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RESUMEN

La corrosion por iones cloruro (CI) es una de las principales causas del deterioro de las
estructuras de concreto reforzado y el uso de materiales cementantes suplementarios, como
sustitucion parcial del cemento Portland (PC), es una opcion viable para retrasar su
ocurrencia. El uso de ceniza de bagazo de cafia de azucar sin tratatamiento (UtSCBA) ha
contribuido a producir concretos ternarios reforzados con propiedades de durabilidad
superiores a aquellos con solo PC. Sin embargo, los resultados se basan Unicamente en
resultados de técnicas no destructivas y la condicion real del acero embebido en estos
concretos aun no se ha reportado. Con base en lo anterior, el objetivo de esta tesis fue evaluar
el efecto de la corrosion inducida por CI en las propiedades mecénicas del acero de refuerzo
embebido en concretos ternarios que contienen cenizas volantes (FA) mas UtSCBA. Para
este propdsito, se plantearon las siguientes hipotesis: (1) la adicion de UtSCBA en concretos
con FA no afecta las propiedades fisicas, mecanicas y ultrasonicas a largo plazo de los
concretos ternarios manufacturados, (1) el acero embebido en concretos FA+UtSCBA
experimenta probabilidades y densidades de corrosion similares a aquel embebido en
concreto con solo PC, (111) el uso de UtSCBA en concretos con FA no afecta la capacidad de
ligar CI" de concretos ternarios y (IV) la corrosion inducida por ClI™ no afecta las propiedades
mecéanicas del acero embebido en los concretos FA+UtSCBA. Los resultados muestran que
la adicién de UtSCBA no afectd negativamente las propiedades fisicas, mecanicas y
ultrasonicas de los concretos ternarios. Ademas, la combinacion FA+UtSCBA produjo
concretos con una menor difusividad de CI; por lo tanto, el acero de refuerzo embebido en
estos concretos mostré menor probabilidad y velocidad de corrosién. La adicion de UtSCBA
cred concretos con mayor resistividad eléctrica, asi como una mayor capacidad de ligar CI-.
En consecuencia, las varillas de acero de los concretos con UtSCBA mostraron menores
pérdidas de masa debido a la corrosidn, mientras que sus esfuerzos de fluencia y altimo no
se vieron afectados negativamente. Con respecto a las cargas a la fractura y ductilidades, el
acero embebido en los concretos ternarios fue afectado en menor grado en comparacion con
el acero embebido en el concreto con solo CP. Los resultados evidencian la viabilidad del
uso de la UtSCBA para producir concretos ternarios reforzados con un mejor desemperio

contra la corrosion inducida por CI-.



ABSTRACT

Chloride (CI")-induced corrosion is one of the main causes of the deterioration of reinforced
concrete structures and the use of the supplementary cementitious materials, as partial
substitution of the Portland cement (PC), is a viable option to delay it. The use of untreated
sugarcane bagasse ash (UtSCBA) has shown that reinforced ternary concretes have superior
durability properties than those manufactured with only PC. However, such results are based
solely on non-destructive testing and the real condition of the rebars embedded in these
concretes has not been reported yet. Based on he above, the objective of this thesis was to
evaluate the effect of Cl-induced corrosion on the mechanical properties of reinforcing steel
embedded in ternary concretes containing fly ash (FA) plus UtSCBA. For this purpose, four
hypotheses were tested: (1) the addition of UtSCBA in concretes with FA does not affect the
long-term physical, mechanical and ultrasonic properties of the manufactured ternary
concretes, (I1) the reinforcing steel embedded in the concretes with FA+UtSCBA experience
similar corrosion probabilities and corrosion rates than those embedded in concretes with
only PC, (I11) the use of UtSCBA in concretes with FA does not affect the chloride binding
capacity of the ternary concretes, and (IV) the Cl-induced corrosion does not affect the
mechanical properties of the reinforcing steel embedded in concretes with FA+UtSCBA. The
results show that the addition of UtSCBA did not negatively affect the physical, mechanical,
and ultrasonic properties of the ternary concretes. Moreover, the combination FA+UtSCBA
produced concretes with low chloride diffusivities; hence, the reinforcing steel showed lower
probabilities and rates of corrosion. The pozzolanic reaction of the UtSCBA created
concretes with higher electrical resistivities and higher chloride binding capacities. In
consequence, steel bars embedded in the ternary concretes showed lower mass losses due to
the corrosion, while their yield and ultimate strengths were not negatively affected. Finally,
the fracture loads and ductilities were affected in a lesser degree than those embedded in the
concrete control. The results evidence the viability of the UtSCBA to produce reinforced

ternary concretes with a better performance against Cl-induced corrosion.
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INTRODUCTION

The use of supplementary cementitious materials (SCMs) as a partial substitution of the
Portland cement (PC) to delay corrosion of reinforcing steel in concrete has been the subject

matter of a very large number of research articles [1-3].

In the last 20 years, sugarcane bagasse ash (SCBA) has been characterized and studied as
PC partial replacement [4-7]. These studies have shown that the SCBA, when is post-treated
(Pt-SCBA), does not cause negative effects on the mechanical and durability properties of
PC-based materials. On the other hand, when SCBA is no post-treated or post-treated using

a low-energy demand method serious workability problem have arisen.

Recently, a long-term project on the effect “‘practically as received” SCBA (UtSCBA) on
the rheological, microstructural, mechanical and durability properties of mortars and
concretes is been conducted [8-11]. In spite of the encouraging results on the performance of
the UtSCBA as a SCM, there are still many uncertainties, for example, the effect of the
addition of UtSCBA on the long-term properties of FA-concrete, and on the corrosion

protection of steel reinforcement embedded in these concretes.

In this regard, this thesis presents a series of manuscripts focused on the durability
performance of ternary concretes containing FA plus UtSCBA, specifically on the effect of
Cl-induced corrosion on the mechanical properties of rebars embedded in such ternary

concretes.

In CHAPTER ONE, the problem statement, justification, state of the art, aim of the research,
hypotheses, experimental design and the specimen making are presented. In CHAPTER
TWO, the concepts and theoretical models related to the study of the properties of PC-based
materials and the effect of Cl-induced corrosion on the mechanical properties of reinforcing
steel embedded in UtSCBA-ternary concretes are referenced. In CHAPTER THREE the
effect of the addition of the UtSCBA on the long-term physical, mechanical, and ultrasonic

properties of the ternary concretes is reported. In CHAPTER FOUR the long-term
4



electrochemical monitoring of the rebars embedded in the concretes FA+UtSCBA exposed
to CI" were analyzed. Moreover, in this chapter the CI™ profiles, diffusion coefficients,
microstructural characterization of the cementitious matrices of the ternary concretes are also
analyzed. In CHAPTER FIVE the results of the autopsy performed on the UtSCBA-ternary-
concrete specimens, in order to elucidate the protection mechanisms against corrosion
provided by UtSCBA, are addressed. In CHAPTER SIX the real conditions of the extracted
rebars from the autopsy, and the effect of corrosion on their mechanical properties are
investigated. Finally, the results are discussed, conclusions drawn, and recommendations

proposed.
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CHAPTER ONE

Problem statement

Cl-induced corrosion is one of the main causes of the deterioration of reinforced concrete
structures (RCS). When a certain chloride ion (CI") threshold is reached at the
concrete/reinforcing steel interface of the RCS the reinforcement, otherwise protected in an
alkaline environment, is depassivated and the corrosion process begins [1-3]. Once corrosion
starts, corrosion products are generated and pile up at the vicinity of the reinforcing steel
(rebar). Such products have a larger volume than the rebar; therefore, internal tensile stresses
are imposed on the surrounding concrete, causing cracking, delamination and spalling of the
concrete cover [4]. ClI-induced corrosion is a serious issue because in addition to the need of
more raw materials for the production of more cement, the increased CO, emmisions
associated with this process, and the high costs of repair and rehabilitation of the damaged
RCS, the deterioration can cause accidents with the loss of human life due to unexpected

collapse [3].

A method to delay the CI" ingress, and therefore the rebar corrosion, is the use of suplemenaty
cementitious materilas (SCMs) as PC partial substitutes. Fly Ash (FA) is the most widely
used SCM for the manufacturing of PC-based materials [5]. The use of FA has contributed
retarding the CI° penetration and hence the corrosion in reinforced concretes
[6-7]. Nonetheless, the availability of FA is being compromised due to environmental
regulations about its use [8]. Therefore, studies on the use of other SCMs as an alternative to

FA are most required.

In this regard, the use of UtSCBA as a SCM has shown the reduction of the CI" diffusivity in
mortars [9]. As a result, reinforced mortar slabs exposed to Cl™ presented less negative
corrosion potentials, which indicates a lower corrosion probability [10]. In the case of
concrete, Jimenez-Quero, [11] and Rios-Parada, [12] manufactured reinforced concretes
where PC was partially substituted by the combination FA+UtSCBA. When these ternary



concretes were exposed to a NaCl solution the reinforcing steel presented lower corrosion

probability and lower corrosion rates than those reinforced concretes with only PC.

Research results on the influence of the addition of UtSCBA on the corrosion performance
of the ternary concretes were based solely on the results from non-destructive
electrochemical measurements. In consequence, the real corrosion conditions of rebars
embedded in these concretes after long-term exposed to CI- and the effect of corrosion on the
mechanical properties of the rebars have not been reported yet. All in all, studies addressing

these important subjects are highly needed.

Justification

This thesis attempts to fill a gap in knowledge. It addresses the study of the effect of CI*-
induced corrosion on the mechanical properties of reinforcing steel embedded in concretes
containing FA+UtSCBA. Furthermore, the protection mechanism upon the use of UtSCBA
in concrete is investigated. This research is relevant because scientific knowledge was
obtained from long-term non-destructive and destructive studies, which are scarce in the
literature. Moreover, such knowledge was useful to elucidate the protection mechanisms
against Cl-induced corrosion provided by UtSCBA. Furthermore, the physical evidence of
the damage quantified by destructive standardized testing was shown. The research also has
a direct impact on the increase in the safety of building occupants, as the use of UtSCBA
may help to prevent the corrosion damage of the reinforcing steel which otherwise might
cause the sudden failure and collapse of reinforced concrete structures. Moreover, this
investigation contributes to the manufacturing of ecological concretes including agro-
industrial waste as SCM, and at the same time to reducing considerable amounts of CO>

emissions generated during the PC production.

State of the Art

Portland cement is the most widely used construction material around the world [13-14], and

its manufacture demands excessive energy consumption, which leads to generating
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significant levels of CO2 emissions to the atmosphere [14]. In order to mitigate this problem,
the partial substitution of PC by SCMs is a viable option. Such an alternative has been
implemented through the standardization of PC with the addition of SCM from industrial
sectors; for example, FA, ground blast furnace slag, and silica fume [15]. In addition to
ecological benefits, the use of these SCMs produces PC-based materials with mechanical and

durability properties superiors than those elaborated with only PC [16-18].

Since Diamond first reported data from two Danish fly ashes in 1981, this material has been
the most used SCM to produce pastes, mortars, and concretes [19, 20]. Nevertheless, the
availability of FA is limited in countries like Mexico; moreover, the recent regulatory
uncertainties regarding the use of coal further reduce its use [8]. As an alternative to the use
of FA, SCMs from agro-industrial wastes have been investigated in recent years, specifically
the SCBA. When the SCBA is post-treated, it contributes to produce PC-based materials with
similar or superior physical, mechanical, and durability properties than those manufactured
with only PC [21-24].

