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Influence of the thickness of the coating of the elements of reinforced concrete exposed to corrosion...

ABSTRACT

When carrying out corrosion studies on reinforced concrete, it is important to consider the action of external
loads in the tests, as this situation is the most frequent in the structures. In this work, we show the results
obtained from exposing beams of reinforced concrete subjected to flexional effects, materialized with loads
that generate equal tensile stress on the corroded reinforcement, to an accelerated corrosion process. The
beams were manufactured with different coating thicknesses on the reinforcement and with a concrete of 25
MPa characteristic resistance. This study evidences the influence of the coating thickness of the
reinforcement on the corrosion process and its external manifestation (cracking of the coating), compared
with the same mechanical requests.

Keywords: corrosion of tensile reinforcement; coating; cracking.

RESUMEN

Al realizar estudios sobre corrosién en hormigén armado, es importante considerar en los ensayos, la accion
de cargas externas, pues esta situacion es la mas frecuente en las estructuras. En este trabajo, se presentan
los resultados obtenidos al exponer a un proceso de corrosion acelerada, a vigas de hormigén armado
sometidas a esfuerzos flexionales, materializados con cargas, que generan iguales tensiones de traccion en
las armaduras corroidas. Las vigas se fabricaron con diferentes espesores de recubrimiento de las armaduras
y con un hormigdn de resistencia caracteristica 25 MPa. Este estudio pone en evidencia la influencia del
espesor de recubrimiento de las armaduras, sobre el proceso de corrosion y su manifestacion externa
(fisuracion del recubrimiento), frente a las mismas solicitaciones mecénicas.

Palabras claves: corrosion de armaduras traccionadas; recubrimiento; fisuracion.

RESUMO

Ao realizar estudos sobre corrosdo em concreto armado, € importante considerar nos ensaios a agdo de
cargas externas, pois esta situacao é mais frequente nas estruturas. Neste artigo apresentam-se os resultados
obtidos ao expor vigas de concreto armado a um processo de corrosdo acelerada, submetidas a esforgos de
flexdo materializados com cargas que geram tensdes constantes de tragdo nas armaduras corroidas. As vigas
foram elaboradas com diferentes espessuras de cobrimento das armaduras e com um concreto de resisténcia
caracteristica de 25MPa. Este estudo coloca em evidéncia a influéncia da espessura de cobrimento das
armaduras, sobre o processo de corrosdo e sua manifestacdo externa (fissuragcdo do cobrimento), frente as
mesmas solicitacfes mecanicas.

Palavras-chave: corrosdao de armaduras tracionadas, cobrimento, fissuracéo.
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1. INTRODUCTION

Concrete is the material most used in construction worldwide. The structures built with this material have
a certain useful life, where the processes that cause its degradation affect the aesthetic and, mainly, its
functionality—which becomes apparent with the appearance of stains, cracks, chipping of the coating,
etc.

One of the most common pathologies that manifest in reinforced or pre-stressed concrete is the corrosion
of its metallic reinforcement. The steel of the reinforcement is protected from corrosion by a passive
layer of cement hydration products, comprising an alkaline environment. In marine environments,
however, the chloride ions accumulate in the surface of the concrete and slowly penetrate towards its
interior, until reaching the metallic reinforcement so that, after a certain concentration, they dissolve the
layer that protects the steel and thus a corrosion process is initiated. These products of corrosion have a
much higher volume than that of the steel from which they originate; at first they are housed in the pore
structure of the concrete, but once this is filled, internal stress begins to build up (Peralta, 2009), which
in turn ends up generating cracks in the coating (Alonso, 1996; Andrade, 1993).

This cracking of the coating favors the advance of the deterioration of the affected structures, as it allows
the entry of external agents (chloride, water, and oxygen) towards the reinforcement, causing a decrease
of the steel section and affecting the adherence between both materials (Al-Sulaimani, 1990;
Almusallam, 1996; Rodriguez, 1993). In this manner, as the deterioration advances, the section modulus
of the affected structural element decreases, having negative consequences on the bearing capacity and
useful life of the affected structure (Melchers, 2001; Rodriguez, 1996; Rodriguez, 1998; Torres-Acosta,
2007).

