those
responsible for managing the infrastructure systems can use the metrics presented as an aid for the
maintenance and recovery of the evaluated structures.

2. LITERATURE REVISION

2.1 Pavementss

Road pavements are of great importance with regard to the development of a country in helping to
carry out basic services, such as the transport of goods and the movement of the population. In
view of their importance, it is necessary that the roads are in a good state of conservation so that
they can offer their services in an adequate and safe way for users (LIMA et al., 2022).

One way to check whether pavements are in an acceptable state of repair is to calculate their
condition index. One of these evaluations can be done from Pavement Condition Index (PCI),
developed by the United States Army Corps of Engineers (USACE) in 1976. Initially developed
only for the evaluation of airport pavements, and later in 1979 adapted to a specific version for the
evaluation of road and urban pavements.

According to ASTM D6433-2018 - Standard Practice for Roads and Parking Lots pavement
Condition Index Surveys, it is necessary to select a sample of size 225 m2 £ 90m2. The evaluation
consists of carrying out the survey of defects, in addition to the quantity and severity of each one
of them. Table 1 presents types of defects that must be identified during the application of the
method.
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Table 1. Asphalt pavement defects and measurement unit for the PCI Method

Defect Measuring Defect Measuring
Form Form
Fatigue Cracking Area Patches Area
Bleeding Area Polished Aggregate Area
Block Cracking Area Potholes Unit
Elevatlngésettlem Meter Rail crossing Area
Corrugation Area Rutting Area
Localized sinking Area Shoving Area
Edge crack Meter Cracks due to sliding Area
masses
Reflection _Cracklng Meter Swelling Area
at Joints
Gap between
Pavement and Meter Raveling Area
shoulder
Longitudinal and
transverse Meter - -
cracking

Source: ASTM (2018) — Adapted

To calculate the pavement condition index, it is necessary to obtain the Deduction Values (DV)
according to the type, severity and extent of the defect, which represents the influence it has on the
pavement condition, ranging from 0 and 100, where 0 means the defect does not impact the
condition of the pavement and 100 means the defect has the maximum harmful interference. DV
values are obtained with the aid of abacuses available in ASTM D6433-2018. By adding up the
DVs, it is possible to obtain the Total Deduction Value (VTD) for the pavementss analyzed with
the help of equation 1.

p mi
VTD = Z Z a(Tj, Si, Dij)xF(t, q) )
i=1 4j=1

Where:

a(Tj,Si ,Dij ): capacity loss function to serve traffic, whose independent variables are the type of:
Tj: types of defects;

Si: severity levels;

Dij: defect densities;

I: counter of types of defects;

J: severity levels counter;

p: total number of defect types;

mi: severity level number for the nth defect type;

F(t, ): adjustment factor to reduce the effect of excess types of defects. (t) depends on the number
of functions (a), and (q) is the number of numerical values of functions (a) greater than 5.

In possession of the VTD, it is necessary to correct it depending on the number of defects present
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in each section, according to abacus 20 of the same standard. Therefore, it is possible to find the
Corrected Deduction Amount (VDC) and, therefore, the PCI value resulting from Equation 2.

PCI = 100 — VDC )

From the value obtained for the PCI in the section analyzed, the pavement is classified according
to Table 2, varying its value from 0 (poor condition) to 100 (excellent condition).

Table 2. PCI Classification

Classification PCI value
Great 86 — 100
Very Good 71 -85
Good 56 — 70
Average 41 —55
Bad 26 — 40
Very Bad 11-25
Terrible 0-10

Source: Shahin (2005)

2.2 Drainage of Urban Pavements

According to Corréa and Dutra (2018), the drainage system can be understood as the set of elements
that aim to guarantee the integrity of the roads and their surroundings, in addition to promoting
safety for users. Such devices direct the water to a suitable location, being properly planned during
the construction or restoration of a road (REIS, 2016).

When referring to the urban drainage system, it is necessary to understand its subdivision into
macro drainage and micro drainage (RESPLANDES et al., 2021). According to the Department of
Sanitary Engineering at the University of Sdo Paulo (2015), macro drainage can be defined as a
cursor that directs a high volume of water, such as rivers and streams. In the case of micro drainage,
it can be considered as the part of the system responsible for directing rainwater to the macro
system. This is composed of elements such as gutters, manholes, manholes, manholes and galleries.
In the case of urban pavements on a road, the existence of a micro-drainage system for directing
rainwater is essential, since it is necessary to maintain such essential infrastructure in ideal
operating conditions (SOUZA, 2012).

With regard to the accumulation of water, whether surface or groundwater, it can be a harmful
factor for highways. According to Lima et al. (2022), the accumulation of water on the roadway
can severely impair the conditions of adhesion of the roadway, and may cause accidents.

In the case of floods, it is also possible to observe significant damage to the pavements and,
consequently, to the population. In addition to the change in traffic with the visible reduction in
safety, water is capable of infiltrating the layers of the pavement, reducing its useful life. The water
that remains contained in the layers, in addition to that coming from the water table, can cause
damage such as a reduction in the support capacity of the subgrade layer, in addition to sinking and
even rupture (REIS, 2016).
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3. METHODOLOGY

To fulfill the objective proposed by the research, the following sequence of activities was
developed:

i) delimitation of the study area;

i) preparation of forms for data collection;

iii)  survey of data on the condition of the pavements;

iv)  survey of data on the condition of drainage elements;

V) analysis of the correlation between the results found.

The evaluated excerpts are the subject of study by undergraduate and graduate students at the
Federal University of Paraiba — UFPB. Due to the availability of a database on the stretches in
question (item 3.1) and because it is considered a tourist district in the city where the quality of the
roads needs to be presented in ideal conditions, it was decided to evaluate the correlation between
the information.

Regarding the pavements, the survey of defects was carried out by analyzing images available in
the database used, using the form available in NBR 006/2003 — PRO. To help the defects
quantification step, concomitantly with the measurement, a photographic record was made for each
defect so that their severity could be assessed, helping in the subsequent use of the abacuses of
appendix X3 of Standard ASTM D6433 — 18, during the step of qualification.

To obtain data regarding the surface urban drainage system, a survey was carried out of the
elements that made up the network, adapted from the study by Novaes et. al. (2019), based on
filling in the forms prepared to quantify the existence of storm drains and gutters, as well as the
qualification of their respective conservation conditions, which can be good, regular or terrible.

3.1 Characterization of the Excerpts

The evaluated stretches were distributed throughout the neighborhood of Tambad, in the city of
Jodo Pessoa - PB. Roads that simultaneously had flexible paving and a surface drainage system
were chosen. The location of the sections is shown in Figure 1.

9220000
1
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Projecdo Universal Transversa de Mercator
DATUM: SIRGAS 000 ZONA 25S
Fonte de Dados: Prefeitura de Jodo Pessoa (2021)
Elaboracdo: Mana Ingndy Lacerda DiniZ

9212000 9216000
1 1

9208000
1
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9204000
1
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T T T T
284000 288000 292000 296000 300000

Figure 1. Location of the Study Area and Excerpts
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The information detailed information about the locations of each section can be found at Table 3.
To maintain the proportionality of the samples, all had the same length of 80 meters.

Table 3. Information about the Sections

. Limits
Section Range Streat Sense - Length
Start Final (m)
Road Our Mrs | 1amPad : Handicraft Market —
1 Left - Space of being -
dos Navegantes . Av. Ruy Carneiro
Manaira
. Senhora dos Tambau : Handicraft Market -
2 Right - Space of being .
Navegantes Road . Ruy Carneiro Ave.
Manaira
3 Left Nego Ave. Beach Infan_te Dom Prof. Maria Sales
Henrique St. Ave.
. Nego Ave. Infante Dom Prof. Maria Sales
4 Right Beach Henrique St. Ave.
5 Left Nego Ave. Beach Av. Prof. Maria N. Sra dos
Sales Navegantes St.
. Nego Ave. Ave. Prof. N. Sra dos
6 Right Beach Maria Sales Navegantes St.
Tambadu
7 Left Infan_te Dom - Nego Ave. Av. Olinda
Henrique St. .
Manaira
Tambadu
8 Right Infan_te Dom - Nego Ave. Av. Olinda
Henrique St. .
Manaira
Helena Meira Prof. Maria Infante Dom
9 Left Lima Street Center Sales Ave. Henrigue St.
. Helena Meira Av. Prof. Maria Infante Dom 80
10 Right Lima Street Center Sales Henrique St.
Helena Meira Streat Monteiro oo
11 Left Lima Street Center L obato Streat Silvino Lopes
. . Before the
12 Right He]ena Meira Center Monteiro crosswalk with
Lima Street Lobato St. S
Silvino Lopes St.
Helena Meira Antonio Lira Senhora dos
13 Left Lima Street Center Ave Navegantes Road
. Helena Meira Antonio Lira Senhora dos
14 Right Lima Street Center Ave. Navegantes Road
15 Left Pres. Epitacio Bessa Road Senhora Prof. Maria Sales
Pessoa St. dos Navegantes Ave.
. Pres. Epitacio Road Senhora Prof. Maria Sales
16 Right Pessoa St. Bessa dos Navegantes Ave.
Pres. Epitacio Manoel Prof. Maria Sales
17 Left Pessoa St. Bessa Cavalcante de Ave.
Sousa Ave.
Pres. Epitacio Manoel Prof. Maria Sales
18 Right Pessoa St. Bessa Cavalcante de Ave.
Sousa Ave.
19 Right Adm. Le\lln;andare Bessa Olinda Ave. Sto. Antonio Square

3.2 Statistic Analysis
It is possible to verify the existence of the relationship, as well as the intensity, existing between
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two variables from the analysis of your correlation. For this, the Pearson Correlation coefficient (r)
presented by equation 3 (MERGH, 2019; OLIVEIRA et al., 2022) was used.

=X =X -7)

SO = DS (- 7]

Where:

n: number of pairs of observations;
Xi: observation i of variable X;

Yi: observation i of variable Y;

X: average of X values;

Y: average of Y values.

(3)

In agreement with Francisco & Dantas Neto (2021), it is possible take intervals to help with

interpretation of the results of r, as presented at table 4.