Given that the post-treatments demand high amount of energy and generate a considerable
amount of CO2 emissions, the beneficial ecological impact upon the use of SCBA as a SCM
is diminished. In this perspective, Jimenez-Quero et al. [25] reported that sieving through a
No. 200 (75 pum) ASTM mesh for four minutes is one of the post-treatments with the lowest-
energy consumption to obtain a SCBA with adequate pozzolanic properties. In the same
article, the authors showed that 10% and 20% of sieved SCBA lead to workability problems
of pastes and mortars; however, this inconvenience was overcome with the addition of
20%FA.

Later, Arenas-Piedrahita et al. [9] used the same four-minute sieved ash to investigate its
effect on the mechanical and durability properties of mortars. In this article the authors named
the ash as UtSCBA, and from now on the use of this term refers to that specific ash. The
results showed that the partial replacement of PC by 10% and 20%UtSCBA did not
negatively affect the 90-day CS of UtSCBA-mortars. Furthermore, UtSCBA produced

mortars with higher electrical resistivity values that the mortars manufactured with only PC.
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In the same manner, UtSCBA-mortars presented a better performance against permeability
to CI'.

The use of UtSCBA also has shown to improve the microstructural properties of mortars
when the PC was replaced by 10% and 20% UtSCBA. This beneficial effect increased the
long-term CS of UtSCBA-mortars [26]. The authors reported that the use of 10% and 20%
UtSCBA as PC replacement significantly reduced the CI- diffusivity through the cementitious
matrix of the UtSCBA-mortars [10]. Moreover, reinforced mortars slabs elaborated with 10%
and 20% of UtSCBA and exposed to wet-dry cycles of 12h each in a 3% NaCl solution

experienced lower corrosion activity.

The combinations of 70%PC+20%FA+10%UtSCBA and 60%PC+20%FA+20%UtSCBA
in the preparation of ternary concretes proposed by Jimenez-Quero et al. [25] was also
employed by Rios-Parada et al. [27] to investigate its effect on the fresh state and mechanical
properties of the concretes. In this study, the results indicate that the UtSCBA leads to reduce
the workability and volumetric weight; however, the air content and temperature in the fresh
state were not negatively affected. In the case of mechanical properties, the combination
FA+UtSCBA slightly decreased the CS of the UtSCBA-ternary concretes; however, after 90
days the strength and elastic moduli of these concretes were not negatively affected.

Regarding the durability properties of UtSCBA-ternary concretes, Jimenez-Quero, [11] and
Rios-Parada, [12] in their Doctoral and Master thesis, respectively, manufactured reinforced
concrete prisms with 100%PC, 80%PC+20%FA, 70%PC+20%FA+10%UtSCBA, and
60%+20%FA+20%UtSCBA. After 28 days of curing the prisms were exposed to a 3% NaCl
solution. The corrosion activity from the reinforced prisms was monitored by corrosion
potentials (Ecorr) and corrosion densities (icorr) during 700 days by [11] and continuing by [12]
until 1000 days. During this period, rebars embedded in the UtSCBA-ternary concretes
showed both less-negative Ecorr Values and lower icorr Values than those from the mixtures
with 100%PC and 80%PC+20%FA. This indicates that reinforcing steel embedded in the
UtSCBA-ternary concretes presents an apparently better performance against corrosion
induced by CI".
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In summary, the studies regarding the use of UtSCBA as a Portland cement partial substitute
report no negative effects on the rheological, microstructural, and mechanical properties of
mortars and concretes. Likewise, the use of UtSCBA produces PC-based materials with less
permeability and CI diffusivity, as well as, a higher electrical resistivity. In spite of the
interesting findings so far, the real corrosion condition of the reinforcing steel and the effect
of this corrosion on the mechanical properties of the steel reinforcement is still uncertain.
Therefore, a comprehensive program aiming this research need is highly recommended.

In the current literature, several articles have reported on the effect of Cl-induced corrosion
on the mechanical properties of reinforcing steel in reinforced concretes [28-32]; however,
most of the studies are short-term and/or have been carried out under accelerated conditions
where the induced corrosion promoted excessive damage to the reinforcing steel.
In consequence, corrosion is overestimated and the corrosion mechanisms responsible for

corrosion occurring or corrosion inhibition are difficult to elucidate.

A thorough examination of the existent literature reveals that the studies on effect of the
addition of UtSCBA on the long-term properties of FA-concretes are pertinent. It also shows
that studies on the effect of Cl™-induced corrosion on the mechanical properties of reinforcing
steel in these concretes has not been reported yet. Literature also recommends that such
studies must be carried out under controlled non-accelerated conditions in order to be reliable
and to ease the elucidation of the corrosion mechanism responsible for the apparent better

performance of the addition of UtSCBA against corrosion.

Aim of the research

The main objective of the present Doctoral thesis was to evaluate the effect of CI"induced
corrosion on the mechanical properties of reinforcing steel embedded in ternary concretes

containing FA plus UtSCBA. For this purpose, four specific objectives emerged.

1. To characterize the long-term physical, mechanical, and ultrasonic properties of the ternary

concretes manufactured with the combination of PC+FA+UtSCBA.
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2. To monitor the long-term Cl-induced corrosion of reinforcing steel embedded in ternary

concretes PC+FA+UtSCBA exposed to a NaCl solution using electrochemical tests.

3. To estimate the chloride binding capacity of the cementitious matrix of the ternary

concretes PC+FA+UtSCBA after the long-term exposure to a NaCl solution.

4. To analyze the effect of Cl-induced corrosion on the mass loss, yield strength, ultimate
strength, fracture load and ductility of reinforcing steel embedded in the ternary concretes
PC+FA+UtSCBA.

Hypotheses

Considering the specific objectives mentioned earlier the following hypotheses were tested:

1. The addition of 10% and 20% of UtSCBA in concretes with FA does not affect the long-

term physical, mechanical and ultrasonic properties of the manufactured ternary concretes.

2. The reinforcing steel embedded in the ternary concretes PC+FA+UtSCBA experience
similar corrosion probabilities and corrosion rates than those embedded in concretes with

only PC when they are long-term exposed to a NaCl solution.

3. The use of 10%UtSCBA and 20%UtSCBA in concretes with FA does not affect the

chloride binding capacity of the ternary concretes.

4. The Cl-induced corrosion does not affect the mechanical properties of the reinforcing steel
embedded in ternary concretes PC+FA+UtSCBA.

Experimental program

Earlier studies carried out by Jimenez-Quero, [11] and Rios-Parada, [12], as a part of a long-

term project, monitored the corrosive activity of rebars embedded in concretes with
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FA+UtSCBA and exposed to CI" during 700 and 1000 days, respectively. As a follow-up of
this project and in order to evaluate the influence of Cl-induced corrosion on the mechanical
properties of the reinforcing steel embedded in ternary concretes containing FA and
UtSCBA, a four-level factor experimental design was developed. Four concrete mixtures
were designed in accordance with the American Concrete Institute absolute volume method
[33]. Table 1 shows details of the nomenclature adopted for each mixture and the ingredient
proportions. A total of 15 cylinders (8100 mm x 200 mm) and three reinforced prisms (100
mm 150 mm x 300 mm), for each mixture, were fabricated with the different concrete
mixtures for the different phases of this research project. After casting the cylindrical
specimens were cured by immersion in a Ca(OH). saturated solution until the date of testing.
Similarly, the prismatic specimens were cured for 28 days and thereafter immersed in a NaCl

solution for continuous monitoring and further evaluation.

Table 1. Details of the experimental design

Factor  Levels Description
C 100%CPC
[<5]
o 3 TO 80%CPC+20%FA
o X
m S T1  70%CPC+20%FA+10%UtSCBA

T2 60%CPC+20%FA+20%UtSCBA

The experimental program of this thesis was divided into four phases. In Phase I, a long-term
characterization of the physical, mechanical and ultrasonic properties of the UtSCBA-ternary

concretes was conducted.

In Phase Il, the Cl-ion diffusion coefficients (Dcs) of the UtSCBA-ternary concretes at
28 and 90 days of age were obtained. The microstructures and mineral phases of the concretes
at 2500 days of age were characterized by scanning electron microscopy (SEM) and X-ray
diffraction (XRD). Then, the corrosion condition of the reinforced UtSCBA-ternary
concretes exposed to the NaCl solution was evaluated by corrosion potentials (Ecorr) using
the half-cell technique and by corrosion current densities (lcorr) Using the linear polarization

resistance (LPR) technique. The Dcs at 28 days and the LPR test results helped to estimate
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the time for depassivation of the steel reinforcement and the theoretical mass loss of the

rebars.

Phase 11 of the experimental program consisted of carrying out electrical resistivity tests to
all prismatic specimens for 3000 days. In this phase, one-out of three reinforced prisms from
each mixture, the ones with the highest corrosion activity observed from the previous phase,
were selected to be autopsied. Prior to the autopsy, corrosion potential maps were obtained
from these prisms. Reinforcing bars embedded in the prisms along with samples of the
corrosion products at the interface concrete/steel reinforcement were retrieved and kept in
safe dry conditions. Corrosion potentials maps, corrosion products and corroded steel
reinforcing bars were studied altogether in the following Phase IV. During the autopsy of the
prisms, several small-scale concrete specimens were also obtained. In this third phase,
microstructural and mineralogical characterizations of these small-scale specimens were
carried out by SEM and XRD, respectively. Moreover, PVs, CSs, Dcs, and chloride binding
capacities of the UtSCBA-ternary concretes were also estimated using the small-scale

concrete specimens.

In Phase IV the corrosion potential maps, corrosion products and reinforcing bars retrieved
from the concrete prisms in Phase Il were fully analyzed and characterized. Then,
the damage by the Cl-induced corrosion on the rebars was evaluated by inspection visual.
The rusted and rust-free zones of the concrete/reinforcing steel interface were assessed by an
elemental mapping by SEM/EDS. The corrosion products were identified using XDR and
Fourier-transform infrared spectroscopy. The real mass losses, yield strengths, ultimate
strengths, fracture loads, and ductilities of the steel reinforcing bars were obtained. Table 2

shows a summary of the experimental phases and all the tests that comprise each phase.
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Table 2. Details of the phases and tests performed in this research.