There is a series of factors that control the cracking process of the coating (Alonso, 1998), among them,
the following stand out: the environment to which the structure is exposed (Aveldafio, 2011) and the
properties of the concrete, in terms of the mechanical structure of the coating (Rodriguez, 1998), as well
as by the need to have a pore structure to provide tightness. Therefore, within the properties of the
concrete, capillary absorption (related to the pore structure) plays a rather important role, which has led
to various countries dictating standards that stablish maximum values for it (Instituto Argentino de
Normalizacion y Certificacion, 2005). In previous works with beams developed with different concretes
and free of external loads, carried out in the laboratory where these investigations materialized
(Schierloh, 2001; Schierloh, 2003), it was established that the capillary absorption influences in the
appearance of the first cracks caused by corrosion and the evolution of the corrosion potentials; during
the time of the accelerated corrosion tests, no significant correlations were found between the cracking
frame produced by the corrosion with the electrochemical behavior registered during the tests. Other
factors to be considered in the corrosive process and its effects, are related to the manner in which the
reinforcement of the structure is distributed (Aveldafio, 2009; Hariche, 2012) and the mechanical
requests to which the reinforcement in the corrosion process is subjected, which are inevitably associated
to the stressed state of the concrete that surrounds it (Aveldafio, 2013).

Regarding the stress state of the reinforcement, it could be said that it introduces a certain uncertainty in
the corrosive processes and their consequences. Despite the importance of the topic, which in the case
of the reinforcement subject to tensile stress could cause the phenomenon known as “corrosion under
stress”, research on concrete structures is scarce. However, there have been some works in recent years
(Calabrese, 2013; Elfergani, 2012; Fumin, 2011; Ortega, 2011). Although the reinforced concrete
structures in service normally corrode under static and/or dynamic loads (for example, bridges), there
have been few studies in this regard in comparison with those that analyze structures undergoing
corrosion without external loads.
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The expected behavior of a structure subject to the effects of corrosion and at the same time under the
effects of external loads (both static and dynamic), is different from the evolution of corrosion when
there are no such loads; therefore, some research was directed to the study of this topic. (Hariche et al.,
2012) studied reinforced concrete beams exposed to accelerated corrosion, where the main parameters
that varied in their investigations were the arrangement of the reinforcement and the magnitude of the
external loads (Hariche et al., 2012; Yu et al., 2015). They analyzed the evolution of the corrosion and
the cracking in beams cracked under the constant effect of external loads and exposed in a saline
chamber, carrying out two sets of beams with differing casting directions, in relation to the tensile
reinforcement. (Linwen, 2015 and Malumbela et al., 2009) studied beams under accelerated corrosion
with applied loads well under the breaking point, where they monitored the variation of the depth of the
neutral axis, the curvature, and the moment of inertia.

In this work, we present the results of tests carried out on reinforced concrete beams with different
coating thicknesses, subjected to a process of accelerated corrosion and under the effect of static external
loads. Said tests were meant to evaluate the behavior of the same, from the point of view of the corrosion
of its reinforcement and its external (cracking of the coating of the concrete) and internal (corrosion
potentials) effects. Regarding this issue, there has been a lot of work done on beams without external
loads, but we found no analogous work to the one presented in this paper.

2. EXPERIMENTAL PROCEDURE

2.1 Materials used

The materials used in the cement mixture were the following:

— Cement: Ordinary Portland Cement (OPC40) was used, which came from a factory located in the
Province of Buenos Aires (the central zone of Argentina).

— Fine aggregate: composed of natural silica sand that came from a deposit located to the south of the
Province of Buenos Aires, which complies with the quality specifications stablished by Standard
IRAM 1627 (Instituto Argentino de Normalizacion y Certificacion, 1997).

— Coarse aggregate: composed of pebbles whose Maximum Nominal Size was of 25 mm, which
complies with the granulometric limits establish in Standard IRAM 1627 (Instituto Argentino de
Normalizacion y Certificacion, 1997).

The cement was elaborated with a water/cement (w/c) ratio of 0.50, a value adopted by the Argentinian

standard (Instituto Argentino de Normalizacion y Certificacion, 2005) for resistant structures that are

more than 1 Km from the coast, in a zone influenced by winds with sea salt. Details on the dosage used

are shown in Table 1.

Table 1. Composition and characteristics of the cement

Constituent Materials Kg/m?3 of cement
Ordinary Portland Cement 350
Fine aggregate (natural silica sand) 895
Coarse aggregate (pebbles) 920
Drinking tap water 190
Water/cement ratio 0.50
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2.2 Elaboration of the samples

Four reinforced cement beams in which the coating/diameter of the bars relation varied were
manufactured in order to simulate different degrees of protection of the reinforcement; in addition,
cylindrical test pieces were molded with the objective of characterizing their mechanical (compression
and tension) and physical (capillary absorption test) behavior.