Table 4. Interpretation of Correlation Coefficient Values (r)

Correlation Coefficients (r) Types of Correlations
r=1 Perfect Positive
0.8<r<l1 Strong Positive
0.5<r<0.8 Moderate Positive
0.1<r<0.5 Weak Positive
0<r<0.1 Intimate Positive
0 Null
0.1<r<0 Intimate Negative
-0.5<r<-0.1 Weak Negative
-0.8<r<-05 Moderate Negative
-1<r<-0.8 Strong Negative
r=-1 Perfect Negative

Source: Francisco & Dantas Neto (2021) Adapted

For the analysis in question, the PCI value, due to its calculation methodology present bigger
accuracy of the real quantification of the state of condition of the evaluated element (pavements),
will be considered with independent variable (X). The dependent variables will therefore be the
manholes (Y 1) and the gutters (Y 2).

To assist in analysis statistics, the hypothesis statistical test was performed to ascertain the
difference between the averages obtained. In this case, the following will be determined
hypotheses:

Ho:pty —p =0 4
Hy:pg —pp # 0 (5)
Where:

Hy: Null hypothesis;

H,: Alternative hypothesis;

1 1and 1 2: Averages of populations 1 and 2, respectively (Being the population related to the
pavements and the population 2 each of the drainage elements at a time).
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In that study, the case considered was that of data not paired, with population standard deviations
_ known, resulting in two mean comparisons. The procedure consists of testing the mean
differences between the populations, adopting the order of 0.5 based on the study by Medeiros et
al. (2017). Then, the analysis verifies the following hypothesis:

Hop:pg = 0,5 (6)
Hy:ug > 0,5 (7)
Where:

uq: Difference of means between populations.
4. RESULTS AND DISCUSSION

4.1 Pavements Condition

The survey of the defects found in the pavements is shown in Table 5. The defects of block
cracking, elevation and settlement, corrugation, joint reflection cracking, pavement/side slope
unevenness, railway crossing, mass slippage, cracking due to slipping and swelling were not found
during the survey, and due to this, there is no quantification of the aforementioned defects in Table
5.

Table 5. Quantification of Pavement Defects

TF E AL B TLV R AP P TR D
Sec. | Area Area Area Meter | Meter Area Area ltems. Area Area
[m?] [m?] [m?] [m?] [m?] [m?] [m?]
1 - - - 12 143 5 - - - 50
2 88 - - - 90 2 - - 15 200
3 59 - 0.5 42 46 - 1 - 210
4 79 - 38.7 42 11.25 - - - 220
5 - - - - 43 4.25 - - - 38
6 - - - - 21 - 1 - 26
7 - - - - - - - - - 5
8 - - - - 35 - - - - 13
9 - 0.1 - - - - - - - 46
10 - - - - - 45 - - - 61
11 - - - - - 2 - - - 9
12 - 0.5 - - - - - - - 19
13 - - - - - 1 6 - - -
14 - - - - - - - - - 36
15 - - - - 49 - - - - 73
16 32 - - - - - 2 - - 54
17 - - - - 6 - - - - 80
18 - - - - - - - - - 32
19 - - - - - - - - - 15

Caption: TLV: Longitudinal and Transverse Crack, TF: Settlements, E: Bleeding, AL: Localized
Sinking, TB: Block Crack, R: Patch, AP: Polished Aggregate, P: Potholes, TR: Rutting, D:
Raveling.
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From the evaluation of the survey of defects of the sections, it was it is possible to point out that
the defect with wear and tear was the greatest record, appearing in almost all evaluated locations,
with exception of Section 13.

A large number of the cracks presented may have been caused by reflection of the cracks at the
base of parallelepipeds. It is important to highlight that no he was possible to acquire the
information with City Hall about which flexible pavements evaluated had or no this type of base
in parallel. the observation this factor was only possible when the base was exposed due to some
pavements defect.

in agreement with Bernucci et al. (2008), these cracks also can be caused by too much, such as the
action of repetitive traffic loads, climate action (thermal gradients), the possible binder aging and
loss of flexibility, inefficient compaction of the coating, deficiency in asphalt binder content,
undersizing, differential settlements, among others.

After weighting the affected area as determined by ASTM D6433/2018, it was possible to calculate
the condition of the pavements from the PCI. The index values for each stretch, as well as the
respective classification, are found in Table 6.

Table 6. Pavement Condition Classification by the PCI method

Section PCI Classification
1 56 Good
2 20 Too bad
3 37 Bad
4 50 Average
5 81 Very Bad
6 74 Very Good
7 98 Great
8 88 Great
9 92 Great
10 89 Great
11 94 Great
12 95 Great
13 99 Great
14 94 Great
15 62 Good
16 64 Good
17 83 Very Good
18 80 Very Good
19 85 Very Good

4.2 Condition of Drainage Elements

Existence and conditions of the drainage elements (mouths and gutters) were observed in the
evaluated stretches. Information about the elements can be found at Table 7. The absence of both
elements was found in excerpts 15 and 17. concomitant presence of the elements in the most of the
sections evaluated, with exception of section 4, which does not featured wolf's mouths on the your
extension, however counted with the presence of gutter.
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Table 7. Quantification and Qualification of Drainage Elements

Quantification of Quialification of Elements
Section Elements Wolf mouth Gutter
Wolf mouth | Gutter | Good | Regular | Terrible | Good | Regular | Terrible
1 3 Yes X - - - - X
2 two Yes - X - - X -
3 1 Yes X - - - X -
4 0 Yes - - - - X -
5 1 Yes X - - - X -
6 1 Yes X - - - X -
7 2 Yes - - X - X -
8 2 Yes -- X - - X -
9 1 Yes X - - X - -
10 1 Yes X - - X - -
11 1 Yes X - - X - -
12 1 Yes X - - X - -
13 1 Yes - X - X - -
14 1 Yes X - - X - -
15 0 No - - - - - -
16 1 Yes X - - - X -
17 0 No - - - - - -
18 1 Yes - - X - X -
19 1 Yes X - - - X -

in agreement with table 7, sections 1, 2, 7 and 8 presented more than one manhole to be evaluated.
In this case, only one marking he was done in the element qualification column, since all the
culverts of the same stretch had the same condition, such as stretches 2 and 8, which had two
manholes each, and both pieces were in fair condition.

He was possible to verify that most of the culverts of the stretches, adding a total of 57.9%, fit at
good condition category.

Regarding the condition of the gutters, only stretch 1 presented the Bad conditions. Then, even if
the section has presented 3 culverts, the condition of the gutter possibly prevents the directing of
water to them, which interferes with the functioning of the system. The other stretches had the
gutters in regular (52.6%) or good (31.6%) conditions.

4.3 Correlation between Pavement Condition and Drainage Elements

Table 8 presents the comparison between the indices found for the condition of each evaluated
element. To allow comparison between the data, adapted from Silva, Diniz and Melo (2020), the
PCI values were divided by 25 (twenty-five) and converted to the same scale as the condition of
the gutters and culverts, or that is, values between 0 and 4.
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Table 8. Comparison between condition indices of evaluated elements

Values Condition Classification
Section PCI Wolf's PCI Wolf's
(Pavements) | mouths Gutter (Pavements) mouths Gutter
1 2.24 3 1 Good Good Terrible
2 0.8 2 2 Very Bad Regular Regular
3 1.48 3 2 Bad Good Regular
4 2 0 2 Average Doeg not Regular
exist
5 3.24 3 2 Very Bad Good Regular
6 2.96 3 2 Very Good Good Regular
7 3.92 1 2 Great Terrible Regular
8 3.52 2 2 Great Regular Regular
9 3.68 3 3 Great Good Good
10 3.56 3 3 Great Good Good
11 3.76 3 3 Great Good Good
12 3.8 3 3 Great Good Good
13 3.96 2 3 Great Regular Good
14 3.76 3 3 Great Good Good
15 2.48 0 0 Good Doesnot | Does not
exist exist
16 2.56 3 2 Good Good Regular
17 3.32 0 0 | VeryGood | DPoeshot | Doesnot
exist exist
18 3.2 1 2 Very Good Terrible Regular
19 3.4 3 2 Very Good Good Regular

From table 5, it is observed that in 5 sections (9, 10, 11, 12 and 14) the condition of all the evaluated
elements was maximum, being “excellent” for the pavements and “good” for the storm drains and
gutters. However, even if the best pavements evaluation as well has been achieved in sections 7, 8
and 13, the condition of the drainage elements no reached the same classification, varying between
“regular” and “terrible”.

It is necessary to highlight the situation presented by excerpts 15 and 17, which, even with none of
the drainage elements evaluated in the research present in the roads, the pavement presented itself
in conditions acceptable to users, with second- best classification on the previously presented scale
at Table 2. This result conflicts in the sense in which it is suggested that for a good functioning of
the roads is necessary the direction adequate amount of water present in the pavement surface.
Table 9 presents the average values, deviation pattern and variance of the results found for each
evaluated element. the deviation standard it was considered of the sampling type (n-1).

Table 9. Mean and Deviation Standard Element Condition Indices

Detour Standard .
Average variance
Element W sample ()
i ()
Pavements (PCI) 3.03 0.89 0.79
Mouths of Wolf 2.16 1.17 1.37
gutters 2.05 0.91 0.82
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It is possible to observe that for the three evaluated elements (Table 9), the deviation standard was
high , indicating high dispersion between the values collected in the field.

Also he was A comparison is made between the elements based on the difference between the
averages of the results of each evaluation to verify the previously determined null hypothesis
presented at Table 10.

Table 10. Difference of Means and Null Hypothesis Analysis

Analysis Difference of Means null hypothesis
(ud) _ (Ho)
Pavements x Bocas de Lobo 0.88 reject
Pavements x Gutters 0.98 reject

It is possible to check in Table 10 rejection of the null hypothesis in both analyzes carried out, since
the difference between the evaluated elements was presented above 0.5. Therefore, the values
found do not can be considered acceptable for the correlation between the elements.

To assess the level of correlation, the analysis was carried out separately for each drainage element
combined with the pavement condition index, or i.e., the correlation between the condition of the
pavements and the storm drains was verified, and then the correlation between the pavements and
the gutters. The results found are presented at Table 11.

Table 11. Pearson's Correlation and Determination Coefficients

Correlation Coefficient of

Combination Coefficient Determination
() (r3)
Pavements x Bocas de Lobo 0.14 0.02
Pavementss x Gutters 0.39 0.15

From Table 11, it is possible to verify that both correlations were within the interval of 0.1 <r <
0.5, being thus considered as weak and positive. However, it is necessary to point out that the
comparison with the interpretation of Francisco and Dantas Neto (2021) is considered arbitrary,
since the values do not take into account the context of the study.