Phase I: Phase II: Phase I11I: Phase 1V:
Long-term Corrosion Study of the CI-  Study of the effect
characterization of monitoring binding capacity of of corrosion on the
physical, mechanical UtSCBA mechanical
and ultrasonic properties of
properties reinforcing steel
-BD - Dc -ER - Ecorr
-AD - SEM - SEM - VI
-PV - XRD - XRD - SEM
-CS - Ecorr -PV - XRD
-UVP - corr -CS -FTIR
- Ot - tdp - Dc - RML
- 0s - TML - Py -fy
- £ _ fU
- FI
- U

BD: bulk density, AD: absolute density, PV: percentage of voids, CS: compressive strength,
UPV: ultrasonic pulse velocity, a:: temporal attenuation, as: spatial attenuation, €: waveform energy,
Dc: chloride-ion diffusion coefficient, SEM: scanning electron microscopy, XRD: X-ray diffraction,
Ecorr: corrosion  potential, icorr:  corrosion  density, tap: time of depassivation,
TML: theoretical mass loss, ER: electrical resistivity, Pp: chloride binding capacity,
VI: visual inspection, FTIR: Fourier-transform infrared spectroscopy, RML.: real mass loss, fy: yield
stress, fu: ultimate stress, FI: fracture load, p: ductility.
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CHAPTER TWO

Conceptual and Theoretical framework
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1. The corrosion phenomenon in the steel reinforcement-concrete matrix system

Corrosion is defined as the destruction or deterioration of materials due to their reaction with
the surrounding environment [1]. In this context, the cementitious matrix of the reinforced
concretes usually has a pH higher than 13.5 which provides an alkaline media, and in
consequence a passivating film around the reinforcing steel is formed [2]. However, the
passivation can be destroyed, and corrosion can start. In general, there are two main factors
that can cause the corrosion of steel in reinforced concrete: a) the carbonation of the concrete

matrix and b) the ingress of chloride ions (CI°) [3].

Corrosion can be caused by CI" when these ions penetrate through interconnected pores in
the cementitious matrix of the reinforced concrete. Once a certain amount of CI™ ions reach
the interface concrete/reinforcing steel the passivating film is destroyed, and the corrosion
process starts [3]. Fig. 1 illustrates the corrosion mechanism of the reinforcing steel
embedded in concrete. Few factors are necessary for corrosion to start and be mantained.
First, the corrosion needs both anodic and cathodic zones which are located at the steel
surface. The reinforcing steel surface serves at the same time as an electrical conductor.
Moreover, an electrolyte is also needed, where the pore solution in the cementitious matrix
fulfills this function. At the anodic zone, the Fe is dissolved into Fe ions which precipitate
into the pore solution, (Fe—Fe?* + 2e°) and the lost electrons react with oxygen and water
present in the cathodic zone to create hydroxyl ions (2e+H,O+,0—20H"). Next, the Fe
ions (Fe*) in the pore solution react with the hydroxyl ions to produce ferrous hydroxide
(Fe?*+20H —Fe(OH).), which is further oxidizes to create other corrosion products such as
ferric hydroxide (4Fe(OH)2+02+2H20— 4Fe(OH)3).

Despite the corrosion activity occurs at the reinforcing steel surface, the roles of the
concrete/reinforcing steel interface and the concrete matrix are of primal importance for
corrosion to start, be maintained, or be stifled. Most of the species needed for the corrosion
process, moisture, and oxygen are provided by the concrete matrix. For this reason, the
understanding of its properties can greatly help to elucidate the mechanisms involved in the

corrosion phenomenon.
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Fig 1. Schematic representation of the corrosion process of reinforcing steel embedded in concrete.
Adapted from Ahmad [2]

2. The concrete matrix

Hydraulic concrete is a material made of a binder which is formed mostly by the chemical
reaction between the Portland cement (PC) and water. Despite the main ingredient of
hydraulic concrete is PC, chemical and mineralogical admixtures, which are nowadays
widely used to modify certain properties of concrete have become also very important.
Moreover, fine and coarse aggregates are also embedded in order to create a matrix similar
to a rock [4]. In this context, the concrete is a key component in building construction owing
to its advantages; for example, low cost, appropriate mechanical properties and adequate
durability, high heat storage capacity, high chemical inertia, and ease of being molded into

different sizes and shapes [5].

2.1 Portland cement, the main ingredient of concrete

The PC is manufactured by feeding crushed, ground, and screened raw mix into a rotary kiln,
which heats the mixture to a temperature of about 1300-1450 °C. Next, the clinker is cooled

and crushed to a fine powder; finally, a small amount of gypsum is added, and the resulting
product is the commercial Portland cement [6].

20



2.2 Contextual overview of the cement

The cement was discovered 175 years ago, since then, it has been the binder material more
widely used by the construction industry [7]. The cement is the base material for building
infrastructure; for example, bridges and dams, skyscrapers, roads and railways, high-rise

apartments, and single-family homes [8].

In the last 65 years the amount of cement produced increased approximately 34-fold [8].
In 1950 the cement-based materials represented about 7% of the total global materials,
whereas, in 2005, it represented 30% of the total global materials use including fossil fuels
[9]. This growth rate is much higher than other commaodities such as steel, and it is estimated
that the demand for cement will increase by about 6 billion tons by 2050 [8]. Despite the
advantages of the use of the cement, its manufacture consumes a great deal of energy and
releases a large quantity of CO,. An estimate of between 0.8 and 1.0 tons of CO. are
generated for 1 ton of manufactured cement. In general, the cement industry emits over 6%

of total man-made CO, emissions [5].

The manufacture of Portland cement is a fairly simple process; however, the final product is
a complex material from which a great deal of research articles has been published. Some
aspects of its manufacture, components, hydration and properties have been investigated;

however, many uncertainties still remain.

2.3 Components of the Portland cement

Portland cement is not a simple material because is a mixture of several compounds where

the following five are at least 90% of it [4]:
Q) Tricalcium silicate (C3S) (45-60% by mass of PC): This component can be

considered as the main component of the clinker; moreover, it provides high

initial strength to the concrete.
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(1) Dicalcium silicate (C2S) (5-30% by mass of PC): This component provides
low resistance in the first days because it hydrates and hardens slowly;
however, contributes to the increase in resistance after one week.

(1) Tricalcium aluminate (C3A) (6-15% by mass of PC): This compound reduces
the burning temperature of the clinker and facilitates the combination of
gypsum and silica. C3A contributes slightly to the development of early
resistance; however, it can bind chlorides, which may reduce the risk of
corrosion of the reinforcing steel.

(IV)  Tetracalcium ferroaluminate (C4AF) (6-8% by mass of PC): This compound
controls the reactions inside the rotary kiln when the clinker is manufactured.

(V)  Gypsum (3-5% by mass of PC): This compound is added to the clinker before
grinding in order to control the rate of hydration of CzA and C4AF.

2.4 Portland cement hydration

The hydration of the Portland cement is defined as the combination of all the
simultaneous and physical-chemical reactions between the PC particles, water, and other
additives. The hydration of the PC is complex and to understand the chemical processes of

such hydration is necessary to study the hydration of each of its components separately.

2.4.1 Hydration of the C3S and C,S

Hydration of C3S and C.S create two products: (I) calcium silicate hydrate (C-S-H) and (ii)
calcium hydroxide (Ca(OH)2). Both calcium silicates have a similar hydration process,
distinguishing themselves by the amount of Ca(OH). formed and the heat of hydration
released. Therefore, this section focuses only on the C3S hydration process, where the
Fig. 2 shows a typical exothermic heat flow curve of CsS hydration, identifying 5 stages [10].
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Fig. 2. A typical exothermic heat flow curve of CsS hydration
Adapted from Ramachandran [10]

Stage 1 Pre-induction: in the first stage, as soon as C3S mixes with water, it releases silicate

ions, H2Si04%, (OH) ions, and Ca?* ions in the solution.

C3S + 3H,0 - 3Ca** + 4(0H) + H,Si0%" Eq.1

Next, the solution is oversaturated with respect to the C-S-H, which precipitates according

the follow reaction.

3Ca?* + 2(0H)™ + 2H,Si0%™ + 2H,0 — CasH,Si,0,(0H),.3H,0 Eq.2

Stage 2 Induction: in this state, the water consumption and the amount of hydrates formed
are very small, which explains why the concrete is workable. The induction period can be
explained by the theory of the physical barrier to diffusion, which is based on the formation
of a C-S-H film around the CsS particle (Fig. 3) where Ca(OH)2 must leave. This film slows
down the reaction rate because water must penetrate through such film and in countercurrent
to Ca(OH)..
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T HO
Fig. 3. Schematic representation of a CsA particle surrounded by a C-S-H film

Stage 3 Acceleration: in this state, the initial setting of the concrete begins. The C3S begins
to hydrate rapidly again since the Ca(OH)2 begins to crystallize out of the C-S-H film
(Fig. 4) consequently, the diffusion of water towards the nucleus of the C3S particle increases.

Ca(OH)2
crystals

H,O
Fig. 4. Schematic representation of the crystallization of Ca(OH),

Stage 4 Deceleration: due to C3S hydration, the thickness of the C-S-H film continues to
increase and movement through such film determines the rate of the reaction, and hydration
is controlled by the rate of diffusion into the C-S-H film. Diffusion-controlled reactions are

generally quite slow, and the rate decreases as the thickness of the diffusion barrier increases.
Stage 5 Diffusion: in this stage, diffusion is so slow that the rate of hydration is controlled

only by the rate of diffusion. As the thickness of the C-S-H film continues to grow (Fig. 5),
the diffusion rate continues to decrease until there is no more CsS to hydrate.
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CSH

Fig. 5. Schematic representation of the growth of the C-S-H film surrounding a CsS particle
2.4.2 Hydration of the C3A, C4AF, and Gypsum
The hydration processes of CzA and C4AF in the presence of gypsum are similar; however,
the reactions of C4AF are slower than CzA. Therefore, this section focuses on describing the
hydration process of C3A in the presence of gypsum, which is divided into four stages [10].

Stage I: in this stage, C3A and gypsum dissolve rapidly in water, according to the reactions:

CasAl,04 + 2H,0 - 3Ca* + 24105 + 4(OH)~ Eq. 3
CaS0,.2H,0 - Ca®** + SO~ + 2H,0 Eq. 4

These reactions generate a great amount of heat and the ions formed combine instantly to

form ettringite crystals

29H,0 + 6Ca* + 24105 + 350%™ + 4(0H)~ - [Ca,Al(OH),). Ca,(S0,)s. 25H,0 Eq.5

or

C3A + 3CSH, + 26H — C4AS;Hs, Eq. 6

During this first stage, an ettringite film is formed that covers and protects the surface of the
C3A particles, preventing the diffusion of SO4%, (OH)", and Ca?* ions.

Stage I1: this stage is characterized by slow reactions, however, the creation of ettringite

continues. The duration of this stage depends on the amount of gypsum available in the
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mixture. The reaction rate is retarded due to the ettringite film, since SO4? and Ca?* ions
must pass through of this film by diffusion before they can react to form more ettringite.
C3A hydration is delayed while ettringite forms a diffusion barrier around the C3A particles

(Fig. 6).
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Fig. 6. Schematic represéntaiion of ettringite covering a CsA particle
Stage I11: after 10-24 hours, the gypsum has been completely depleted, this decreases the
concentration of sulfate and calcium ions. The above causes that the solution saturates with
respect to ettringite, which dissolves according to the following reaction:
29H,0 + 6Ca* + 24105 + 3502~ + 4(OH)™ - [Ca,Al(OH)4),.Ca,(S0,)5.25H,0 Eq. 7
The above reaction creates a source of sulfate ions, which with the aluminate that is still
present, forms a new compound, the calcium monosulfoaluminate hydrate according to the
reaction:
19H,0 + 4Ca™ + 24105 + SO03~ + 4(OH)~ - [Ca,Al(OH)g],.Ca(S0,)5.15H,0  Eq. 8
or
2C3A + C4AS3Hs, + 4H — C,ASH,, Eq. 9
When ettringite begins to convert to monosulfate, the hydration rate of CsA begins to increase

again, because the protective barrier breaks down during conversion from ettringite to

monosulfate (Fig. 7).
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C3A - Rupture of the
ettringite layer

Fig. 7. Schematic representation of the rupture of the ettringite layer that surrounds the CsA particle

Stage 1V: During this period, the ettringite formed is completely transformed on

monosulfoaluminate through long-term reactions
C¢AS3Hs, + 2C3A + 4H — 3C,ASH,, Eq. 10

Subsequently, the monosulfoaluminate reacts slowly with excess aluminate and ferro-
aluminate creating a complex hydrated product, which contains aluminate, ferrate, sulfate,

calcium, and hydroxyl ions.