The beams had a 8 x 16 cm section and a longitude of 220 cm, the longitudinal reinforcements were
corrugated steel bars of natural hardness (ADN 420, IRAM-IAS U 500-528) (Instituto Argentino de
Normalizacion y Certificacion, 1989), which is the steel used for construction in Argentina—with a
diameter of 4.2 mm (two bars in the upper face and two in the lower one), and closed smooth steel
abutments of: 2.1 mm in diameter, separated every 10 cm, with a coating that varied between 10 mm and
25 mm. It must be made clear that the selection of the diameters used in the tests was due to wanting to
maintain the geometrical likeness of the laboratory beams (to 1/3 the size of the real structure) to the
means used in real structures, therefore, bars commercially available in the country in question were
used. Table 2 shows the characteristics of the reinforcement.

Table 2. Characteristics of the reinforcement

Tvoe of steel Diameter Elastic limit Breaking
yp (mm) (MPa) strain (MPa)
angltudlnal Natural hardness 4x4.2 680 690
reinforcement
Abutments Smooth 2.1 640 640

The concrete was sieved in the caissons and mechanically vibrated, moistening it during the first 7 days.
Subsequently, the curing continued in a laboratory environment (temperature ~ 20°C, relative humidity
~ 50%) for approximately 60 days. Cylindrical concrete test pieces (15 x 30 cm) were also elaborated,
which were used in the physical capacity and capillary suction speed tests (IRAM 1871) (Instituto
Argentino de Normalizacion y Certificacion, 2005), as well as in mechanical tests: resistance to
compression (IRAM 1546) (Instituto Argentino de Normalizacion y Certificacion, 1992) and indirect
tension (IRAM 1658) (Instituto Argentino de Normalizacion y Certificacion, 1992). They were molded
and cured in accordance with the standard IRAM 1534 (Instituto Argentino de Normalizacion y
Certificacion, 1985).

2.3 Accelerated corrosion process

In order to obtain the tensile stress of the superior reinforcement (which would be the one that would
have been subsequently subjected to a process of accelerated corrosion), loads were placed at the
extremes of the beams, adopting an intermediate area as the area to be corroded, and leaving overhangs
on the two lateral sides. Figure 1 shows the adopted structural outline. The area between the supports
possesses an almost constant bending stress, therefore, the entire area of the bars affected by the corrosion
is subject to a stress that is practically equal in intensity, by being subjected in each case to its own weight
plus the effect of various loads that varied from 90 kg to 100 kg.
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Figure 1. Outline of the Test

The elements were subjected to accelerated corrosion for approximately 160 days through the application
of an external printed current, provided by a galvanostat connected between an exposed end of the upper
reinforcement (anode) and a contra-electrode (cathode) comprised of a stainless-steel mesh (of 50 cm in
length and of the same width as the beam), located in its upper face. A sponge (of equal dimensions) was
placed on it, which was kept moist with a controlled quantity of an aqueous solution with 0.3% (in
weight) of sodium chloride (NaCl) (3 g NaCl / litter of water). Prior to connecting the galvanostat, the
moistening of the central area began for 2 days in order to ensure that the entire coating had the necessary
humidity to allow the circulation of the current. In order to have a controlled moistening (reducing
evaporation), an acrylic plate followed by a nylon canvas were placed. The density of the applied current
was of 100 pA/cm?, which is around ten times the measure in highly corroded reinforced concrete
structures (Rodriguez, 1993); it was chosen for having been adopted by various groups for their research
in the issue (Acosta, 1998; Alonso, 1994; Alonso, 1998; Aveldario, 2011) with the purpose that when the
process in study was finalized, results of corrosion penetrations greater than 0.30 mm in the bars were
obtained within a reasonable time.

It is worth clarifying that to achieve an accelerated corrosion with this method, the corrosion process is
started simultaneously in all the beams by connecting them to the galvanostat, regardless of the coating
they have. Therefore, what is being studied in this work is the corrosion process and the symptoms it
generates from the implementation of the exterior current. Logically, in existing structures affected by
an environment with chlorides, the reinforcement that has a greater coating takes a longer time to
depassivate (the start of corrosion) and this process, which precedes corrosion, is studied by researchers
that work in the penetration of chlorides and in carbonation, lines of research different from that of this
work. In the analysis presented in this work, we try to represent the period following the initiation
(denominated the corrosion propagation period). The two periods mentioned are those studied and
defined by Tuutti (Tuutti, 1982), in his well-known diagram of the useful life of reinforced concrete
structures in terms of the corrosion of their reinforcement.