Although the results do not show clear behavior of a 3rd degree equation, in an attempt to improve
the value of r2, a degree 3 polynomial regression for both analyses. From Figure 2, it is possible to
observe the dispersion between the condition of the pavements related to the condition of the
culverts (Figure 2-A) and gutters (Figure 2-B), respectively.
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Figure 2. Polynomial Regression: A) Pavements x Gutters, B) Pavements x Gutters

From the analysis of the results it is possible to verify that for the first verification (Figure 2-A)
data dispersion is presented with accuracy low, in which the attempt of polynomial adjustment of
the curve did not prove to be adequate , with a value of r2<0.1, considered low . In the second case
(Figure 2-B), the results showed better accuracy when compared to the first analysis. In the case of
curve fitting, the result showed moderately satisfactory behavior, achieving an r2=0.4.

5. FINAL CONSIDERATIONS

From the bibliographic survey, the drainage elements were presented as primordial criteria for the
good performance of the pavements, and, although the statistical evaluation has shown a weak
correlation between the condition of the pavements and the evaluated drainage elements, it is
necessary to highlight the level of complexity of urban road elements, such as the presence of other
infrastructure systems (water distribution, sewage collection, energy, gas, etc. ) use, frequency of
corrective maintenance, existence of preventive maintenance, among others.

With regard to the condition of the analyzed infrastructure, the data collected and evaluated present
a comprehensive overview of the assessment of the situation, since for each element all types of
conditions existing in the assessment forms were found, from systems considered in good condition
to those classified as the worst condition. Therefore, this holistic representation of infrastructure

Analysis of the correlation between the condition of urban pavements and elements of the drainage system 233

Diniz, M., Melo, R.



234

Revista ALCONPAT, 13 (2), 2023: 220 — 234

systems could provide combinations of situations to exemplify the need and importance of
monitoring the condition of the elements.

The indication of the severity, scope and extent proved to be adequate for the context of the work,
however, to make it even more coherent with the recorded reality, it is recommended to calculate
the condition of the pavements by other methods, such as Distress Manifestation Index Network
Level (DMINL, 2010) and Urban Pavement Condition Index (UPCI, 2015), in addition to
surveying the condition of other elements present on the road that may influence the condition of
the pavements.

Although it was not the objective of the research to suggest maintenance proposals for the evaluated
elements, the classification of severity levels together with the integration of the data of the
elements, presented itself as a viable instrument for planning and pointing out priorities for
intervention in the roads, as well as acceptability assessments of the state of functionality and
usefulness of the elements, thus being able to establish goals for possible maintenance interventions
by the responsible bodies.
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ABSTRACT
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Gestion integral de la corrosion. Anélisis documental

RESUMEN

El objetivo de este informe es hacer un analisis documental sobre las diferentes técnicas de
mitigacion de la corrosion disponibles en la actualidad, como los morteros de reparacion, los
inhibidores activos y pasivos de la corrosion, los revestimientos protectores y la proteccion
catddica con corriente inducida o galvanica. Estas estructuras, construidas para durar mucho
tiempo, estdn sometidas al envejecimiento por influencias de su entorno, como el agua, el diéxido
de carbono atmosférico y otros elementos nocivos como los cloruros y la contaminacion. El
proceso de deterioro mé&s comudn en las estructuras de concreto armado es la corrosion y la
consiguiente dilatacion de la armadura de acero, lo que provoca la fisuracion y el desconchado del
concreto.

Palabras clave: corrosion; inhibidor de corrosion; proteccion catddica, anodo galvanico.

Gestao Total da Corrosao. Analise documental

RESUMO

O objetivo deste relatorio é apresentar as diferentes técnicas de mitigagdo da corrosdo atualmente
disponiveis, tais como argamassas de reparo, inibidores de corrosdo (ativos ou passivos),
revestimentos de protecdo e protecdo catddica por corrente induzida ou galvanica. As estruturas,
construidas para durar muito tempo, estao sujeitas ao envelhecimento precoce devido a influéncias
ambientais como agua, dioxido de carbono atmosférico e outros elementos nocivos, como cloretos
e poluicdo. O processo de deterioracdo mais comum em estruturas de concreto armado € a corrosao
e posterior expansdo devida aos produtos de corrosdo do aco, levando a fissuracdo e ao
destacamento superficial do concreto.

Palavras-chave: corrosdo; inibidor de corrosdo; protecdo catddica; anodos galvanicos.
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1. INTRODUCTION

Reinforced concrete structures such as buildings, bridges, etc. are designed to last a long time — it
Is not uncommon for bridge structures to have a design life of 100 years or more.

By having the correct concrete cover with an appropriate mix design, the concrete itself generally
provides the necessary corrosion protection for the embedded steel reinforcement bars.

During hydration, cement generates hydrated lime that produces a highly alkaline environment in
the pore liquid of the cement matrix. In this way, the steel reinforcing bars are held in a passivated
condition, as stable iron oxides are formed on the steel surface.

However, due to the natural process of carbonation, the concrete can progressively lose its high
alkalinity, or due to the localized action of chlorides the stable iron oxides can be broken down,
meaning that the steel reinforcing bars are no longer in a passive environment, and they can start
to corrode.

These issues happen when for example, the concrete cover is less than specified, or during
construction there has been a lack of compaction, or inadequate concrete curing.

The corrosion of steel reinforcing bars embedded in concrete behaves in the same way as the
corrosion of a metal in electrolyte solutions, corrosion always occurs at the anodes as described in
the figure 1.

S . . S T R e g e A
Figure 1. schematic model of corrosion of reinforcing steel in concrete.
Conditions required for steel corrosion:

e Loss of alkaline passivity (due to carbonation, or the presence of chloride).

e Moisture in the concrete pores (electrolyte).

e The presence of Oxygen near the reinforcing bars.
All three criteria must be present for the steel to corrode.

1.1 Carbonation induced corrosion
When atmospheric carbon dioxide meets hydrated lime in the pore liquid of non-carbonated
concrete, a carbonation reaction occurs, and the highly alkaline calcium hydroxide (Ca(OH). with
a pH ~13), from the hydrated lime, is converted into low alkaline (pH ~9), relatively insoluble
calcium carbonate as shown in the equation 1:
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Ca(OH)2 + CO; — |CaCOs3 (1)

LN

Figure 2. Adapted from Angst. The anode and cathode are of similar size in carbonation-induced
corrosion.

Figure 3. Carbonation-induced corrosion in areas of poor or inadequate concrete cover.

Corrosion initiating from carbonation generates a series of microcell anodic / cathodic areas (figure
2), which lead to what can be seen as widespread corrosion, but which progresses rather slowly,
typically a 1/100 to 1/10 mm reduction of the rebar per year (Angst et al, 2020). This type of
corrosion frequently affects large areas of reinforcement near exposed concrete surfaces in zones
of low or inadequate concrete cover, such the building facade wall shown in the figure 3.

1.2 Chloride induced corrosion

Even in highly alkaline conditions of non-carbonated concrete, when there is the ingress of chloride
ions, e.g., in marine atmospheres or when de-icing salts etc. are applied, these reach the surface of
the embedded reinforcement, there is a localised generation of acid, which attacks the steel causing
pitting corrosion (Silva, 2013), with the formation of local anodic areas, as shown in figures 4 and
5 below:
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Figure 5. Typical pitting chloride induced corrosion.

The rate of chloride induced corrosion can be fast, very local and may produce no externally visible
signs, until the concrete cracks and cover delaminates as shown in figure 6. The sudden devastating
collapse of structures due to this local loss of reinforcement cross section can happen, without prior
warning signs.
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Concrete  CI, Oy, H,0 Cr,0,, H,0

Cathode:
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Figure 6. Adapted from Silva (Silva, 2013). Schematic representation of chloride-induced pitting
corrosion.

1.3 Corrosion management systems
Different types of corrosion management systems are available to address the problem of corrosion
in reinforcing steels:

. Concrete repair mortars

o active and passive corrosion inhibitors

o Anti-carbonation coatings

o Induced current cathodic protection

o Galvanic anodes (embedded, discrete and surface-applied)

Other available systems are mentioned in the European standard EN 1504, however, they are not
described in this article.

The aim of this paper is to carry out a documentary analysis of some of the most widely used
corrosion management systems mentioned above.

2. CORROSION MANAGEMENT SYSTEMS

2.1  Concrete repair mortar

Repair mortars are used to provide concrete cover when this is below the designed thickness, and
/ or to replace concrete spalling due to steel reinforcement corrosion.

Corrosion of steel reinforcement adversely affects many concrete structures. Patch repair is a
common technique that involves the removal of physically deteriorated concrete (e.g.,
mechanically with chisels, or by hydro demolition), cleaning the exposed steel surfaces, and then
restoring the original profile with a suitable repair mortar(s).

This process renders the steel within the repair area to a passive condition (Page & Sergi, 2000).
In a significant number of cases, subsequent corrosion-induced damage has been observed in what
had seemed to be sound concrete in the immediate area around the patch repairs as seen in the
figures 7 & 8. This has sometimes been within a few months following completion of the patch
repair process (Qian, et al 2006). This phenomenon is known as incipient or ring anode formation,
or the halo effect (Bertolini, et al 2004).

Total Corrosion Management. Documentary analysis

Donadio, M., Capacho, J., Santander, L.



Revista ALCONPAT, 13 (2), 2023: 235 — 253

. p o . : ».' _4
— — — — - .. TR

Figure 7. Spalling due to chloride corrosion.

The concept that macrocell activity (the formation of spatially separated anodes and cathodes)
causes the incipient anode effect was first introduced by Page and Treadaway (Page & Treadaway,
1982). They suggested that the redistribution of anodic and cathodic sites following concrete repair
affects future corrosion risk. Christodoulou (Christodoulou, 2012) shows a widely held view that
the cause of incipient anodes is the loss of natural cathodic protection provided by the corroding
steel to the steel in the parent concrete adjacent to the patch repair.

The Conrep Project (Tilly et all, 2007) indicates that 20% of repair works fail within 5 years &
55% within 10 years. The paper also indicates that only 30% of patch repairs were successful when
used as stand-alone, while this percentage rose to 50% when combined with a protective surface
coating.