The rate and the mechanism of hydration of the main compounds of Portland cement can be
modified by the incorporation of additives, these changes induce the corresponding changes

to the fresh and hardened state properties of concrete.
2.5 Chemical admixtures and Supplementary Cementitious Materials (SCMs)

There is a very large variety of additives used in the concrete industry; however, those
reacting with the concrete ingredients, especially with Portland cement, have a greater effect
on the final properties of concrete. These additives can be classified into two large groups,

the so-called chemical admixtures and the fairly-new mineral admixtures.

On one hand, chemical admixtures are materials different than water, hydraulic cement, and
reinforcing fibers that are used as an ingredient in concrete [11]. Chemical admixtures are

added to the mixture before, during, or after the mixing. Nowadays, the admixtures can be
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used to reduce costs or to modify certain properties of concrete to adapt them to different

working conditions. Chemical admixtures can modify the properties of concrete as follows:

¢ Increase the workability without increasing o decreasing the water content,
¢ Increase the compressive strength at an early age,

e Increase the resistance to severe exposure conditions,

e Decrease concrete permeability,

¢ Increase the adhesion between the concrete and reinforcing steel, and

¢ Inhibit the corrosion of reinforcing steel embedded in concrete.

On the other hand, mineral admixtures, also known as supplementary cementitious materials
(SCMs), are soluble siliceous, aluminosiliceous, or calcium aluminosiliceous powders,
commonly used as partial substitute of the clinker in cement or of Portland cement in cement-
based composites [12]. SCMs are also known as pozzolans because by themselves have few
or no cementitious properties; however, when they are finely divided, and in the presence of
moisture, chemically react with Ca(OH). to create compounds with cementitious properties
[13].

The use of SCMs, in addition to reducing cost during concretes production, allows improving
the performance of the cement and cement-based materials. In the ecological context, the
partial replacement of PC by SCMs significantly decreases the cement consumption reducing

accordingly the CO- emissions produced during the concrete manufacture [14].

3. Influence of SCM on the concrete matrix

Several studies have shown that the partial substitution of PC by SCMs significantly
influences the workability, mechanical properties and durability of cement-based materials.
Some SCMs have detrimental effects on the concrete workability. In some cases, the water
demand for a concrete mixture increases because of the small particle sizes of the SCMs. In
other cases, high internal porosity of the SCMs increases the water demand through water

absorption [15-17]. On the other hand, it has been reported than the addition of some SCMs,
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specifically FA, significantly improves the rheological properties of cement-based materials
[18, 19].

Regarding the effect of the SCMs on the mechanical properties of cement-based materials, it
is known that their use of some of them reduces their compressive strengths at and early age
[20]. This effect is the result of the dilution of PC; however; a beneficial effect is experienced
at a long-term age. This improvement is caused by the reaction between the SCMs and
Ca(OH), produced during the hydration of PC after 28 days [20]. More details about this

reaction are presented in the following sections.

In the case of durability, the cementitious compounds produced by the reaction of the SCMs
with Ca(OH)2 reduce the porosity and permeability of the cement-based materials [21]. As a
result, many durability properties are improved, for example, the sorptivity, permeability,
and diffusivity of Cl- and CO; are lowered [14]; in consequence the corrosion phenomenon

Is also positively altered.

3.1 Types of the SCMs

SCMs can be classified as natural and artificial. Natural SCMs are present in nature but its
availability is limited because it can be found in only few specific regions [8]. Other examples
of natural SCMs are calcined clays, vegetable ashes, and zeolites [5]. The extraction,
manufacture, and transportation of these natural SCMs alter ecosystems and also cause

pollution.

On the other hand, artificial SCMs are obtained from the industry as waste. A substantial
amount of wastes is produced globally as by-products from the industrial and agricultural
sectors [22]. Typical industrial SCMs are fly ash, blast furnace slag, and silica fume [8]
whereas agro-industrial SCMs are rice husk ash, palm oil fuel ash, sugarcane bagasse ash,

wood waste ash, and bamboo leaf ash [22].
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As mentioned earlier, the SCMs, also known as pozzolans, partially replace PC leaving weak
spots in the concrete matrix because SCMs are generally less dense and less reactive than
PC. In order to compensate this weakness most of the SCMs react at a later age with Ca(OH)2
produced from the hydration reaction of PC. For this reason, it is crucial to understand the

pozzolanic reaction which is explained in some detail next.

3.2 Pozzolanic Reaction

The reaction between materials with pozzolanic properties, Ca(OH). from the cement
hydration and water is known as the pozzolanic reaction [4]. The products created during the
pozzolanic reaction are similar to the C-S-H produced during the hydration of the PC and
other compounds known as calcium aluminate silicate hydrates (C-A-S-H) [21].

Similarly, to the hydration of cement particles, the pozzolanic reaction is also a complex
phenomenon. An intesting approach to explain the pozzolanic reaction is considering only
the reaction mechanisms of C3S and C3A with the pozzolan particles.

The hydration mechanism of a C3S-pozzolan system is schematically represented in Fig. 8.
Ca™ ions dissolved from C3S are captured by the pozzolana grains and those are adsorbed
on the surfaces. On contact with water, Na* and K* from the pozzolanic grains are dissolved,
resulting in a Si and Al rich amorphous film. Next, the film is broken and SiOs* and AIO
diffuse to meet Ca*. The condition of precipitation being satisfied, C-S-H and Ca-Al hydrate
precipitate on the surface of the outer hydrates of CsS. The solution near the outer surfaces
of the destroyed film becomes poorer in Na* and K* than on the inside, and Ca?* is adsorbed

on the film, resulting in the precipitation of C-S-H and Ca-Al hydrate.

The hydration mechanism of C3A-pozzolana system is also schematically represented in
Fig. 9. In contact with water, a rich film of amorphous Al is formed around the C3A grain,
while Ca*™ and SO ions are released into the solution. On the other hand, the pozzolana

grain releases Na* and K™ ions, and a film rich in Al and Si is formed around it. Next, the
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film around the pozzolan grain is destroyed and AlO2™ and SiO+** ions are released, while

Ca'" ions are absorbed to form C-S-H and mono-Ca-Al hydrates.
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Fig. 8. Schematic representation of the hydration mechanism in the CsS-pozzolan system [23]
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Fig. 9. Schematic representation of the hydration mechanism in the CsA-pozzolan system [24]

The hardened paste of cement-SCMs has a lower Ca(OH). content and a higher C-S-H
content compared to paste obtained with only PC. It is important to mention that the amount
of PC replaced by SCMs must be adjusted to the amount of Ca(OH). produced in the
hydration of the PC. This is necessary because the excess of SCMs will not react and

therefore, it will behave like an inert addition [4].
3.3 Binary and ternary concretes
In order to improve the workability, as well as the mechanical and durability properties of

the cement-based materials one or more SCM can be used as PC partial replacement. When
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the PC is partially substituted by one SCM, binary concretes are produced [25]. The addition
of one SCM can enhance some properties of the material but hinder other properties. One
option to overcome this disadvantage is the the addition of a second SCM, this results in the

advent of ternary concretes [26].

4. Physical and mechanical properties of the concrete matrix

A concrete matrix contains several types of solid phases; the most relevant properties of such
solid phases are the density, porosity, and compressive strength [4]. These properties can be
determined using destructive testing and their relationships further investigated. Another
manner to non-destructively estimate these properties and their corresponding relationships
is by the response to the propagation of ultrasonic guided waves through the concrete matrix

[27]. These important subjects are revised next.

4.1 Density and porosity

Density is a fundamental property of materials, which relates the nature of its constituents
and the existence of voids or pores between them. Density is defined as unit mass per unit
volume. Bulk and absolute densities are useful for the characterization of materials; the first
involves the pores present in the material which are filled by air, whereas, the absolute density
involves only the amount of matter present in the material. Both densities of concrete can be
determined by the ASTM C 642-13 standard [28].

The porosity of a material is defined as the volume of voids present divided by the total
volume of such material [29]. This physical property has a main role on the compressive
strength and modulus of elasticity of concrete [30]. The pores in the concrete matrix are
classified according to their size. In this context, three kinds of pores are identified;
micropores, mesopores and macropores, with sizes ranging between 1 nm to 100 nm, 100 nm
to 10 um, and 100 um to 1 cm, respectively [31]. The porosity of a concrete can be
characterized by mercury intrusion porosimetry, which provides also information about the
pore-size distribution of a concrete [32]. Nevertheless, the ASTM C 642-13 standard [28]
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gives a simpler procedure to obtain the total porosity of concretes by relating the absolute

and bulk densities of the material.

4.2 Compressive strength

The compressive strength (CS) is used as a measure to judge the quality of concrete [33].
The CS is also the backbone of the design and proportioning methods of concrete mixtures.
This property is obtained from casted and cured concrete specimens in accordance with the
ASTM C39/C39M-20 standard [34]. The test consists in applying a uniaxial compression
load to concrete specimens using a universal machine until failure occurs. The CS of the
concrete specimens is determined by dividing the load applied during the test by its cross-
sectional area. The CS of a concrete depends on many factors, for example, porosity, type
and interaction between aggregates, moisture in the specimen, as well as, form and size of

the specimens [35].

4.3 Response to ultrasonic guided waves

The ultrasonic guided waves are mechanical waves with a frequency larger than 20 kHz
which propagates in a media by an external force causing the displacement of a particle apart
from its equilibrium position. This displacement induces the displacement of the neighboring
particles, leading to a chain reaction that allows the propagation of the wave [36]. Three types
of ultrasonic waves can be used to characterize a material, namely, compressional waves
(also called longitudinal or P-waves), shear waves (also called transverse or S-waves) and
surface waves [37]. An ultrasonic wave is generated by two piezoelectric transducers,
transmitter and receiver, connected to a signal transmitter-receiver equipment. This
equipment emits electrical pulses, which are transformed into pressure pulses by the emitting
transducer, transmitting them into the sample. Subsequently, the pressure pulses are sensed
in the receiving transducer, which transforms them into electrical pulses that are registered
in the transmitter-receiver equipment. The equipment can be connected to an oscilloscope
which digitizes the signal and it can be further processed. One of the outcomes from the test

is the time the wave travels through the specimen, also called transit time (tv) (see Fig. 10a).
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Once the ty is estimated, the ultrasonic pulse velocity (UPV) can be calculated by dividing

the length of the specimen by t.