It is assumed that the reinforcement affected by corrosion has a surface of 162 cm? (determined by the
central 50 cm of the bars and by the 6 abutments that are located in this area, assuming that the corrosion
extends up to a longitude in the vertical branch of the 1 cm abutments). In order to provide a current
density of 100 pA/cm?, the galvanostats provided a current intensity of 16.2 mA. At the end of the test
the reinforcement was uncovered, observing a non-uniform attack and showing pitting (which indicates
that the chlorides act on the surface of the bars); it was established that in the longitudinal reinforcement,
the corrosion had surpassed the central 50 cm by a couple of centimeters on each side of this area (up to
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where the humidity reached the coating), with a small corrosion depth (the corrugate of the bars was
clearly visible) and, to a lesser extent, something similar occurred with the abutments.

Table 3 identifies the beams tested in accordance to the relation of the thickness of the coating / diameter
of the reinforcement adopted for each beam (r/¢) and the applied load (P), the magnitude of which varied
so0 as to produce the same stress in the tensile reinforcement for all cases. The analyses were carried out
using this ratio, as is the case for much of the bibliography on the subject and not just with the coating,
in order to generalize the results obtained. On the other hand, it is worth remembering that regardless of
the coating used, so long as the same r/¢ ratio is maintained, the cracking process shall be practically
identical. In (Peralta M.H. et al., 2006), a numeric study can be observed in which the evolution of the
stress in various places of the cement coating, prior to cracking, is established; thus, determining the
pertinence of carrying out the analysis using this ratio.

Table 3. Denomination of the beams

- Coating/diameter ratio Applied | P
Denomination g (t16) Pp ing(;ad( )
Va0 6.0 90
Va3 4.8 93
V96 3.6 96
V100 2.4 100

2.4 Determinations carried out during the tests

First of all, the beams were loaded and the initial cracking by flexion was measured prior to moistening.
The follow-up of the surface of the beams was done by observing them daily and recording the moment
the first stains and cracks appeared due to corrosion. From the emergence of these first cracks, the
periodical measure of the width (by comparison with a graduated Vernier, with a minimum division of
0.05 mm (see Figure 2)) and length of the same (with a graduated ruler that possess a millimeter
precision) was performed. This task was carried out in order to find the Maximum Crack Widths and the
Cracking Areas, which are obtained as the sum of the lengths of each crack, multiplied by their respective
width.

At the same time, the Corrosion Potentials were recorded in order to carry out an electrochemical follow-
up of the corrosion processes (Figure 3), in accordance with a standardized procedure (American Society
for Testing and Materials, 1980). These were measured with a CANIN (PROCEQ) brand voltmeter,
utilizing a Copper — Copper Sulfate (CSC) reference electrode especially built to carry out measures in
concrete structures. The Corrosion Potentials in the central 50 cm of the central area affected by corrosion
were determined in 5 equidistance points, averaging the values of the same.
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Figure 2. Measurement of the width of a crack generated by accelerated corrosion.

Before taking the measurements, it was moistened for 2 days with the aforementioned NaCl 0.3%
solution in weight, until reaching constant moisture; subsequently, a constant current density was applied
through a galvanostat for the duration of the test. Under these conditions, the evolution of the Corrosion
Potential was followed-up at various characteristic points of the beam (on the dry and humid areas,
coinciding or not with the abutments). All the measurements were carried out by previously
disconnecting the galvanostat, and the cement was moistened in the areas where the determinations
would be subsequently carried out, such that the measurements of the potentials would stabilize quickly.
This moistening process normally lasted a couple of hours.

The theoretical penetration of the attack on the bars was determined using the Faraday Law (Alonso,
1998), assuming a uniform corrosion of the reinforcement; therefore, it could be said that the determined
penetration is an average value and could be estimated through the following expression:

X =0.0116 Icorr t (1)
Where: x: depth of the attack [mm];
0.0116: conversion factor of the units;

lcorr: density of the corrosion current [pA/cm?];
t: duration of the attack [years].

This average depth of attack on the bars is obtained through the corrosion speed represented by lcorr,
which is kept constant by the galvanostat.