We can therefore summarize the incipient anode process as follows:

e Spalling due to reinforcing steel chloride induced corrosion occurs in the anodic zones.

e Removal of the concrete is done in these affected areas.

e Repair is carried out with proprietary cement-based repair material that is highly alkaline.

e The freshly repaired zone is now changed to a cathodic zone (due to the high alkalinity of
the repair mortar).

e The cathodic zones that were surrounding the anodic zones (spalled areas) are now turned
to anodic zones as they are less alkaline than the freshly applied repair mortar and most
likely they already contain some chlorides.

e The reinforcing steel that was previously in the protected cathodic zones is how no longer
In a passivating environment as this zone has become an anode.

e Acceleration of the corrosion occurs then in these newly formed anodic zones (surrounding
the patch repair areas) — refer to figures 7 & 8.

. p ¥
P ¥ . VA .
§ ‘% (

3 s,

Figure 8. Spalling in the adjaéent areas due to the formation of the incip‘ient anode corrosion.
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Therefore, particularly in case of chloride induced reinforcement corrosion, concrete repair with
patch repair mortars alone, might not provide the desired long-term efficacy of the repair.

As a result, patch repair work needs to be combined with suitable systems to avoid formation of
incipient anodes.

2.2

Corrosion Inhibitors

An inhibitor is a substance that either delays or retards the rate of a chemical reaction. A corrosion
inhibitor is defined as a substance that delays the onset of corrosion or reduces the rate of existing
steel corrosion.

Corrosion inhibitors for reinforced concrete, are available as admixtures that can be mixed with
concrete, repair mortar or replacement concrete, or as surface applied impregnating products; the
latter being the type most commonly used for concrete repair works.

There are 2 main types of corrosion inhibitor available in the market:

Active corrosion inhibitors that require the active component to penetrate and reach the
reinforcing bars to be able to provide a continuous film on the surface, which protects the
steel bars from corrosion.

Passive corrosion inhibitors, which act in different way, which is by preventing liquid water
to penetrate and migrate through the concrete, whilst allowing the evaporation of entrapped
moisture by vapor diffusion. This increases the resistivity of the concrete surrounding the
reinforcing steel. An advantage of this technique is that it also prevents future chloride
ingress to the structure.

2.2.1 Active corrosion inhibitor
There are also different active corrosion inhibitor technologies available in the market

Anodic corrosion inhibitors that suppress the anodic reaction — typical product is nitrite-
based inhibitor. Their use can be critical if their concentration is not high enough,
accelerated corrosion may occur.

Cathodic corrosion inhibitors that either slow the cathodic reaction itself or selectively
precipitate on cathodic areas to increase the surface impedance and limit the diffusion of
reducible species to these areas — Typical products are zinc compound (precipitation of
oxide forming a protective film on the rebar) or sodium sulphite acting as an oxygen
scavenger. These are considered as safe, but they are less efficient than anodic inhibitors
Ambiodic (mixed) corrosion inhibitors that act simultaneously on both the anodic and
cathodic zones. This class of inhibitor has a synergistic effect, combining the benefits of
both anodic and cathodic types, even at low dosage. They are safe at a low dosage, no
corrosion acceleration has been found, only a lowering effect.

Ambiodic inhibitors are typically based on a mixture of an amino alcohol and its amino
acid salt. These molecules are very small and very volatile. They do not react with cement,
and so they are able to migrate freely within the cement matrix (Tritthart, 2002).

In summary, ambiodic corrosion inhibitors:

Penetrate the concrete in both liquid & vapor phases

Displace hydroxides on the steel surface in carbonated concrete

Displace chlorides on the steel surface (in certain conditions)

Form an adsorbed chemical layer 100-1000 angstrom thick on the surfaces of the steel
reinforcement

Reduce iron dissolution at the anode

Reduce oxygen access at the cathode

Total Corrosion Management. Documentary analysis

Donadio, M., Capacho, J., Santander, L.



Revista ALCONPAT, 13 (2), 2023: 235 — 253

However, in many countries surface applied corrosion inhibitor technology has only found limited
acceptance, and indeed there can be significant limitations with regards to their use and efficacy:

e The first limitation is their ability to migrate in sufficient quantity to be effective. If the
concrete is of high quality and/or the cover is relatively thick, then the inhibitor molecule’s
ability to migrate deep enough in sufficient quantity at the level of the reinforcing bars, is
limited. This situation is most likely to arise in civil engineering structures.

e The second major limitation is when there are already chlorides present in the concrete.
Based on experience and following intensive research such as in the SAMARIS project
(SAMARIS, 2003-2005), , these inhibitors are not effective if certain level of chlorides is
already present near the reinforcing bars.

In summary, for marine, or civil engineering structures exposed to de-icing salts, active corrosion
inhibitors are not the optimum solution to mitigate existing corrosion.

However, there are some positive results for the use of these inhibitors in chloride induced
corrosion — the SAMARIS project also presents one of them — Fleet Flood Bridge, where the
inhibitor was successfully used to address the issue of incipient anode corrosion.

As shown by Heiyandtuduwa (Heiyantuduwa, 2006) and Taché (Tache, 2000) (refer to the figure
9 where a strong reduction of corrosion is noted with the effect of inhibitors that are applied before
or after accelerated carbonation), this technology works best in reinforced concrete with
carbonation-induced steel corrosion for three main reasons:

e Carbonation induced corrosion is often associated with low concrete cover. Hence it is
easier for the inhibitor to reach the reinforcement steel

e Carbonation occurs mainly in concrete of lower quality — hence it is of lower density, and
respectively there is better penetration (depth and quantity) of the inhibitor.

e Corrosion rates associated with carbonation are relatively slow, so it is easier for the
inhibitor to be effective.

Regime 2 Regime 3
24% April 2001 Cycle No. 28 Cycle No. 38 25% March 2002

0.8 I

AL
AVY
N R
g 0.4 / ‘\_\\/"!J v
2o XA A
g 0.2 4 —,
O %
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0 T T T T T T T T
0 10 20 30 40 50 60 70 80 90

CYCLE NUMBER

Controls BC =—AC

Three-point moving averages of corrosion rates for 10 mm cover samples

Figure 9. Carbonated concrete - effect of active inhibitor (applied before and after carbonation).
(Heiyantuduwa, 2006)
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When suitable, active corrosion inhibitor technology is a very cost-effective technique.

Typically, active corrosion inhibitors will be more efficient at reducing carbonation induced
corrosion in buildings, rather than to mitigate chloride induced corrosion in civil engineering or
marine structures.

2.2.2 Passive Corrosion Inhibitors

As indicated above, passive corrosion inhibitors work by significantly increasing the resistivity of
the concrete at the level of the reinforcing bars.

Concentrated silane passive corrosion inhibitors with an active content around 80% for cream
types, or more than 90% for liquid types, are effective solutions to reduce water penetration into
dense concrete structures. Numerous field reports also attest their long performance. Christodoulou
(Christodoulou, et al 2012) has shown that “Treatments carried out 20 years ago can still provide
a residual protective effect”.

These passive corrosion inhibitors are very efficient at preventing chloride migration in concrete
Eva Rodum (Rodum, 2012 has carried out tests on existing structures and shown that the
hydrophobic impregnations used are very effective in preventing chloride migration, even 10 years
after their application (refer to the figure 10) where the reference concrete has a very high chloride
content while the concretes treated with the different hydrophobic treatments have chloride levels
close to zero. Studies over a 11-year period carried out by M. Brem (Brem, et al 2022) show that
corrosion rate and the concrete electrical resistivity correlate very well, confirming that that the
corrosion reaction is mainly controlled by the moisture content of concrete at the level of the steel
reinforcement. In this study, a cream silane was applied to the concrete leaving an unapplied part
as a reference. Monitoring systems have been installed to measure the resistivity at different depths
in the concrete and the corrosion activity of the reinforcement. After 11 years, there is no moisture
penetration in the treated area (in blue in figure 11) with almost no corrosion activity. On the other
hand, there are high corrosion activity and high moisture in the untreated area (black in figure 11).
This study also shows the positive advantage of this silane treatment in terms of longevity and
corrosion protection.

Deck (FY) - 10 years of exposure
0,80

—+— 39 Ref
—+—41 Hi gel
—o— 44 Ref (mean of 2)
~8— 45 C+Hi cream
«— 47a Hl cream
o 47b Hil hqud

0,60

040

0,20

Chloride content (% by
concrete mass)

0,00
0O 5 10 15 20 25 30 35 40 45 50

Depth from exposed surface (mm)

Figure 10. Chloride concrete profiles of the substructure of a pier in Norway. (Rodum, 2012)
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Figure 11. CER Concrete Electrical Resistivity (top) and CCD Corrosion Current Density
(bottom) of untreated (black) and treated (blue) surfaces with a cream hydrophobic impregnation
from a tunnel ceiling over a period of 11-years (Brem, et al 2022).
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In summary, passive corrosion inhibitors are very effective for long-term prevention of chloride
induced corrosion.

Their ability to mitigate existing corrosion is more debatable and the efficiency may depend on the
level of corrosion, and their ability to penetrate sufficiently enough the concrete surface (not
requiring reaching the reinforcing bars). Additionally, the concrete must still allow each-way vapor
diffusion for moisture to evaporate and the concrete to dry out at the level of the reinforcement.

2.3 Protective coating

The primary function of protective coating on concrete surfaces is generally to halt the progress of
the carbonation front in the cement matrix.

These coatings can be also formulated to be elastic and effectively bridge cracks, even at very low
temperatures (down to -20°C).

Depending on the product, surface preparation and application, a typical durability of 10-15 years
can be observed for a flexible acrylic-based water dispersion coating, or 15-20 years for a rigid
methacrylate resin-based solvent dispersion coating. (Mozaryn, et al 2009). After which a refresher
coat may be needed to maintain the protective performance. However, there are examples where
premature failure was observed, due primarily to corrosion being too far advanced, excess moisture
content, or inadequate surface preparation and application.

After concrete repairs are carried out, protective coatings can be used to stop the future ingress of
deleterious elements (e.g., chlorides and CO3), and to provide a homogeneous visual appearance
of the substrate by hiding differences in color due to the patch repair works.

Breathable protective coatings will provide corrosion mitigation in the same way as hydrophobic
impregnations, by preventing further ingress of deleterious agents (e.g., Chlorides, and CO2) and
by allowing the concrete to dry out.