Despite the UPV is useful to predict certain properties of a porous matrix, at the end it is a
unidirectional test and predictions are not very accurate. To overcome this limitation the
digitization of the signal allows its manipulation to obtain other ultrasonic parameters, such

as spatial attenuation (as), temporal attenuation (ot), and energy content in the signal.

a)
Ao . N R — TV)

Signal emitted " Signal received

—0——0—

signal received (absolute values)

- Ay _ b4
AA=120"log [A—] ax=— Eq.12

b)
. Amy
Al
| AA =20-1 An:x = AA
T [Amw_.] e -Tow  EQ.13
Tox Tiw%
c)

Fig 10. Schematic representation of a P-wave and how the ultrasonic parameters are calculated
Adapted from Martinez-Martinez et al. [36]

The as can be calculated using the maximum amplitude of the ultrasonic signal emitted by
the emitting transducer (Ao), the maximum amplitude of the signal received at the receiving

transducer (Amx), and the length of the specimen (L) (see the equation in Fig. 10b). The ot
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can be calculated using the maximum amplitude of the signal received by the receiving
transducer (Amx), the value of 10% of the maximum amplitude (A1o%), the time in which the
maximum amplitude is recorded (Tmx) and the time in which Ao is last registered (T1o%)
(see the equation in Fig. 10c). Finally, the energy content in the signal is the integrated area
under the signal [36]. The ultrasonic parameters can also be estimated from the S-wave and
can help to more accurately estimate the porosity and compressive strength of a porous
matrix, for example concrete [38].

5. Durability properties of the concrete matrix

Durability is one of the most important properties of reinforced concrete structures (RCS)
because is associated with their service life after they are exposed to certain conditions or
environments [2]. Durability means that an RCS will maintain its required strength and
serviceability during the specified or traditionally expected service life [39]. The most studied
durability properties of concrete and reinforced concrete are initial surface absorption, water
absorption, sorptivity, alkali-silica reaction, resistance against sulfate attack, chloride
diffusivity, chloride binding and resistance against corrosion induced by chlorides and

carbonation [14].

5.1 Resistance to chloride diffusion

The chloride ingress into concrete is a complex phenomenon involving multiple mechanisms
such as convection, capillarity suction, and diffusivity [40]. In this context, diffusion is the
flow or movement of ions or molecules from one area with a higher concentration to another
with a lower concentration to produce a homogeneous composition [41]. In the case of
concretes, diffusion is the primary mechanism of chloride transport and it can be studied by
the Fick’s second law (Eq. 14)

oc 0%C
EZDCW Eq. 14
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where D¢ = diffusion coefficient, t = diffusion time, C = chloride concentration in the

concrete, and x = distance at which chloride concentration is measured.

Under the assumptions of (1) homogeneous concrete, (2) constant chloride concentration at
the exposure surface, and (3) constant diffusion coefficient [42], an error function solution to

the Fick’s second law is usually used as follows:

C(x,t) = C; [1 —erf (L>] Eq. 15

2/Dct

where Dc = diffusion coefficient (m?/s); t = time of exposure (s), C(x, t) = chloride
concentration at depth x after time t (%/m3), Cs = surface chloride concentration
(%/m?3), and erf is the error function. Dc and Cs are calculated based on a chloride

concentration profile obtained from a concrete sample exposed at a chloride surce (Fig. 11).

Totalm chloride concentration
(% by concrete weigth)

Penetration depth
Fig. 11. Typical Chloride centration profile obtained of a concrete sample

The chlorides that have penetrated concrete can exist as either in the pore solution (free
chlorides) or capture by the hydration products, which are known as bound chlorides [43].

In this context, it is important to mention that the concentration profile for calculating Dc and
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Cs is obtained of total chloride concentration i.e. free plus bound chlorides. D¢ is the
parameter widely used to determine the penetration rate of chlorides through the cementitious
matrix of concrete [44]. The rate or resistance to the CI" diffusion into concrete can be
influenced by many factors for example total porosity, pore-size distribution, connectivity,

tortuosity, and, chloride binding capacity of the concrete matrix.

5.2 Chloride binding capacity

In this perspective, the chloride binding capacity (Pp) of a concrete matrix must be considered
as a relevant factor to evaluate their durability performance. It is known that the Pb of
concrete depends on two main mechanisms: (I) chemical reactions and (Il) physical
adsorption [45]. The chemical reaction is through the formation of Friedel’s salt
(C3A-CaCl2-10H20) by the reactions between CI- and the Aft and Afm phases from
concretes. However, some studies report that the alumina from SCMs can also chemically
react with the CI" to form Friedel’s salt [46]. The second mechanism involves the physical
interaction of CI" with the C-S-H by three types of interaction: both electrostatic and VVan der
Waals forces, CI adsorption into the C-S—H interlayer spaces, and CI™ intimately bound in
the C—S—H lattice [47].

The chloride binding capacity of concrete systems has been estimated by some using the
Langmuir isotherms which indicate a non-linear relationship between free and bound
chlorides [48, 49]. The conventional Langmuir isotherm can represent the adsorption
phenomenon for a gas-solid system; however, the solution-solid system should be
represented by the modified Langmuir isotherm. In addition, the Langmuir isotherms require
the following assumptions: uniform surface, monolayer adsorption, one molecule per site,
adsorbed molecules do not interact with each other and adsorption occurs by collisions with
a vacant site, conditions that are very difficult to fulfil in a concrete matrix system. Finally,
the Langmuir isotherms have been used mostly to estimate Py values at early ages. Other
approaches for the estimation of Py of a concrete matrix are the use of linear models such as
the Freundlich adsorption isotherms where an empirical equation defines a linear relationship

between the absorbate and the absorbant, or the use of a linear relationship between free and
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total chlorides from long-term experiments [50, 51]. At the end, the decision of using a linear

or non-linear model is up to the trend showed by the data.

6. Mechanical properties of the reinforcing steel embedded in a concrete matrix

The mechanical properties are important in the design of RCS because the operation and
performance depend on their ability to resist deformations under the stresses to which are
subjected. The mechanical properties of RCS are mostly dictated by the properties of the
steel reinforcement because it greatly contributes to defining the behavior of the whole
system when subjected to mechanical stresses. The most important mechanical properties of
the reinforcing steel can be calculated based on the stress-strain diagram from a tensile test.

The tensile test on a steel bar consists of applying a uniaxial load with a gradual increase
until the breakage of the bar is achieved. Tensile tests provide information on the strength
and ductility of materials under uniaxial stresses [52]. Fig. 12 shows the typical stress-strain
diagram obtained from a tensile test of a steel rebar. The diagram depicts the elastic, yield,
strain hardening, and descending or necking effect zones. The design parameters of the
reinforcing steel, such as modulus of elasticity (E), yield strength (fy), ultimate strength (fu),
fracture strength (ff), as well as the respective yield strain (ey), ultimate strain (eu), and
fracture strain (gf) are illustrated. Most of the parameters will change when the chemical
composition of the steel also changes. For example, the increase in the carbon content
increases the strengths accordingly but decreases the achievable strains. The exception to this
behavior is the value of E which will remain constant despite of the increase in carbon content
of the steel. The yield strenth indicates the maximum stress that the material can handle
without experiencing plastic deformation; which occurs when a material is deformed to the
point where it cannot return to its original axial dimension. The ultimate strength corresponds
to that obtained when the maximum load is applied to the material, whereas, the fracture load
is where the breakage of the bar occurs [53]. As mentioned before, for each stress of interest
there is an associated strain; however, the strain or rather the relationship between strains is
of particular relevance. For example, the ratio between &f and ey brings about and important

parameter called ductility.
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Fig. 12. Typical diagram stress-strain of a steel bar

Ductility is defined as the ability of a material to change its shape without fracture [53]. It is
of critical importance for engineering materials for both the manufacturability and

performance of the RCSs. The ductility of steel rebar can be determined by the Eq. 16
proposed by Bruneau et al. [54].

=L Eq. 16

where [ is the ductility of the rebar, while & and ey are the fracture and yield strains,
respectively.

Ductility of a metal is an important property, but the loss of ductility is doubtless of
paramount importance because downsizing this property can lead to the sudden collapse of
a reinforced concrete element or of an entire RCS. The failure or collapse of RCS has not

only serious economic and/or ecological impacts but also threats for human life preservation.
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7. Cl-induced corrosion of steel reinforcement embedded in a concrete matrix: causes

and monitoring

One of the factors that cause deterioration of the reinforced concrete durability is the presence
of a CI" in a high enough amount to cause the depassivation of the reinforcing steel. Two
theories regarding the mechanism by which the CI- destroys the passivating film are
proposed. The first theory suggests that CI” replace the oxygen atoms in the passivating film,
which increases the conductivity and solubility of such layer. This replacement causes
differences in the electrochemical potential, deteriorating the passivating film and therefore
corrosion occurs [55]. The second theory suggests that the passivating film has defects and
pores, where Cl penetrate such film forming anodic zones on the reinforcing steel surface,

which are surrounded by large cathodic areas, and therefore corrosion occurs [56].

Based on the fact that corrosion is an electrochemical phenomenon the technique of corrosion
potentials measurements (Ecorr) allows evaluating the probability or risk of corrosion of the
embedded reinforcing steel in concrete. This technique has been widely used over the years
to monitor the risk of corrosion of reinforcing steel in concrete structures [57]. Results of

corrosion potential can be interpreted in accordance with the ASTM C 876-15 standard [58].

Another technique to monitor corrosion is the called linear polarization resistance (LPR)
which assumes that the polarization curve close to the corrosion potential is linear [59]. A
small current is applied to polarize the reinforcing steel, which allows monitoring the amount
of current required to achieve a defined variation in potential [60]. LPR measurement is
normally performed with a three electrodes system. A stable electrode (reference electrode)
measures both the corrosion potential and the overpotential between the reinforcing steel
(working electrode) and the auxiliary electrode (counter electrode) [61]. The slope created
by the graph of potential and current is the resistance to polarization, with which the total
corrosion current is calculated [62]. Subsequently, the corrosion density (icorr) is Obtained by
dividing the total corrosion current (lcorr) by the corroded area of the reinforcing steel. Results
from this thecnique can be interpreted in accordance with the recommendations provided by
Bromfield [63] (Table 1).
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Table 1. Corrosion condition based on the corrosion density values [63]

Condition Corrosion density (LA/cm?)
Pasive <0.1
Low to moderate corrosion 0.1t00.5
Moderate to high corrosion 0.5t01.0
High corrosion rate >10

The electrical resistivity (ER) is another interesting and robust technique used to characterize
a concrete matrix. It can be considered a durability test because correlates well with the
diffusion coefficients, corrosion portentials and corrosion current density of a reinforced
concrete system [64]. The ER of concrete is measured using the Wenner four-point probe
principle. The test consists of applying an electric current to the two outer points of the
Wenner probe [65] (Fig. 13).
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Fig. 13. Electrical resistivity test to a concrete specimen using the Wenner four-point probe
Adaptated from Arenas-Piedrahita [66]

Subsequently, the electrical potential produced is measured with the interior points of the
probe. The ER is measured to determine the protection provided by the concrete to the
reinforcing steel. The ER mainly depends on the degree of saturation of the concrete, pore

network, the type of cement, the water/cement ratio, and the quality of the aggregates [67].
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8. Strategies to improve the durability of reinforced concrete structures exposed to

chlorides

ClI induced corrosion can be slowed-down using first principles. A wide variety of methods,
such as the use of corrosion inhibitors, galvanized steel, epoxy coatings, and cathodic
protection, or the combination of some of them, have been used to improve the durability of
reinforced concrete structures [68]. However, some methods like epoxy coatings can delay
only for few years the corrosion [69], or the combination corrosion inhibitors and
superplasticizers can decrease the compressive strength of concrete between 10 and 20%

[70]. For this reason, more robust methods are the subject of on-going research.