3. RESULTS AND DISCUSSION

3.1 Characterization

Table 4 shows details on the results obtained from the characterization tests of the properties of the
concrete.

Table 4. Characteristics of the concrete used on the tested beams

Compression | Indirect Capillary Capillary
(I\F/)IPa) Tension  [Suction Capacity | Suction Speed
(MPa) (g/m?) (gIm2.s2)
21.0 2.5 2.773 3.45
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According to the experimentally obtained results, the capillary suction speed is below 4 g/m? s*2, the
maximum value for the capillary suction speed allowed by the Argentinian standard (Instituto Argentino
de Normalizacion y Certificacion, 2005); thus, the concrete is adequate for the structures located in
environments with the presence of chlorides.

3.2 Electrochemical follow-up

Figure 3 shows the electrochemical behavior of the reinforcement, where the evolution of the Corrosion
Potentials was graphed, representing the average of the measurements obtained on 5 points located in
the central area affected by corrosion on each of the 4 tested beams. There are two scales on the abscissa
axis, one represented by the time passed since starting the test and, in the upper part of this figure, the
Theoretical Penetration of the attack, which is an average value fixed with the Faraday Law (Equation
(1)), applied to the material losses in the reinforcement located in the central area of the beams.

Theoretical Penetration (mm)
000 005 010 015 020 025 030 035 040 045 050 055

0
~ I ——V 100 —m-V 96 V93 ==V 90
E -200 - = ]
£ /2
(3}
S -300 -
=
3 -400 -
L
S -500 -
5
£ -600
o
-700
I I I I I I I I I I I I
0 15 30 45 60 75 90 105 120 115 150
Time (days)
Figure 3. Average corrosion potentials (moistened area), in terms of the Theoretical Penetration
and Time

It is worth noting that while the test was prolonged for approximately 160 days, when reaching 140 days,
beam V96 reached the point of collapse (Figure 4) due to a significant reduction of the cross-section of
its reinforcement, produced by the depth of the pitting caused by the corrosion. Whereas beam V100
broke at 160 days, at which time the tests were finalized. This indicates that the corrosive process as is
known, affects the residual life of the structural element affected, but that pitting, in particular, can
decrease it even more.
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Figure 4. Beam V96 after collapse

The electrochemical behavior analyzed in the four beams, through the follow-up of their Corrosion
Potentials, showed that in the course of the first 5 days, since connecting the accelerated corrosion
process, the minimum potential value was reached; the beams with less coating (V96 and V100) were
the ones that completed their activation period first (with minimum potentials between -478 and -531
mV). Subsequently, an increase of these potentials can be observed that could be considered as a pseudo-
passivation process that is accompanied by the generalization of cracking (see Figure 5), which was
similar on all the beams. Although the potentials of the two beams with lower coating / reinforcement
diameter ratio are somewhat higher than the other two, it could be said that these are more passivated
due to allowing an easier entry for oxygen from the exterior. This process was also found in previous
works carried out in this laboratory (Aveldafio, 2011; Aveldafio, 2013; Schierloh, 2001).

3.3 Follow-up of the Cracking Areas

It is known that in reinforced concrete structures subjected to flexion, when the stress in the tension area
surpasses the resistance of the concrete, cracks are formed, this is denominated “flexural cracking”, and
which are identifiable by their cross-section direction to the main reinforcement of the beam. This is
inevitable, whether or not there are corrosion problems. Furthermore, if the reinforcement are undergoing
corrosion the cracking area is aggravated, as when both effects are present there is cracking due to flexion
and corrosion.

Due to the fact that the products of corrosion possess a greater volume than the material from which they
are derived, they generate internal pressure that cause part of these products to fill the pores of the
concrete and to exit to the exterior through the flexural cracks (if there are any). As the corrosion
advances and with the saturation of the pores, the oxides produce tensions that, when they surpass the
rupture tensile stress of the concrete, it cracks in a longitudinal direction. These are known as “cracks by
corrosion”. It is necessary to clarify that the division between cracking by flexion and by corrosion is not
a very well defined concept, given that as the corrosion process evolves the progress of both of them
becomes interrelated—possibly mutually strengthening each other. This difference in the direction of the
cracks is what allows them to be classified in such a fashion.