But if the corrosion is too advanced and/or if non-breathable coatings are used, there is a risk of
entrapped moisture with all the ingredients present in the concrete for corrosion to proceed.
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2.4 Cathodic protection
There is a recently produced updated European Standard which applies: Cathodic protection of
steel in concrete (1SO 12696:2016). This is valid for both induced current cathodic protection and
galvanic protection.

2.4.1 Induced current cathodic protection
The corrosion protection is providing by placing an anode, made from Titanium mesh for example,
at the surface of the concrete and connected directly to the reinforcement network (refer to the

figure 12).
+
Rectifier/
Concrete Ti mesh Control
overlay Unit
R

ORIGINAL CONCRETE

T\ Rebars

Figure 12. Induced current cathodic protection.

A current is then drawn through this system that maintains the rebars in the cathodic zone, meaning
no corrosion can occur in this area, even in the presence of high chloride contents.

When installed properly, this is the only system available that completely arrests corrosion
activities. However, it requires high skill levels to design and install such systems. It also requires
continuous provision of the electrical current, and continuous monitoring through the entire service
life, to ensure that the system is running properly. Any lack of such service might eventually result
in destructive effects from induced current in the structure

The National Cooperative Highway Research Program of USA in their synthesis 398 (National
Cooperative Highway Research Program, 2009), suggests that insufficient or no monitoring and
maintenance is being performed by many agencies and this is the most important reason for the
disappointing performance of many such systems.

In summary, induced current cathodic protection is a very effective system to stop corrosion
activities, but it is very complex to design and install, as well as being very costly to install,
continuously supply and monitor throughout its service life.

Additionally, this technique can only be used on prestressed concrete structures with additional
measures as a precaution due to the risk of hydrogen embrittlement.
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2.4.2 Galvanic protection

Galvanic corrosion protection of steel in concrete is based on the formation of a galvanic element
if a metal less noble than steel (refer to the figure 13), in direct contact with the concrete overlay,
is electrically connected to the steel reinforcement bars. The reinforcing steel is protected from
corrosion as long as sufficient galvanic current flows between the galvanic element (acting as
anode) and the steel reinforcement (acting as cathode). Most commonly, zinc is used as the
sacrificial element / anode material. The galvanic cell that is formed corresponds to a conventional
zinc/air battery. The first known application of a galvanic corrosion protection system for
reinforced concrete, was on a bridge deck in Illinois in 1977.

Active (Anodic)

1.Magnesium

4.Zinc

5.Beryllium

10.Cadmium (plated)
11.Uranium

12.A1 218 (die cast)

23.Indium

27.Tin (plated)

28.5tainless steel 430 (active)
29 Lead

30.Steel 1010

31.lron (cast)

32.Stainless steel 410 (active)
33.Copper

34.Nickel (plated)
35.Chromium (Plated)
38.Stainless steel 310 (active)
46.Brass, Yellow, 268

47 Uranium 8% Mo

52 Nickel-silver (18% Ni)
53.5tainless steel 316L (active)
54 Bronze 220

55.Copper 110

57.5tainless steel 347 (active)
8.Silver

9.Gold

10.Graphite

Noble (Less Active, Cathodic)

Figure 13. Potential difference of various metals.

The efficiency of galvanic corrosion protection depends on the lasting activity and durability of the
zinc anode. However, passivation of the zinc anode by formation of a passive layer that reduces
current flow on the zinc surface can be caused by:

e Deposition of anodic (zinc corrosion) products on the zinc element surface

e Contact with alkaline calcium hydroxide in concrete pore solution.
The first galvanic systems applied on reinforced concrete structures suffered from rapid passivation
of the zinc anodes and therefore lost their protective effect after a short time. This passivation had
to be addressed by the introduction of suitable activation agents — which could also result in
excessive self-corrosion, consuming up to 70% of the zinc without producing the necessary
protective current.
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Critical reports about mixed results from early applications created resistance to the use of galvanic
systems, which has continued up to now in some countries. Huge research and development effort
was put into development of better galvanic anodes with balanced activation for long lasting
effectiveness. All the known successful approaches developed to date, are extensively protected by
patents. However, there is also now evidence of a useful proprietary system service life of more
than 20 years.
Various systems of galvanic protection are available:
e Incipient anodes mitigation:
o Embedded anodes in the patch repaired area
o Discrete anodes installed at the periphery of the patch repaired area
e Control of corrosion in sound but contaminated concrete:
o Hybrid discrete anodes
o Galvanic discrete anodes
o Surface installed anodes
Typical advantages of galvanic systems over impressed current cathodic protection are:
¢ No need for external hard wiring the anodes (no risk of copper wire thefts)
Simple installation, relatively low cost
No risk of hydrogen embrittlement in prestressed or post-tensioned tendons
Self-adjusting current density
No continual service or monitoring required (although monitoring is always recommended
when a design life of more than 15 years is required)

2.4.2.1. Incipient anodes mitigation

These anodes are placed and embedded in the patch repair zone (Figure 14) and need to use a
mortar with a specific resistivity to fill the patch (Lozinguez, et al 2018; Christodoulou, et al 2014),
or within the concrete surrounding the patch repair zone (Figure 15). The efficiency of these latest
anodes does not depend on the resistivity of the mortar used to fill the patch (Lozinguez, et al 2018;
Christodoulou, et al 2014) to solve the problem of incipient corrosion of the anodes.

Sacrificial Zinc
Anode Core

Figure 14. Cut-away of a proprietary anode  Figure 15. Anodes to be placed in the vicinity
To be placed in the repair mortar patch. of the repair patch area.
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Galvanic anode technology for corrosion protection of reinforced concrete has been available for
more than 20 years.

Sergi George (George et all, 2010) has shown, from several field experiments, the long-term
durability of these anodes, and a good correlation between their estimated life span (from the anode
consumption) and the actual measurement of residual zinc remaining in the puck after 10 years.
The anodes placed in the repair patch areas, require a repair mortar to be used with a low resistance,
which unfortunately also limits the quality level of the mortar

When anodes are placed in the original concrete outside the repair patches, e.g., outside but in their
vicinity, the repair work can be carried out using high quality mortar, as there is no limitation in
the resistivity of the mortar. In Cancun, Mexico, a field test was carried out, installing anodes inside
the host concrete to protect the reinforcing steel against the incipient effect of anode corrosion. In
situ measurements showed the level of protection of the installed anodes (figure 16).

15dia. 2022 1:1432p. m
cancan
ENArG. Y Const. SA de CV

Figure 16. Installation of anodes inside host concrete w
Mexico.

Independent papers (Lozinguez, et al 2018; Christodoulou, et al 2014) have shown the importance
of placing the anodes in the surrounding parent concrete and not in the patch areas.

This is a relatively simple but effective system to prevent the development of incipient anodes,
even in the presence of high chloride contents in good quality sound concrete. If the anodes are
installed inside the patch, the repair mortar to fill the patch must have a specified resistivity. On
the contrary, if anodes are placed around the patch, a high-quality mortar can be used.

2.4.2.2. Corrosion prevention with discrete anodes

These anodes are placed in healthy but contaminated concrete and then linked together to produce
the galvanic current as can be seen in the photo in figure 17, which shows the preparation for
installing these anodes and linking them together.

Some issues (Holmes et al, 2011) have been raised regarding the efficiency of this system
especially in concrete structures with heavy existing corrosion. When running purely in galvanic
mode, in the presence of high chlorides, it has been found that the anode current output is the same
as the current output of anodes placed in concrete with no chlorides present. This means that the
effectiveness of discrete anodes might be limited if used to stop on-going corrosion in area of high
chloride induced corrosion.
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Figure 17. Discrete anodes on a bridge parapet.

The use of galvanic anode is a simple system, but with some limitations in areas of high chloride-
induced corrosion as the level of galvanic current released by the anodes may not be sufficient to
remove the chlorides and consequently repassivate the steel.

2.4.2.3. Corrosion prevention with hybrid systems

More than 15 years ago, a UK based company patented and launched a hybrid system that combines
both induced current and galvanic protection.

During the induced current phase (typically used initially for 1 to 2 weeks depending on the voltage
used), the steel reinforcement is re-passivated by the formation of hydroxide ions due to the induced
current output, whilst chlorides are removed from the surrounding pore liquid. Once the steel is
back in passivated form, the current is switched of, and the anodes are then connected so the system
can run in pure galvanic mode.

In the previously mentioned study, Holmes (Holmes et al, 2011), figure 18 compared the activity
of a zinc anode in concrete containing 2.5% chloride, operating at 100% in galvanic mode, with
the same anode that had previously been activated for one week by an external current. These two
systems were compared with the activity of the same galvanic anode placed in concrete without
chlorides. The study shows that the anode operating in pure galvanic mode generates as much
current as the anode placed in concrete without chlorides, demonstrating its ineffectiveness in
protecting the steel. Whereas the anode that has been previously activated, is very active due to the
presence of these chlorides. It sacrificed itself instead of the surrounding steel (see figure 19).

If required by the consultant, monitoring systems similar to those installed in the eddy current
cathodic protection system can be installed using a reference electrode and monitored according to
the recommendations of EN I1SO 12696.
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Figure 18. Comparison between the anode (2.5% CI. galvanic) operating in pure galvanic mode
and the anode (2.5% CI.) being activated by the induced current for a short period of time before
operating in galvanic mode. (Holmes et al, 2011).
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Figure 19. Schematic description of reference electrode monitoring system

Installed at the Whiteadder Bridge, Scotland in UK, this hybrid system still responds to the
environment long after the installation (Dodds, 2018).

The hybrid system is very attractive, as illustrated in Figure 20, as it provides a certain level of
performance warranty, such as those offered by the induced current cathodic protection system, by
being less complex and not requiring the same levels of long-term maintenance with constant
adjustment of the current input as required in the ICCP.
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Figure 20. Hybrid system operating in two stages.

Additionally, it can also be used in prestressed structures, as the high current output is only
provided for a very limited period initially, which is not enough to promote hydrogen embrittlement
(Dodds, 2018).

3. CONCLUSION

Depending on the requirements of the structure, its exposure, the existing corrosion levels, the
additional service life extension needed and, of course, the budget, there are different corrosion
mitigation techniques available on the market.

To protect structures against carbonation-induced corrosion, active corrosion inhibitor-based
protection systems, used alone or in combination with a protective coating that allows the substrate
to breathe, but prevents liquid water penetration, are simple to install, but effective and cost-
effective in relation to the increased durability they provide.