As it was stated in previous sections, another alternative to improve the durability properties
of reinforced concrete is through the incorporation of SCMs in the concrete mixture. Fly ash,
which is one of the most popular SCM, reacts with the hydration products from PC to create
secondary C-S-Hs. The porosity and permeability of the cementitious matrix are decreased,
and in consequence, the diffusion of aggressive agents such as Cl~ can diminish.
Nevertheless, the level of replacement of cement by fly ash cannot be considerably increased
to respond to the raising concerns on the sustainability of the use of PC. For this reason,
alternative SCM materials have to be investigated for this purpose. The combination of fly
ash and UtSCBA to create ternary concretes is an interesting approach; however,
comprehensive studies on their workability, mechanical properties, and durability are

needed. This doctoral project fills that gap investigating the latter.
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Abstract

The aim of this paper was to characterize the long-term physical, mechanical and ultrasonic
properties of ternary concretes prepared with Portland Cement (PC), fly ash (FA) and
untreated sugarcane bagasse ash (UtSCBA). Cylindrical specimens containing only PC,
PC+FA and, PC+FA+UtSCBA were manufactured and cured in a Ca(OH)2 solution for 2500
days. After curing, the bulk and absolute densities, percentage of voids, and compressive
strength were determined. Furthermore, the characterization of the concretes using ultrasonic
pulses was carried out. P and S wave velocities, temporal and spatial attenuations and energy
contents were calculated. The results show that the addition of UtSCBA significantly reduced
the absolute densities and percentages of voids of the ternary concretes with respect to
control, while their compressive strengths remained similar. Results also indicate that the
addition of 20%FA+20%UtSCBA produced significant changes in the ultrasonic parameters.
Moreover, correlations between physical, mechanical, and ultrasonic properties were also

analyzed and discussed.
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1. Introduction

In recent years the supplementary cementitious materials (SCMs) have been used as Portland
cement (PC) partial replacement in order to improve the microstructural, mechanical, and
durability properties of PC-based materials. Moreover, the SCMs are useful to reduce the
emissions of carbon dioxide associated with the manufacture of the PC [1]. The most used
SCM for the manufacture of concrete is doubtless fly ash (FA); however, nowadays the
production of FA has been negatively affected by the reduction of coal combustion. On the
contrary, the demand for PC is continuously increasing, as an estimate of about 6 Gt of PC
is projected to be consumed by 2050 [2]. Therefore, the development of new SCMs has been
carried out to support the demand of PC and fulfill the decline of FA production [1]. In this
sense, agro-industrial waste such as sugarcane bagasse ash (SCBA) has been investigated.
In the last 10 years or so, SCBA, a by-product obtained from the bagasse combustion in sugar
mills, has been characterized and used as a PC partial replacement. A research project dealing
with the use of ‘‘practically as received” SCBA (termed UtSCBA), which was only sieved
through the 75 um sieve, on the workability, microstructure mechanical and durability
properties of mortars and concretes is been conducted. Studies about of the compressive
strength (CS) of mortars report that the addition 10 and 20%UtSCBA decrease their CS at 7
and 14 days of age [3]. However, the pozzolanic reaction of the amorphous silica and alumina
in the UtSCBA with the Ca(OH). generated from the PC hydration produces secondary C-S-

H. This reaction improves the microstructure of the UtSCBA-mortars and hence their 28-day
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CS is similar to the strength of mortars with only PC. Moreover, the CS keeps increasing
until 600 days of age [4].

The studies early mentioned shown that the use of UtSCBA does not negatively affect the
long-term CS of mortars, however, both studies reported workability problems with the
addition of UtSCBA. As a solution to this inconvenience Jimenez-Quero et al. [5] reported
that the addition of 20%FA in mortars with 10 and 20%UtSCBA significantly improved their
flow properties, fulfilling the requirement of the ASTM C311/C311M-08 [6] standard. In
another research Rios-Parada et al. [7] used the combinations 20%FA+10UtSCBA and
20%FA+20%UtSCBA to evaluate effect of the addition of UtSCBA on their CS. The results
indicate that the addition of UtSCBA in order to manufacture ternary concretes reduces their
CS at 7, 28, and 56 days when compared with the control concrete. Nonetheless, the
pozzolanic reaction of UtSCBA identified by X-ray diffraction was beneficial at 90 and 120
days, producing concretes with CS similar to the strength of the concrete with only PC. In
addition to the CS, density and porosity are important in PC-based materials due to their role
in the relation between mechanical and durability properties [8]. The ultrasonic pulse velocity
(UPV) is another technique of common use to evaluate the properties of PC-based materials.
UPV can be advantageous because it is a non-destructive technique, but its reliability is
questionable. Nevertheless, the propagation of both the compression ultrasonic wave (P-
wave) and the shear ultrasonic wave (S-wave) can provide parameters such as attenuation
and energy content of the signal for the non-destructive characterization of PC-based
materials [9]. Posteriorly, these parameters can be correlated with strength and porosity for
a more comprehensive study of the properties of the PC-based materials [10, 11]. Several

studies have demonstrated that P-waves and S-waves can be used to predict the CS and the
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elastic and shear modulus of concretes [12, 13]. Other studies indicate that P- and S-waves
attenuation can be correlated with other properties such as permeability or porosity of
materials elaborated with PC [14]. In this context, the aim of this study is to characterize the
physical, mechanical properties and ultrasonic parameters of concretes where the PC was
partially substituted by FA and FA+UtSCBA. The bulk and absolute densities, percentage of
voids, CS and ultrasonic parameters from both P-wave and S-wave were investigated for this
purpose. Moreover, the relationships between properties and ultrasonic parameters were also

analyzed.

2. Materials and methods

2.1 Experiment design

To characterize the physical and mechanical properties, and the ultrasonic parameters of the
UtSCBA-ternary concretes an experimental design consisting of one factor with four levels

and 11 quantitative response variables was implemented (Table 1).

Table 1. Details of the experiment design.

Factor Levels Description Response variables
Bulk density (BD)
Cczrg[)r ol 100%PC Absolute density (AD)
Percentage of voids (PV)
Binary Compressive _strength (CS)
(TO) 80%PC+20%FA P-wave velocity (Vp)
Type of S-wave velocity (Vs)
mixture P-wave spatial attenuation (osp)
Ternary 1 70%PC+20%FA+10%UtSCBA  S-wave spatial attenuation (oiss)
(T1) P-wave temporal attenuation (oup)
S-wave temporal attenuation (ous)
Temary 2. 600spC+2006FA+20%UtSCBA  P-wave energy content (€5)
(T2) S-wave energy content (€s)
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2.2 Description of the materials

Portland cement Holcim™ (CPC-30R) readily available in the southwest of Mexico, fly ash
Admix tech™, and UtSCBA were used to prepare the concrete mixtures. The PC fulfills the
requirements established by the NMX-C-414-ONNCCE-2004 Mexican standard [15].
According to the ASTM C 618-19 standard [16], the FA was classified as class F pozzolan.
The SCBA was collected from a sugar mill located in the community of Tezonapa, Veracruz,
Mexico. Next, the SCBA was sieved through the 75 um ASTM mesh for four minutes
(UtSCBA\). The densities of the PC, FA, and UtSCBA were of 2.94, 2.27, and 2.19 g/cm?,
respectively. Table 2 shows the chemical compositions of the cementitious materials used to
prepare the concrete mixtures. It can be observed that the sums of the major oxides
(SiO2+Al203+Fe203) for the FA and UtSCBA were 89.55% and 88.28%, respectively;
therefore, the ashes can be considered as materials with a high pozzolanic potential. On the
other hand, the CPC and UtSCBA have higher LOIs than that recommended by the [16].
However, previous investigations do not report negative effects of these materials on the

rheological, microstructural, and mechanical properties of PC-based materials [4, 5, 7].

Table 2. Chemical compositions of the cementitious materials (% by mass).
Material | A0z CaO Fe:03 KO MgO MnO NaO P20s SiO2 TiO2 SOs LOI

CPC 487 6003 357 08 150 008 052 019 2067 058 495 840
UtSCBA | 15.00 257 7.16 352 119 022 054 114 66.12 113 0.26 9.00
FA 20.01 400 542 09 063 010 019 038 6412 112 086 2.60

LOI = Loss on ignition at 950 °C for the CPC and at 750 °C for the UtSCBA and FA.

Regarding the aggregates, river sand and calcareous crushed coarse aggregate were used in
the concrete mixtures. The fineness modulus of the sand and the maximum size of the coarse

aggregate were 2.97 mm and 19 mm, respectively. Furthermore, bi-distilled water and a high-
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range water-reducer (HRWR) Plastol 4000™ were used to prepare the concrete mixtures.

The HRWR was used to keep the workability of the concrete mixtures containing UtSCBA.

2.3 Mix Design, preparation and casting of the concrete mixtures

The experiment includes four concrete mixtures designed in accordance with the absolute

volume method from the American Concrete Institute [17]. All concrete mixtures were

prepared under laboratory conditions with a 0.5 water/cementitious materials ratio. The

mixture C was designed to achieve a slump target of 7520 mm and a CS target of 25+8 MPa

at 28 days. Table 3 shows the proportions of the concrete mixtures and the CS values

achieved. Six cylinders of @100 mm x 200 mm were cast for each concrete mixture and cured

in a Ca(OH): saturated solution for 2500 days. The first set of three cylinders from each

mixture was used to determine the bulk and absolute densities as well as the percentage of

voids (PV) of the concretes. The second set of three cylinders was employed to carry out the

ultrasonic guided wave tests and the CS tests.

Table 3. Proportions of the concrete mixtures (kg/m®) [7].

Mixture CPC FA UtSCBA ag;rig‘geate aéoraegzete Water HRWR  Slump 28(':%""3’
C 40 - N 727 1015 205 27 78 31
To 328 82 - 727 1015 205 16 79 31
T1 287 82 41 727 1015 205 3.1 88 29
T2 256 82 82 727 1015 205 4.9 90 27

HRWR in ml per kg of cementitious materials, slump is in mm, and CS in MPa

2.4 Bulk and absolute densities, and percentage of voids of the concrete mixtures at 2500

days
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The bulk and absolute densities and the percentage of voids were obtained according to the
ASTM C 642-13 standard [18]. The bulk density was determined using concrete samples of
@100 mm x 50£2 mm whereas absolute density was obtained from concrete fragments of
approximately 20 mm x 20 mm. The absolute density test was carried out in an inert media
using nitrogen gas, employing a multi-pycnometer from Quantachrome Instruments™. The
concrete samples were dried in an electric oven at 110+1 °C for 24 hours before the tests.
Finally, the PV of the concretes was determined according to Eg. 1 described in the ASTM

C 642-13 standard [18].

__ AD-BD
T 4D

PV

x100% 1)

where AD and BD were the absolute and bulk densities, respectively.