The presence of flexural cracks (when the load is of a sufficient magnitude as to create them) accelerates
the penetration of oxygen, water, and chlorides towards the reinforcement, thus favoring the corrosion
process of the same (contributing to the increase of the cracking areas due to corrosion). On the other
hand, by decreasing the section of the bars due to corrosion, the internal balance of the section causes an
increase in the number of flexural cracks. Furthermore, with the flexural cracks being an exit to the
exterior, a part of the corrosion products can grow in thickness and longitude which could increase even
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more the areas with flexural cracks. That is to say, the total growth of cracking implies a decrease of the
resistant section of the beam (due to the section decline of the reinforcement and of the mechanically
useful section of the concrete), so that, in the case of there being loads close to the breaking loads of the
element, it could lead to the collapse of the structure as was the case with beam V96 at 140 days into the
test.

The cracks were measured from the moment the external loads were placed. Figure 5 shows the evolution
of the Total Cracking Areas in each beam; that is to say, those obtained from the sum of the flex cracking
areas, plus the areas of cracking by corrosion (in the same direction as the main reinforcement of the
beam). It is worth remembering that the so-called Cracking Area is the sum of the products of the
longitude by the width of each crack.
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& 10.00 /
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O 4.00
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= 200
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0 15 30 45 60 75 90 105 120 135 150 165
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Figure 5. Total Cracking Area in terms of Time

As predicted, the start of the cracking by corrosion manifested later on the beams with greater coating.
Beams V90 and V93 had a similar evolution of the Total Cracking Area throughout the duration of the
test, taking into account the degree of dispersion that normally appears in most experimental works;
whereas beams V96 and V100 showed a differentiated behavior, with Total Cracking Areas greater than
those of the remaining beams, this is due to having a lower r/¢ ratio of the reinforcement. However, if
the Flexural Cracking Area is analyzed separately (Figure 6), it can be observed that beam V96 showed
higher values than the rest. This can be clearly observed with the state this beam reached, in which the
deterioration by corruption presented itself to a greater extent in the area of the flexural cracks, whereas
the rest of the beams showed a more generalized cracking. Evidently, this greater initial cracking due to
flexion was a significant means of entry for the chlorides that reached all the way to the reinforcement,
with beam V96 showing the largest Total Cracking Areas (Figure 5) during the first 30 days of the test,
after which their behavior was within the expected.

This behavior observed in beam V96 explains its collapse prior to that of beam V100. However, this
evidences the influence of the lesser r/¢ ratio of beam V100, which, having the least flexural cracking
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during almost the entirety of the test, presented greater cracking by corrosion than the rest; as well as the
importance that flexural cracking has in the deterioration of a structure subjected to corrosion, as is the
case of beam V96.
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Figure 6. Flexural Cracking Area in terms of Time
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In this work, we analyze the behavior of beams with a different r/¢ ratio of their reinforcement, which
are subjected to the same stress generated by external loads, in light of a corrosion process. A comparison
can be made on the observed evolution of the cracking of the coating, with that obtained in other works
carried out by the same research group (Moro, 2012) on beams made with concretes of similar qualities
as the ones in this work, elaborated with or without recycled concrete aggregates and subjected to the
same corrosive process, but without the application of external loads. In this case, the standard beam
(without recycled aggregate) has a r/¢ ratio of 2.4 and is, therefore, comparable with beam V100 of this
work. By carrying out a Regression Analysis of the Total Cracking Areas in both beams, it can be
observed that the slope is greater in V100 (y = 0.074 x -0.9502) than in the standard beam without
external loads (y = 0.068 x -0.7688). This is due to the fact that the tensile stress in the bars of V100
causes flexural cracks, which facilitate the entry of aggressive agents from the exterior, causing an
acceleration of the corrosion process.