To protect structures against chloride-induced corrosion, if the corrosion is not very advanced and
the substrate has the possibility to dry out, the use of passive corrosion inhibitors is an effective
and long-lasting solution.

To avoid purging large amounts of healthy but contaminated concrete and, at the same time, to
prevent the undesirable effects of the halo effect, the use of galvanic anodes placed in the concrete
outside the area to be repaired is a possible solution.

For the prevention and control of corrosion in healthy but contaminated concrete (especially
contaminated with chlorides), cathodic protection is the most effective solution.

The solution with the hybrid system combining induced current and galvanic current is a good
compromise between the need for permanent monitoring of impressed current protection systems
and the simplicity of galvanic systems.

Close collaboration with all those involved in the renovation project is required to ensure the
selection of the most appropriate mitigation technique and systems, as well as their installation and
monitoring if necessary.
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ABSTRACT

The objective of this research is to identify and discuss the most eco-efficient sustainable strategies for
utilizing or reducing emissions of NOx, SOx, and SiO2 dust in cement manufacturing, in order to
improve competitiveness in the Mexican cement industry. The research design was qualitative,
observational, and deductive. Results showed that SOx waste bioreactors have greater eco-efficiency,
followed by domes for capturing and utilizing SiO2 and bag filters. These strategies are effective for
specific contaminants derived from cement production. This study delves into a scarcely addressed
topic in Mexico: cement sustainability. By applying these strategies, the Mexican cement sector would
boost its business competitiveness.
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Estrategias de sostenibilidad para la mayor competitividad en la industria
cementera de México

RESUMEN

El objetivo de esta investigacion es identificar y discutir las estrategias sostenibles més
ecoeficientes para aprovechar o reducir emisiones de NOx, SOx y polvos de SiO> en la fabricacion
de cemento, con el objetivo de mejorar la competitividad en la industria cementera de México. El
disefio de investigacion fue cualitativo, observacional y deductivo. Los resultados mostraron que
los biorreactores de residuos de SOy tienen mayor ecoeficiencia; seguido de los domos para
capturar y aprovechar el SiO2 y los filtros de mangas. Estas estrategias son efectivas para
contaminantes especificos derivados de la produccién de cemento. Este estudio indaga en un tema
escasamente abordado en México, la sostenibilidad del cemento. Al aplicar estas estrategias, el
sector cementero mexicano impulsaria su competitividad empresarial.

Palabras clave: competitividad empresarial; indicadores de competitividad; sostenibilidad;
industria cementera.

Estratégias de sustentabilidade para maior competitividade na inddstria
cimenteira do México

RESUMO

O objetivo desta pesquisa € identificar e discutir as estratégias sustentaveis mais ecoeficientes para
aproveitar ou reduzir as emissdes de poeiras de NOx, SOx e SiOz na fabricagdo de cimento, com
0 objetivo de melhorar a competitividade da inddstria cimenteira no México. Seguiu-se um
desenho de pesquisa qualitativa, observacional e dedutiva. Os resultados mostraram que 0S
biorreatores de residuos de SOx tém maior ecoeficiéncia; seguido por clpulas para capturar e
aproveitar SiO- e filtros de mangas. Estas estratégias sdo eficazes para contaminantes especificos
derivados da producao de cimento. Este estudo investiga um tema raramente abordado no México,
a sustentabilidade do cimento. Ao aplicar estas estratégias, o sector do cimento mexicano
aumentaria a sua competitividade empresarial.

Palavras-chave: competitividade empresarial; indicadores de competitividade; sustentabilidade;
indUstria de cimento.
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1. INTRODUCTION

Competitiveness aligned with environmental sustainability regimes guarantees any business
organization productive success, a stable economy, and business survival. It also enables the
adoption of transformations required by the changes in the globalized world. Scientific innovation
and technological development provide the necessary tools and means for designing better and eco-
efficient production strategies, thus helping in making more objective decisions (Jaramillo, 2017).
This study focuses on the cement industry, a sector that releases a large amount of greenhouse
gases and other polluting compounds into the environment. This situation represents a significant
challenge that must be addressed to ensure the health of future generations (Leon-Velez & Guillén-
Mena, 2020; Rodgers, 2018; Kumar, 2018). In this context, developing competitiveness implies an
analysis of the viability and applicability of sustainable and eco-efficient strategies in the cement
production process. The study of these strategies strengthens quality control in the manufacturing
of this material. It also provides a better understanding and mastery of topics such as the
environment, legal aspects, ethics, costs, and safety management in the construction sector. The
results of international and local cement companies contribute to improving the use and
preservation of resources in the Mexican cement industry.

1.1 Business competitiveness from a sustainable perspective

Business competitiveness from a sustainable approach aims to achieve greater stability, market
competition, and productivity based on sustainable processes. In this way, the life of a company is
guaranteed in the long term. The adoption of more eco-efficient production strategies is in line with
the prerogatives outlined in the 2030 Agenda to meet the Sustainable Development Goals (SDGs).
These goals were proposed by the United Nations (UN) in 2016 (Rivera-Hernandez et al., 2018;
UN, 2018).

Sustainability refers to the appropriate use, development, and recovery of all tangible, intangible,
material, and natural resources available to a business or industrial organization. Consequently, it
enables long-term stability and productivity (Roy, 2021). At this point, it is important not to confuse
the concepts of sustainability and sustainability. The former deals with the care and use of natural
resources, while the latter refers to development related to environmental care (Rivera-Hernandez
et al., Ruggerio, 2021).

The SDGs that are directly related to a sustainable industrial sector are responsible production and
consumption, climate action, preservation of underwater life and terrestrial ecosystems, clean water
and sanitation, as well as access to non-polluting energy. These SDGs are linked to community
human development at local, regional, and global levels. In addition, they converge with
environmental sustainability and promote optimal community development and health (UN, 2018;
Balanzategui et al., 2019; The Cement Sustainability Initiative or CSI, 2019).

An industrial corporation that operates under the terms of Sustainability, Corporate Social
Responsibility (CSR), and Corporate Environmental Responsibility (CER) can obtain certain
benefits. It improves its development, social reputation, business image, and generates long-term
economic returns. This effect is enhanced if their actions go beyond legal interests and obligations
(Gonzalez & Cuesta, 2018). The general process to develop greater business competitiveness in
sustainable terms involves:

Identifying suitable objectives and goals for each organization's characteristics.

Defining strategic action plans.

Generating a system of indicators that show the information derived from business activity.
Applying evaluations of their behavior.
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It is important to note that the design of strategies and actions is different in each company because
it depends on the results of a previous diagnosis that shows its deficiencies, potentialities,
resources, etc. (Vega, 2017). Some actions that strengthen the CER of any industry are reusing
industrial waste as raw material in production processes or implementing innovative production
based on other eco-efficient strategies. Experience shows that their implementation reduces
production costs, gas emissions, and the generation of polluting compounds (Bravo & Arroyo,
2018; Pérez et al., 2016; Lin et al., 2017).

1.2 Competitiveness indicators applicable in the cement industry

Productivity and economic performance are basic indicators of competitiveness in the cement
industry. Pérez et al. (2013) proposed other potential indicators that can be addressed at the
organizational level. These indicators promote business competitiveness in this sector and include:

e Participation in the global market and a strong international position. Generates greater

growth and integration of the domestic market.

Development of CSR and CER. Maximizes functions and improves corporate image.
Price competitiveness. Drives attractive prices for the market.

Technological competitiveness. Increases productivity by offering differentiated products.
Authentic or genuine competitiveness. Increases quality and productive efficiency by
taking advantage of economies of scale and product differentiation.

e Spurious competitiveness. Generates a system of protected industrialization, reduces
excessive local competition, and leads to financial stability. Additionally, it allows
companies to receive government subsidies arising from currency devaluation and wage
depression.

Authors such as Lépez (2018) and the Future Cities group of Siemens (2018) point out that
technological innovation also contributes to improving productive efficiency and massive data
processing. These innovations include the use of drones, automated computer systems with real-
time functions, adoption of the internet of things, maintenance 4.0, and the use of advanced
materials. Likewise, eco-industrial technologies minimize the emission of residual gases and lead
to lower consumption of renewable energies. The CSI also establishes practices and performance
indicators for sustainable development, focusing on safety, climate protection, air emissions, use
of fuels and raw materials, communications, and local impacts on land and communities. It should
be noted that the CSI brings together companies from around the world (CSI, 2012).

In summary, the implementation of sustainable and eco-efficient strategies in cement production is
a necessity for the industry worldwide because it contributes to reducing its harmful effect on the
environment and promotes the competitiveness of companies. For these reasons, this research aims
to identify the most sustainable and eco-efficient strategies to exploit or reduce the emission of
NOx, SOx, and SiO2 dust in the manufacture of cement, in order to improve the competitiveness
of the Mexican cement industry.

2. PROBLEM STATEMENT

Currently, the application of technological strategies focused on the care and preservation of the
environment is an almost obligatory prerogative in the entire business productive sector because it
benefits their technological and innovative competitiveness. Likewise, its application is aligned
with the UN SDGs (2018).
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Business competitiveness in the cement industry is reflected in its economic performance and level
of competition in the market, as well as in its results on the emission of polluting waste. In this
sense, technologies adopted to reduce the emission of sulfur oxides (SOx), nitrogen oxides (NOx),
and SiO> dust can improve their business competitiveness because it is the industrial sector that
pollutes the most and damages the environment.

Portland cement (“gray cement”) mainly consists of a fine powder or clinker containing compounds
such as calcium silicates and calcium aluminates. These compounds set and harden at room
temperature or underwater when mixed with water. Cement types vary in formulation depending
on their use and the desired strength (Sanjuan & Chinchon, 2014).

Industrial cement production includes the phases of cooking and cooling that stand out for their
adverse ecological implications. Most of it is produced during the burning of fuels such as coal,
petroleum coke, heavy fuel oil, among others. The chemical transformation that produces the
clinker is called "decarbonation” and consists of the decomposition of calcium carbonate (CaCO3)
at 900 °C. This reaction produces calcium oxide (CO) and releases significant amounts of carbon
dioxide (CO>). In addition, CO reacts at high temperatures with SiO dust, alumina or aluminum
oxide (Al203), and iron oxide (Fe20z). The result of this process is the formation of compounds
that harm the environment such as calcium silicates, aluminates, and ferrites. All of these are
clinker-forming elements (Sanjuan & Chinchdn, 2014; Ashby, 2024).