2.5 Compressive strength of the concrete mixtures

The CS of the concrete mixtures at 2500 days of age was obtained following the procedures
of the ASTM C39/C39M-20 standard [19]. For this test, cylindrical samples described in the
2.3 section were used. The CS test was carried out on a hydraulic press Instron® model
600DX-B1-C3-G1A. Prior to the CS test, the cylinders were used to carry out the ultrasonic

tests, which are described next.

2.6 Ultrasonic testing of the concrete mixtures
The ultrasonic guided waves test of the cylindrical specimens was carried out in the saturated

condition. The test consisted of the induction of vibration of the specimens using ultrasonic
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transducers. To do this, a pair of P-waves transducers X1021 Panametrics®, with a frequency
of 50 kHz; and a pair of S-waves transducers V1548 Panametrics® with a frequency of 0.1
MHz were used. The transducers were coupled to the concrete samples in the transmission-
reception mode (Fig. 1a). A flaw detector 5058PR Olympus® and a digital phosphor
oscilloscope Tektronix® TDS 3014C were used for the signal generation and acquisition of
data, respectively. The parameters used for the flaw detector were a rep-date of 50 Hz,
damping of 200 Q and a voltage of 200 V. No filters were used during the signal acquisition.
Five signals for P- and S-waves were obtained from each cylinder, as shown in Fig. 1b. The
ultrasonic pulse velocity, temporal attenuation (o), spatial attenuation (as) and waveform
energy (€) for each P- and S-waves were obtained. All parameters were calculated according

to tha procedure proposed by Martinez-Martinez et al. [20].

Fig. 1. a) Equipment used for the ultrasonic testing and b) test setup of the ultrasonic measurements
of the concretes at 2500 days

2.7 Statistical analysis of data
The data obtained from all tests were statistically analyzed by employing an ANOVA to

determinate the significant differences. When the data did not comply with both the normality
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and homogeneity of variance requirements, the nonparametric Kruskal-Wallis test was used.

In all cases, SPSS® statistical software was used.

3. Results and discussion

3.1 Physical and mechanical properties of the concrete mixtures.

3.1.1 Densities and percentage of voids.

The bulk and absolute densities, and the percentages of voids (PV) of the studied concrete
mixtures are shown in Fig. 2. It can be observed that the addition of FA and FA+UtSCBA
appears to reduce the bulk densities in mixtures TO and T1-T2, respectively, compared with
the mixture C; however, all bulk densities are not statistically different (p=0.096).

With respect to the absolute densities, the results show that the partial substitution of PC by
20%FA, 20%FA+10%UtSCBA, and 20%FA+20%UtSCBA significantly reduced the
absolute densities of the mixtures TO, T1, and T2, respectively, compared with the concrete
C (p<<0.005 for TO, T1, and T2). In the case of the PVs, the partial replacement of 20%PC
by FA slightly reduced the PVs of the mixture TO; nevertheless, when FA is combined with
10%UtSCBA and 20%UtSCBA, the PVs of the mixtures T1 and T2 are significantly lower
than the PV of the concrete C (p<<0.05 and p=0.008 for T1 and T2, respectively). This result
is apparently intriguing because TO, T1, and T2 concretes are less dense than the control
concrete, as FA and UtSCBA have lower densities than cement (section 2.2). A possible
explanation for this behavior is the fact that the pozzolanic reaction between the ashes and
the products of the hydration of PC, which occurs at a late age, contributes to considerably

densify the concrete matrix. In mixture C, a large amount of Ca(OH)> was produced which
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precipitated and remained in solution, whereas, in mixtures TO, T1 and T2 the produced
Ca(OH)2 was depleted by the pozzolans to produce secondary C-S-H, which are less dense
than the Ca(OH)2 [21]. Such pozzolanic reaction was shown by X-ray diffraction tests carried
out to the same mixtures at 120 days in previous research [7]. Moreover, these secondary
products can add to the reduction in porosity of the concretes containing pozzolan.

Another explanation for the reduction of the porosity in the mixtures TO, T1, and, T2 is the
so-called filler effect [22, 23] of the FA and UtSCBA unreacted particles as well as, carbon
particles present in the UtSCBA. These particles have lower density than those from PC;
however, these particles are deposited in the microstructures of concretes with FA and

FA+UtSCBA obstructing pores and cracks and therefore, decreasing the porosity of such

concretes.
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3.1.2 Compressive strength
The CSs of the concrete mixtures at 2500 days of age are shown in Fig. 3. For comparison

purposes, the CSs at 28, 56, 90, and 120 days, which have been already reported by Rios-
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Parada et al. [7], are also shown in this figure. The results indicate that the CS of the mixture
C with 100%PC significantly increased from 28 to 90 days (p=0.046) and after 90 days it
remained essentially the same (p=0.987 and p=0.995 for the CS from 90 at 120 days and 120
to 2500 days, respectively).

In the case of mixture TO, its CSs were significantly higher than the mixture C but behaved
similarly to this concrete; this means that the CS significantly increased from 28 at 90 days
(p<<0.05), while was similar from 90 at 2500 days (p=0.995 and p=0.916 for CSs from 90-
120 and 120-2500 days, respectively). With respect to UtSCBA-ternary concretes, the CSs
of mixture T1 showed an apparently slight increase with age; however, the statistical analysis
indicates that their CSs from 28 to 2500 days are similar (p=0.089, p=0.737, p=0.999, and
p=0.999 for the CSs from 28 to 56, 56 to 90, 90 to 120, and 120 to 2500 days, respectively).
For the concrete with 20%FA+20%UtSCBA, the statistical analysis shows a significant
increase on its CSs from 28 to 56 days (p=0.028), as well as, a significant increase from 56
to 90 days can be also observed (p=0.029). Next, the strengths of the mixture T2 remains

constant (p=0.409 and p=1.000 for CS from 90 to 120 and 120 to 2500 days, respectively).
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Regarding the 2500-days CSs, the statistical analysis indicates that the strengths of all
concretes were not significantly different when they are compared to mixture C (p=0.864,
p=0.960, and p=0.999 for TO, T1, and T2, respectively). This outcome confirms that the use
of 10 and 20% of UtSCBA as partial replacement of PC does not cause a reduction in their
long-term CS. Similar results have also been reported by other studies where UtSCBA and
ground SCBA were used as PC partial replacement in mortars [4] and concretes [24] at 600
days and 10 years, respectively.

Similarly, to the results from PV, results from CS carried out at 2500 days could be also
intriguing (Fig. 4) because non-significant differences between the different concretes were
already stated; however, significant differences were earlier found between the PV of the
different mixtures. This appears to be contradictory because a more porous concrete matrix

is expected to have a lower compressive strength. A possible explanation for this would rely
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on the fact that FA and UtSCBA have lower densities than PC, and UtSCBA has, in addition
to lower density, higher carbon content. The concrete matrices containing FA and UtSCBA
are less porous than the matrix of mixture C due to the filler effect [22, 23] produced by both
the unreacted and carbon particles, which at the end do not contribute to the increase in

strength [25, 26].
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Fig. 4. Relationship between PV and CS of studied concretes at 2500 days

In conclusion, it appears that the addition of UtSCBA to the concrete mixtures makes a more
complex microstructure which is less porous than the mixture C with only PC but with similar
strength specifically originated by the carbon particles acting as weak spots in the former.
An attempt to corroborate this assumption is presented in the following sections by analyzing

the results from the ultrasonic parameters.
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3.2 Ultrasonic parameters

3.2.1 P-wave and S-wave velocities

Fig. 5 shows both P-waves (Vp) and S-waves (Vs) ultrasonic pulse velocities of the concrete
mixtures. The statistical analysis did not show significant differences between the V, of the
mixture C with mixtures TO and T1 (p=0.205 and p=0.078, respectively), while the V, of the
mixtures C and T2 are statistically different (p=0.019). Despite a slight decrease of the V; in
the mixture T2, V, of all studied concretes are higher than 4100 m/s (p<<0.05), limit value

proposed for good quality concretes [27, 28].
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Fig. 5. P-wave and S-wave ultrasonic pulse velocities of the concrete mixtures at 2500 days

In the case of the Vs of the studied concretes, Fig 5 shows that their values are lower than the
Vp values. The above can be due to that the propagation of the S-wave is perpendicular with
respect to wave movement [20]. Moreover, the S-wave only propagate in solid media;

therefore, its velocity is lower than the P-wave [29]. Unlike the Vp, the statistical analysis
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showed the PC partial replacement by FA in TO and FA+UtSCBA in T1 and T2 did not affect

their Vs values when compared to the mixture C (p=0.414).

3.2.2 P-wave and S-wave spatial attenuation

The effect of the addition of FA and FA+UtSCBA on the spatial attenuation from P-waves
and S-wave (osp and ass, respectively) of the studied concretes is illustrated in Fig. 6. In
general, all concretes show similar asp ranging from 4.22 and 4.26 dB/cm, while the
statistical analysis did not show significant differences between all concretes (p=0.960).
With respect to ass, it can observe that their values are larger than asp values, which can be
due to that the propagation of S-waves is only in solid media and therefore, their attenuation
is sensible to pores and cracks present in such media [30]. On the other hand, P-waves can
also propagate in fluids and gases, which can occupy the discontinuities present on a solid
media, and hence, the P-wave attenuations are lower than those from S-waves.

A more detailed analysis shows that the PC partial substituted by 20%FA and
20%FA+10%UtSCBA does not significantly affect the ass of the mixtures TO and T1 with
respect to mixture C (p=0.703 and p=0.999 for mixtures TO and T1, respectively). On the
contrary the addition of 20%FA+20%UtSCBA significantly reduced (p=0.010) the oss of T2
with respect to mixture C.

It is well-known that a signal will experience attenuation as a result of absorption and scatter
of the medium where it propagates [31]. Therefore, concretes with a more heterogeneous
microstructure will have higher attenuation. On the whole, the results of asp and asp Suggest
that the addition of UtSCBA in concretes with PC+FA does not negatively affect the

microstructural properties of UtSCBA-ternary concretes as previous studies have reported
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[7]. However; the analysis of ass indicates a higher S-wave propagation through the mixture

T2, which suggests a certain improvement in their microstructure respect to mixture C.
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3.2.3 P-wave and S-wave temporal attenuation

Temporal attenuation from P-waves and S-wave (ayp and ass, respectively) of the studied
concretes are shown in Fig. 7. The results show that the addition of FA and FA+UtSCBA
produced concretes with atp similar to the valued of the mixture C (p=0.330).

In the case of ats, it can be observed that this ultrasonic parameter appears to decrease as the
partial substitution of PC increased. However, such reduction is not significant when the PC
is partially replaced by 20%FA and 20%FA+10%SCBA (p=0.110 and p=0.097,
respectively). On the contrary, the addition of 20%FA+20%UtSCBA significantly decreased

(p=0.001) the ass of the mixture T2 with respect to the mixture C.