It can be observed in Figure 7 that the appearance of the first visible cracks due to corrosion is delayed
(the average Depth of the attack is proportional to the time, expression (1)) as the thickness of the coating
increases (greater r/¢ ratio). The increase in the thickness of the coating causes a delay in the appearance
of the first cracks due to corrosion (Figure 7), as well as slowing their evolution (see Figure 5) due to the
fact that the aggressive external elements (chlorides, oxygen, and water) take longer to reach the
reinforcement. This situation, in the case of the tensile reinforcement with lower r/¢ ratios, is worrying
due to the fact that this greater depth of attack on the bars, with less external symptoms (cracking),
encloses a significant risk because it decreases the warning time in case of a structural collapse—more
worrying still if there are chlorides that cause pitting. In Figure 7, a point corresponding to the standard
beam (without external loads and a r/¢ ratio = 2.4) of the aforementioned work (Moro, 2012) was
incorporated, where it can be observed that a greater depth of attack is necessary for the appearance of
the first visible cracks.
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The equation in Figure 7 obtained through a Regression Analysis (y = a + b x) can be compared with the
one obtained in other researches (Alonso, 1998) where concretes made with water/cement ratios between
0.52 and 0.65 were used, while the rest of the test conditions are similar, among which the following
stand out: a slightly broader variance range of the coating/diameter ratio than the one adopted in this
paper, in both works the abutments were placed, and the same current intensity was utilized. The results
achieved in the cited work were: a = 7.53 and b = 9.32, with R? = 0.92. The slope of this line is much
lower than the one obtained in this work (a= 13.71), therefore, it could be said that in structures subjected
to external laws, the degradation generated by the corrosion of its reinforcement is accelerated, even for
cements made with a water/cement ratio somewhat lower to that of the reference.
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Figure 7. Relation between the average depth of attack on the reinforcement that produced the
first visible crack (e = 0.05 mm) due to corrosion, and the Relation of the Coating / Diameter of
the bar.

Once the test was finalized, the reinforcement was uncovered by removing the coating. In the visual
inspection of the same, it could be observed that, due to the action of the chlorides (in spite of the low
concentration adopted), the corrosion on the bars was, in general, not uniform. Rather, some areas of
localized corrosion (pitting) could be observed, with no particular pattern. However, in some cases more
pitting was found in areas close to the flexural cracks, as was the case of Beam V96, in which the collapse
section coincided with a flexural crack.

3.4 Follow-up of the Maximum Cracking Width

Figure 8 shows the variation of the Maximum Cracking Width in terms of Time. It can be observed that
the Maximum Cracking Width, during the greater part of the test, was superior on Beam V96 due to the
influence of the flexural cracking. No great differences were observed in the evolution of the rest of the
beams, which was due to the fact that the distribution of the cracking was developed differently on each
beam, whether in a more generalized or localized manner, without generating evident differences
between the different samples tested.
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If the evolution of the Maximum Cracking Width is compared with that of the Cracking Areas (Figure
5), it can be observed that the latter are a more representative indicator of the general evolution of the
deterioration, due to the fact that it is common for the Maximum Width to vary in its location on the
beam throughout the corrosion process. Furthermore, it tends to evolve in jumps in terms of the
emergence of new cracks that cause the redistribution of the internal stress in the coating. For example,
Figure 8 shows that beam V90 has the most cracking between days 40 and 90, when in reality it ought
to be the one with the lesser values. This situation was also found in other works (Aveldafio, 2009;
Aveldafio, 2013). Nevertheless, this figure is included due to the fact that it is common to introduce
limitations on the maximum width of the cracks in the standards, and therefore it is used as a reference
in many international bibliographies. It is worth noting that it would be necessary to carry out research
to standardize the Cracking Area, so that valid comparisons between various deteriorated beams could
be carried out, for example, in terms of the length of the affected element or the length of the corroded
area, to later establish representative deterioration indicators and then limit it.
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Figure 8. Maximum Cracking Width in terms of Time

4. CONCLUSIONS

In this experimental work, it was found that the deterioration of beams exposed to external loads, due to
the corrosion of its reinforcement, was greater than if said loads were not present and that the thickness
of the coating influences this process; all of which affects the residual life and the bearing capacity of
the affected structure. In particular, it was proven that:

— Inloaded beams with tensile reinforcement affected by accelerated corrosion, as the concrete coating
/ diameter of the reinforcement increases the longer it took for the first cracks to appear due to
corrosion and their evolution became slower, evidencing the Total Cracking Areas. The protection
effect generated by greater coating makes the aggressive elements that come from the exterior
(chlorides, oxygen, water) to require more time to reach the reinforcement, reducing the speed of the
process;
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— The cracks of the concrete coating, caused by the flexion produced by external loads, favored the
increase of cracking due to the corrosion of the reinforcement, thus increasing the total cracking and,
therefore, influencing the subsequent degradation of the structure.

From a practical point of view, the aforementioned conclusions allow us to determine that in loaded

reinforced concrete structures located in aggressive environments, it is worth it to decrease flexural

cracking caused by the service loads as much as possible; as well as increase the ratio of the coating /
diameter of the reinforcement in order to decrease the effects of corrosion in the same.
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