The cooling of the clinker also has adverse environmental consequences (Ledn-Velez & Guillén-
Mena, 2020; Sanjuan & Chinchon, 2014). During this phase, electric fans are used that generate a
secondary waste of air-energy that is released at a temperature of 800 °C. During cooling, polluting
gases are also emitted into the atmosphere. Mainly CO, nitrogen monoxide (NO), and sulfur
dioxide (SO2). These gases are released especially when an adequate mechanism for their treatment
is not available.

According to recent data, the cement industry consumes approximately 40% of the planet's primary
energy. This percentage is due to the high use of petroleum, natural gas, coal, biomass, wind, and
solar radiation. This industry also consumes 60% of the raw materials extracted from the earth's
lithosphere (silicates, crust, and mantle) and produces 5% to 8% of global CO2 emissions (Ledn-
Velez & Guillén-Mena, 2020; Rodgers, 2018).

A study conducted by the Dutch Environmental Assessment Agency during the years 2010 to 2017
addressed the relationship between the amount of cement produced and the total CO2 emissions.
Its results showed that China is the largest cement producer and CO2 emitter globally. Behind it
are India, the European Union, the United States, Vietnam, Turkey, Egypt, and other producing
countries (Rodgers, 2018).

According to several 2020 studies conducted by the Global Cement and Concrete Association
(GCCA), cement is the most consumed material in the world. Its production process generates the
highest CO2 emissions (around 150 tons per second) and a total of 14 billion cubic meters of
concrete is used each year (France 24, 2021). As can be seen, the environmental damage caused by
the massive production of cement represents an obstacle to strengthening business competitiveness,
as its environmental effects violate the SDGs (UN, 2018). Therefore, it is not possible to consider
it as a sustainable sector in real terms.

More actions are needed in addition to the commitment to reduce the ravages of climate change
adopted by cement industry leaders. For example, each company needs to apply eco-efficient
strategies that lead to the transformation of their production processes and demonstrate a reduction
in their polluting emissions. This can be accredited through evaluations backed by scientific
evidence (Rodgers, 2018).

The application of systematic models to evaluate polluting emissions before, during, and after the
implementation of sustainable strategies represents an objective reference framework that goes
beyond a simple commitment speech. According to some experts, this approach stands out as the
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main tool for a real estimation of possible scenarios. In this way, it is possible to make decisions
based on the results provided by scientific evidence. All of this leads to designing viable alternative
solutions oriented towards better future actions (Gessa, 2016).

2.1 Context of the problem in Mexico

In Mexico, the cement industry is strong, highly productive, and profitable. Cement production
contributes 1% of the national Gross Domestic Product (GDP). According to data from the
International Trade Center, this industry was in first place as a cement marketer in Latin America,
ranked 19™ as a cement exporter worldwide, and ranked 22" as a cement importer in 2018.
However, more recent data from 2020 revealed that the Mexican cement industry currently ranks
second in Latin America. The reason for this decline is due to competition from the Chinese cement
industry (Clavijo & Guevara, 2020; Aguilar, 2019; Martinez & Alexandre, 2020).

According to the National Chamber of Cement (2020), the Mexican cement industry is made up of
the following companies: Grupo Cemex, Cementos de Chihuahua (GCC) Group, CYCNA, Cement
and Concrete Moctezuma, Holcim Cement, Cementos Fortaleza, and Cementos Cruz Azul. These
companies make up the National Chamber of Cement (CANACEM). According to this
organization, the Mexican cement sector produces a total of 40 million tons of cement per year and
generates more than 170,000 direct and indirect jobs in the country. Some of these companies have
adopted the following strategies to reduce their pollutant emissions:

e Grupo Cemex. Implementacion de un modelo de sustentabilidad en sus operaciones que
incluye infraestructura energéticamente sustentable (Grupo Cemex, 2021).

e GCC. Promotion of environmental responsibility and protection of the climate for economic
sustainability (GCC, 2023).

e Cemento y Concreto Moctezuma. Development of technology and modernization of
cement plants to reduce environmental impacts (Cemento y Concreto Moctezuma, n.d.).

e Cementos Cruz Azul. Some of its plants have water treatment and rainwater harvesting
systems for use. They also use alternative sources of energy such as biomass obtained
through the nopal plant (Cooperativa La Cruz Azul, 2016).

In 2020, the CANACEM reported the main strategy to improve CSR in this sector: to seek better
management of the co-processing or incineration of urban solid waste. These waste come from
different states of the Republic, such as Colima, Baja California Sur, Mexico City, Michoacén,
Nayarit, Quintana Roo, and Sinaloa. To comply with the strategy, this organization intervenes
through the installation of transfer, reception, separation, crushing, compaction, composting, and
biodigestion centers for waste. Additionally, it subjects them to adequate treatment for their
inclusion in the industrial production of cement (National Chamber of Cement, 2020).

Even with the implementation of these measures, it cannot be affirmed that the Mexican cement
sector is a sustainable industry. This sector shows clear deficiencies in scientifically demonstrating
the eco-efficiency of its production processes. For example, among Mexican companies, only
CEMEX has reported a 30% reduction in its carbon footprint in its production processes. Similarly,
it claims to have reduced its water consumption by 10.2% in the last 10 years (Garcia-Mufioz &
Pérez-Sanchez, 2020). Regarding this, it is necessary to emphasize that such data lacks clear
information on the evaluation model that supports them.

Companies such as CEMEX and Cementos Cruz Azul have implemented strategic actions that
demonstrate their intention to align with the UN's 2030 Agenda goals (Garcia-Mufioz & Pérez-
Sanchez, 2020). But there is no data that fully supports their results. That is why the Mexican
cement industry needs to more systematically demonstrate the eco-efficiency in the implementation
of its sustainable strategies (Leon-Velez & Guillen-Mena, 2020).

In the context of the above, international and national scientific evidence shows that the application
of eco-efficient analysis allows quantifying the environmental impact of cement production, mainly

Sustainability strategies for increased competitiveness in the Mexican cement industry 259

Angulo, P., Ochoa, C.



260

Revista ALCONPAT, 13 (2), 2023: 254 — 270

when seeking to take advantage of the substitution of raw materials for savings in non-renewable
natural resources such as fuel and water. It is also useful when it comes to using waste from the
production process itself to reduce the emission of polluting gases (Pérez et al., 2013; Sanjuan &
Chinchon, 2014; Ruiz et al., 2017).

During the cement production process, CO2, NOx, SOx gases, and SiO> dust are released into the
atmosphere (Kumar, 2018; Semarnat, n.d .; Cooperativa La Cruz Azul, n.d.). The NOx and SOx
gases diminish the air quality and contribute to the greenhouse effect. On the other hand, SiO> dust
represents a significant risk to the lung health of workers inside a cement production plant. In
Mexico, there are no studies that scientifically demonstrate the eco-efficiency of sustainable
strategies applied to residual emissions of SOx and NOx gases and SiOz dust. Although some
companies such as CEMEX and Cementos Cruz Azul claim to apply strategies that seem to align
with the SDGs of the UN's 2030 Agenda. This research aims to know these strategies, which also
allow improving the business competitiveness of the cement sector.

3. RESEARCH METHOD

A qualitative-observational-deductive research design was used (Hernandez et al., 2014). Research
strategies such as information search and selection, document analysis, and data interpretation were
also applied.
Literature search was conducted through online scientific research platforms such as Redalyc,
Dialnet, Google Scholar, and Scielo. Keywords such as “cement production and gases”,
“greenhouse gases”, “sustainable cement production”, and “industrial waste utilization” were used
in the search engines. An approximate body of 35 documents was selected, consisting mainly of
indexed and academic journal articles written in Spanish and English.
Document analysis consisted of identifying key concepts and innovative ideas about the methods
and analysis of the processes of interest. The visualization of viable solutions to the problem was
based on finding new data for the Mexican context. The main document analysis tools used were:
o Classification of the literature that makes up the state of the art of the addressed problem.
e Elaboration of informative tables.
e Construction of schemes, diagrams, or conceptual maps.
e Elaboration of study cards (Hernandez et al., 2014).
Interpretation of qualitative design study data consisted of “isolating portions of discourse”
(Schettini & Cortazzo, 2015). This process involved a particular selection of information that the
researchers made by inferring some aspects of their research. During this procedure, not only the
hypothesis and objectives influence but also the sociocultural world, intuition, and life experience
of the interpreter.

4. RESULTS, DISCUSSION AND PROPOSAL

4.1 Results

The literature review yielded the following results it was identified that during the base processing
of cement, a myriad of chemical reactions occur, such as exothermic reactions. They are called
exothermic because they release energy in the form of heat, light, or sound during the formation of
clinker. These reactions are a source of residual compounds such as molecular nitrogen (N2), amino
radical (NH), and water (H2O). The greatest amount of polluting emissions of SO is generated
during this phase of the process, as well as in grinding, cooling, and packaging of the finished
product. The maximum allowable level of emissions for this type of waste is around 400 mg/m?.
This indicator is measured annually using the “non-dispersive infrared NMX-AA-55-1979”
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method, as stipulated by the Mexican Ministry of Environment and Natural Resources (Semarnat,
n.d.).

SiO2 is part of the raw material used in cement production, although it can also be released as waste
from the process, even in the storage phase. The dust generated from the production of clinker is a
mixture of silica + oxygen + carbon + aluminum + calcium microparticles. It has been observed
that this mixture affects the health of workers inside a cement production plant. Inhalation of the
mixture can cause irritation in the respiratory tract and skin and can cause severe eye damage.
These effects are related to the development of chronic diseases such as silicosis, tuberculosis, lung
cancer, or chronic obstructive pulmonary disease (COPD) (Kumar, 2018; Cobo & Estébanez,
2021).

To minimize NOy, SOy, and SiO2 waste during industrial cement processing, the chemical
properties of the raw material used must be considered. The application of eco-efficient strategies
is also required, such as the substitution of fossil fuels, the design of systems for waste capture, the
use of nanotechnology (Poudyal & Kushal, 2021), and other strategies that lead to this objective in
the short, medium, and long term. Table 1 analyzes strategies that have been applied in Mexico
and other countries to reduce the emission of these wastes.

Table 1. International and national strategies to reduce NOx, SOy, and SiO- dusts derived from
the cement production process

Strategy to take
Author, advantage of or
.. L Demonstrated .
country, Objective reduce the emission ecoefficienc Conclusions
and year of NOx, SOx, and y
SIO2
European Keep low Best Available Daily average Emission
Commission, | emissions of Techniques (BAT): emission value margins
Europe, SOx residues 1.- Allows reducing obtained from depend on the
2010 during the combustion gases in SOz: sulfur content
clinker two phases: <50 mg/Nm3 in the raw
manufacturing preheating and when the sulfur | material used.
phase. precalcination of the content in the Therefore, the
kiln. Achieved material is strategy is to
through the addition | <0.10% mg/Nm3, select raw
of absorbent material | 250-400 mg/Nm?, | materials with
or a wet scrubber. if the sulfur the lowest
2.- Optimizes raw | content is >0.25% | concentrations
material grinding mg/Nm3, of this
processes for dry chemical.
processes.
CEMEX, Use of urban solid CEMEX reduced -
. _ ) . Publishing data
Mexico, . waste: used tires, its carbon
Replace fossil : . on the eco-
2012 and waste solvent residue, footprint by .
fuels and gas . . efficiency of
2016. . used oils, among 22.7% in 2012. In .
with urban or h . these strategies
organic solid others. 2015’ I reported can help
Csl, . Use of organic waste: | obtaining 26.6%
waste during X support the
2014. : rice husk, coffee, of the energy for .
clinker . o reduction of
) sediment from its kilns from
formation. . the carbon
wastewater, among biomass and footorint
others. waste. No data print.
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Author,
country,
and year

Objective

Strategy to take
advantage of or
reduce the emission
of NOx, SOx, and
SIO:

Demonstrated
ecoefficiency

Conclusions

Rocha et al.,
Bolivia and
Brazil, 2022.

was found on the
eco-efficiency of
these strategies.
They also did not
present results for
NOx, SOx, and
SiO2 residues.

Use of energy and
raw materials with
lower ecological

85% of Clinker
was produced
with conventional
fuels in 1990. In
2014, that
percentage was
reduced to 23%.

Sagéstequi,
Peru, 2012.

Captar la
mezcla de

Capture the fugitive
powder mixture in a

e Directly benefits
the health of

Micro-particles
of SiO2 do not

kilns.

polvos fugitivos | cement production workers. have a
en una planta plant. Installation of e Maintenance significant
productora de domes for capturing does not have environmental
cemento. fugitive dust. These excessive costs. impact. But
domes have an air they can harm
filtration system from the health of
the outside that helps those who
minimize fugitive inhale their
dust emissions. They dust. For this
are installed on reason, it is
temporary storage or also
in the clinker yard. recommended
that workers
use special
protective
equipment
with a mask.
Sanjuan and Reduce the Use of electrostatic Generally, Both the
Chinchoén, | particles of dust precipitator or bag emissions are <50 precipitator
Spain, 2014 | and polluting filters mg/Nmé, and the bag
gases emitted filters work at
by localized SO, absorbents. They loading,
sources. are applied in dry unloading, and

transportation
points. They

have shown to
reduce NOx

and SOx gases.
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Strategy to take
Author, advantage of or
L. e Demonstrated .
country, Objective reduce the emission ecoefficiency Conclusions
and year of NOx, SOx, and
SIO2
Feijoo et al., erform a Stoichiometric Detects standard This system
Cuba, 2016. | balance of the | chemical monitoring | reference values allows
main chemical | system. Based on the | of SOsand Na2O, | knowing when
CSl, 2012. reactions that calculation of the necessary for strategies
sulfur molar mass of sulfur cement should be
undergoes and its chemical processing to applied to
during cement reactions. occur optimally. avoid sulfur
processing. rings in the
furnace.
Veana et al., Producing using a bioreactor that t is based on This bioreactor
Mexico, bioenergy in the processes agro- biochemical stands out for
2019. form of pure industrial waste. The reactions of its dual
methane biogas. process involves a | chemolithotrophic | functionality in
biochemical bacteria. The the cement
interaction of organic processing production
compounds with guarantees lower | process. On the
biogas, carbon emission of gases one hand, it
dioxide, water vapor, and allows for the
hydrogen, and contaminating processing of
hydrogen sulfide. waste. waste
generated by
SOx. On the
other hand, it
produces
methane
biogas that can
be used instead
of fossil fuels.
Badillo et Thermal Tharmal valorization There is no his method
al., Mexico, | valorization in and its utilization. specificity for could promote
2020. the separation | Textile waste, among | waste types such a change in
of waste to others, is processed as | as NOx, SOx, and behavior
produce fuel in the production SiO2 dust. among the
alternative of clinker. population by
sources of fuel encouraging
for the cement waste
sector. separation. It
requires joint
collaboration
between the
population and
the cement
sector.
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Strategy to take
Author, advantage of or
L. e Demonstrated .
country, Objective reduce the emission ecoefficiency Conclusions
and year of NOx, SOx, and
SIO:

Poudyal and Integrated Capturing CO2 to Integration of Adopting these
Kushal, approach for produce CaCOs that three strategies: strategies can
United sustainable can be used as input. emissions have benefits
Statess, cement capture, for the

2021. production. substitution of environment
materials and and society.
fuel, and the use
of
nanotechnology.

Source: own elaboration based on data collected from the European Commission (2010),
CEMEX (2012), CEMEX (2016), CSI (2014), Rocha et al. (2022), Sagastegui (2012), Sanjuan &
Chinchon (2014), Feijoo et al. (2016), CSI (2012), Veana et al. (2019), Badillo et al. (2020), and

Poudyal & Kushal (2021).

4.2 Discussion

When comparing these strategies with other studies or documentary reviews, some similarities
were found. Regarding the substitution of fossil fuels, CEMEX stated that 26% of its kilns operated
with biomass or waste in 2016 (CEMEX, 2016). This figure is consistent with that reported by Teja
et al. (2022), which ranged from 20% to 30%. It should be noted that it is possible to substitute 3%
to 80% of clinker with biomass ashes. In contrast, Huh et al. (2018) reported that the major problem
for substituting fossil fuels with biomass is that the latter is still more expensive. In their study,
they compared the marginal utilities of Korean companies using different types of fuels in their
processes. They found that coal is still cheaper than other alternative energy sources, which makes
it difficult to use in many companies.

Guo et al. (2023) also conducted a documentary review to identify strategies to reduce the
ecological impact of cement production. Their results showed that some focus on improving
process efficiency and reducing energy consumption, mainly in Asian countries such as China and
India. These strategies coincide with the substitution of fossil fuels with alternative fuels identified
in this review (Badillo et al., 2020; CEMEX, 2016). Similarly, they agree with some strategies that
contribute to maintaining adequate levels of pollutant emissions. An example is the stoichiometric
chemical monitoring system or the bag filters (Figure 1 and Figure 2).
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Figure 1. Stoichiometric chemical monitoring system. Source: Feijoo et al. (2016).
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transport

Figure 2. Bag filter used in the cement industry. Source: Camargo (n.d.).

Another type of strategy reported by Guo et al. (2023) is related to the development of technologies
to capture, utilize, and store carbon emissions. In this case, their implementation occurs mainly in
European countries. In this study, strategies of this type adopted in Mexico and other Spanish-
speaking countries were found. Some examples are domes to capture SiO2 (Sagastegui, 2012) or
the transformation of SOX waste into bioreactors through sulfur oxidation processes (Figure 3).
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Figure 3. Example of the cycle generated in a bioreactor. Source: Veana et al. (2020).

4.3 Proposal

Figure 4 presents the sustainable strategies analyzed in this study arranged according to their
feasibility of implementation in the cement industry sector in Mexico. This allows visualizing their
priority and importance. The options located at the top of the pyramid showed greater eco-
efficiency and benefits, according to the scientific evidence that supports them.

A

( e SO, WASTE-TRANSFORMING BIOREACTORS \
These bioreactors serve a dual biotechnological function in cement production: they reuse
sulfur waste and, at the same time, produce methane biogas that can be used as a substitute
for fossil fuels such as gas.
e SiO, DUST CAPTURE WITH DOMES
Installation of domes for the capture and storage of fugitive dust. The dust can be reused as
a raw material.

¢ ELECTROSTATIC PRECIPITATORS OR BAG FILTERS TO REDUCE NOX
EMISSIONS
They work at loading, unloading, and transportation points. /

e CHEMICAL-STOICHIOMETRIC MONITORING OF SULFUR \
A systematic method that detects standard waste values before the formation of sulfur rings in
the Kiln. It allows the application of regulatory measures to prevent ring formation.

e BEST AVAILABLE TECHNIQUES FROM THE EUROPEAN COMMISSION
Techniques that consist of adding absorbent material or a wet scrubber to reduce combustion
gases (NOy). They are also techniques that optimize the grinding of raw materials for dry

processes.

Figure 4. Hierarchical diagram of eco-efficient strategies that have proven to reduce the emission
of NOx, SOy, and SiO: dust residues to the maximum during cement production.
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5. CONCLUSIONS

The SO bioreactors exhibit higher eco-efficiency since they reuse sulfur waste and produce
methane biogas which can be used as fuel. The domes capture SiO> dust that can be reused as raw
material. Finally, the bag filters were able to reduce the emission of NOx residual gases. The
adoption of these strategies would allow the Mexican cement sector to demonstrate the eco-
efficiency of their production processes with scientific evidence.

As of the writing of this article, only CEMEX and Cementos Cruz Azul have adopted strategies
such as replacing fossil energy sources with biomass or waste. However, they do not refer to the
application of other strategies considered in this proposal to mitigate emissions.

Likewise, Mexican cement companies would obtain added value in their production processes and
finished cement by applying eco-efficient processes. This would contribute to strengthening their
business competitiveness. Furthermore, the benefits of this strengthening go beyond simply
obtaining the environmental certifications required by law.

It will be necessary to double efforts to review more thoroughly whether the strategies adopted by
cement companies in Mexico are truly sustainable and aligned with the UN SDGs. Again, CEMEX
and Cementos Cruz Azul are the only cement companies that appear to align with these objectives
through their fossil fuel substitution strategies. The rest of the Mexican cement companies express
a commitment to sustainable development, but do not present strategies or indicators to reduce their
environmental impact.

Finally, it is suggested to implement better methods to evaluate the results before, during, and after
the application of sustainable strategies in this sector. This would provide greater certainty about
their eco-efficiency. It is reiterated that the great challenge facing this sector is to demonstrate the
eco-efficiency of the sustainable methods they apply with scientific evidence.
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