63



30000

mP waves BS waves

- 25000 -

e/s)

20000 -

15000

10000

Temporal attenuation (dB
N
=
=
=

Concrete mixture
Fig. 7. P-wave and S-wave temporal attenuation of concrete mixtures at 2500 days

3.2.4 P-wave and S-wave energy

Fig. 8 shows the P-wave energy (€p) and S-wave energy (€s) of the concrete mixtures. The
results indicate the addition of FA and FA+UtSCBA does not negatively affect the & of
concretes TO, T1, and T2 with respect to the mixture C (p=0.402). In the case of the S-wave,
the results show the mixtures TO and T1 present €s values about 480000 and 6200000,
respectively; which are not significantly different with respect to the mixture C (p=0.110 and
p=0.097 for TO and T1, respectively). On the other hand, when a 20%FA+20%UtSCBA is
combined with PC, the €s of T2 significantly increased (p=0.001) with respect to the mixture
C. The P-wave and S-wave energy agree with results from spatial attenuation; moreover, the
&s allows appreciate clearly the effect of the addition of 20%UtSCBA in concretes with FA.
Valdeon et al. [32] mentioned the reduction in energy of ultrasonic waves is attributed to the

pores, cracks, and heterogeneity of the materials. The above suggest that the combination
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FA+UtSCBA produces concretes with similar heterogeneity and porosity than those
manufactured with only PC and PC+FA, making the use of UtSCBA advisable to elaborate

ternary concretes.
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Fig. 8. P-wave and S-wave energy of concrete mixtures studied at 2500 days

3.3 Correlations

In this section, the correlations between PV and CS with the ultrasonic parameters from the
studied concretes at 2500 days of age are investigated. Given that the bulk and absolute
densities were used to calculate PV, only PV and CS were used for the analysis. Also, only
Vb, ass, ats, and €s were used for the correlation analysis because were found to be significant
when PC is partially replaced by FA and FA+UtSCBA.

Previous research reports that the effect of the addition of SCMs on the mechanical and
durability properties of mortars cannot be represented by only one general model. For this

reason, particular regression equations for mortars containing FA and UtSCBA were
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proposed [3]. Based on this finding, in the present research particular regression equations to
correlate the ultrasonic parameters with the PV and CS of the studied concretes are also
proposed. Table 4 shows a summary of the proposed correlations between ultrasonic
parameters of interest with PV and CS of the concretes under evaluation. High correlation
coefficients can be observed for most of the relationships, which are discussed in detail in
the following sections.

The correlations between PV and Vp of the concrete mixtures show an inverse relationship
between these variables. When Vp increases the PV decreases accordingly. This tendency
also has been already reported by Hernandez et al. [33]. In that study the authors mentioned
that ultrasonic P-wave velocities propagating in concretes depend mainly on their porosity,
i.e. in PC-based materials with reduced porosity the propagation of the P-wave will be easier.
In the case of the correlations between CS and Vp, there is a directly proportional relationship
between these variables; i.e. when Vp increases the CS also increases. This behaviour has
also been reported by Demirboga et al. [27], where the authors partially replaced the PC by
FA, blast furnace slag (BFS), and FA+BFS in order to manufactured binary and ternary
concretes.

The correlations between ass and PV indicate that when oss decreases the PV also decreases.
This behavior is due to the fact that the energy loss of the wave increases in media with higher
discontinuities, fissures, and pores [34, 35]. No research about the correlations oss and PV
has been reported in the literature.

The correlation ass-CS shows that an increase in ass causes a decrease in CS. This trend is in
accordance with the literature where it has been reported that concretes with high strength

values, their S-wave spatial attenuation is low [36].
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The correlation between ats and PV indicates that when oys Values are large the PVs of the
concretes are also high. In this case, the coefficients of correlation of the concretes C, TO,
and, T1 were higher than 0.90, while the data of ats and PV of the mixture T2 presented the
lower R-value of the 0.74.

Regarding the ot and CS correlation indicates that when ass increased the CS decreases
accordingly. It is worth notice that the correlations between S-wave temporal attenuation
with PV and CS have not been reported in the literature; however, the correlation between
these parameters agrees with the relationship of ass-CS; nevertheless, the correlationsp os-
CS of the studied concrete mixture presented higher coefficients of correlation.

The & vs. PV correlations show an inverse relationship between variables. Concretes with
high €s values have low PVs. These results agree with the relationships of ass vs. PV and axs
vs. PV for each concrete mixture. Both relationships, oss vs. PV and oys vs. PV show that the
attenuations of the S-wave, which are inverse to the energetic contents [37], increase in
concretes with high PV values, i.e. the energy loss of a wave increases in media with higher

discontinuities, fissures, and pores [35, 36].
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Table 4. Summary of proposed correlations between the significant ultrasonic parameters and PV

and CS of the studied concrete mixtures

Mixture Linear regression equation R
C PV =-0.003Vp + 32.39 0.85
TO PV =-0.60Vp + 299.81 0.93
T1 PV =-0.02Vp + 108.51 0.94
T2 PV =-0.008Vp + 50.41 0.70
C CS =0.06Vp —292.6 0.86
TO CS=0.01Vp—-29.22 0.99
T1 CS=0.42Vp-1956.1 0.74
T2 CS=0.09Vp —428.71 0.97
C PV =1.730s — 2.33 0.92
TO PV =34.7704 — 238.45 0.92
T1 PV =1.5504—1.89 0.82
T2 PV = 53.480s — 368.19 0.94
C CS =-32.5504 + 273.02 0.92
TO CS =-84704 +101.72 0.99
T1 CS=-472104 + 377.79 0.98
T2 CS=-377.6los + 2706 0.78
C PV = 7.0 x 100 + 13.16 0.91
TO PV = 3.8 x 103 — 65.51 0.95
T1 PV =8.0 x 10%ys + 7.78 0.92
T2 PV =9.0 X 10*us — 2.55 0.74
C CS =-1.3 x 103y + 69.61 0.91
TO CS =-9.0 x 1004 + 58.95 0.99
T1 CS =-2.3x 1030 + 80.23 0.99
T2 CS =-1.0 x 10%xs + 180.02 0.95
C PV =-3.0x 107¢s + 16.21 0.95
TO PV =-3.0 x 10%¢s + 28.74 0.81
T1 PV =-3.0x 107¢s + 10.83 0.96
T2 PV =-2.0 x 105 + 26.45 0.94
C CS =5.0x 10%s + 12.30 0.95
TO CS=8.0x107¢s +37.40 0.96
T1 CS=8.0x10%s-1.65 0.98
T2 CS=1.0x10%s- 0.60 0.77

The correlations show a direct proportional relationship between CS and €s values, which

indicate that concretes with high €s values, their CSs are also large. Similarly, to the
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correlations involving ats, NO research about the correlation with the S-wave energetic content
with PV, CS, or other physical and mechanical properties of concrete have been reported in
the literature. In this case, the correlations between PV-Es and CS-Es agree with the
correlations from oss and ats with the PV and CS of the studied concretes. The above is due
to the energetic content is an ultrasonic parameter inverse to the attenuation of an ultrasonic
wave [20].

A more comprehensive analysis of the results must consider the construction of a non-linear
model to estimate the PV of the studied concretes based on all the significant ultrasonic
parameters. Another model to estimate the CS of the same concretes considering only the
ultrasonic parameters or the PV estimated with the first model could be built. Nevertheless,

this subject is beyond the scope of this thesis.

Conclusions
Based on the analysis of results of the long-term tests the following conclusions can be

drawn:

1. The addition of 10% and 20% of UtSCBA to concretes containing 20%FA
significantly decreases the absolute densities of ternary concretes.

2. The addition of 10% and 20% of UtSCBA to concretes containing 20%FA produces
less porous concretes but their compressive strengths are similar to concrete with only
PC or with PC+20%FA.

3. The ultrasonic pulse velocity (Vp), obtained using the P-wave is the only parameter

useful to detect differences between a concrete containing 20%UtSCBA and only PC.
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4. The spatial attenuation, temporal attenuation and energy (ass, ots and &), obtained
using the S-wave can be used to detect differences between a concrete containing
20% UtSCBA and a concrete containing only Portland cement.

5. The correlations between ultrasonic parameters and concrete properties corroborate
the following: when V; increases PV decreases and CS increases; when oss increases
PV increases and CS decreases; when os increases PV increase and CS decrease;
when €s increases PV decrease and CS increases. The correlations between ays and €s
with PV and CS have not been reported in the literature; however, their trends agree
with the correlations oss-PVs and oss-CSs.

6. The addition of 10% and 20% of UtSCBA to a concrete mixture containing 20% of
FA mixtures makes a more complex concrete microstructure which cannot be
properly characterized using only the V, obtained from the transit of the P-wave
through the concrete matrix. For a better characterization of these concretes the

attenuation and energy parameters from the S-wave test are required.
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chloride-induced corrosion.

UtSCBA decreased the chloride-ion diffusion and did not affect the compressive strength (CS) of the con-
crete. For the studied concretes, the combination of FA plus UtSCBA appears a suitable option against

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Chloride-induced corrosion is considered one of the major
causes of damage in reinforced concrete (RC). There are several
methods to prevent chloride-induced corrosion in RC such as
cathodic protection, corrosion inhibitors and epoxy coatings [1].
However, these methods are either expensive or not effective.

The partial replacement of Portland cement (PC) by supplemen-
tary cementitious materials (SCM) is another viable and ecological
option in preventing corrosion. SCM decrease the porosity and per-
meability of concrete due to the creation of cementitious com-
pounds (CM) by pozzolanic reaction with the Ca(OH); from the
cement hydration [2].

* Corresponding author.
E-mail addresses: pmontes@ipn.mx, pmontesgarcia@gmailcom (P. Montes-
Garcia).

hetps:/{doi.org/10.1016/j.conbuildmat.2018.12.004
0950-0618/@ 2018 Elscvier Ltd. All rights reserved.

Fly ash (FA) is an industrial waste which has been widely used
in concrete as a SCM because of its positive effects on increasing
the compressive strength (CS) to long-term ages and lowering per-
meability and chloride-ion diffusion. These benefits are attributed
to the pozzolanic reaction of the FA, in addition to the filler effect of
its fine particles [3]. Nonetheless, the availability of FA has declined
due to the regulatory uncertainties regarding the use of coal [4].
This has led to the use of other SCM such as agricultural waste.

Sugarcane bagasse ash (SCBA) is a byproduct obtained from the
bagasse combustion in sugar mills and is mainly deposited in open
dumps, causing disposal problems and pollution. When the SCBA is
post-treated it can be used as SCM in mortar and concrete mixtures
because of its pozzolanic activity, which improves the microstruc-
ture of concrete without negative effects on its mechanical proper-
ties [5,6]. On the other hand, it has been reported that SCBA leads
to significant workability issues during the mixing and placing of
concrete. The different sizes and shapes of SCBA particles [7] and



VIA. Franco-Lujdn et al / Construction and Building Materials 198 (2019} 608-618

its high loss on ignition (LOI) content, which is related to fibrous
carbon particles, can be blamed for this negative effect [8]. This
LOI can also decrease the pozzolanic activity of the SCBA and hence
the CS development of concrete |9]. Re-calcination, sieving, grind-
ing or the combination of these methods has been suggested t0
improve the properties of SCBA [5,10,11].

Researchers report that the addition of 10%-30% SCBA as a
cement replacement (subjected to different post-treatments)
reduces the permeability and chloride-ion diffusion in mortar
and concrete mixtures [6,12-15]; nevertheless, most of these
post-treatments require a significant amount of energy, making
necessary the use of “practically as received” SCBA. From these
studies, sieving appears to be the most environmentally-friendly
option |16}, since SCBA requires minimum post-treatment for
proper pozzolanic activity.

Reviewing the literature, it appears that only one study reports
on the durability of mortars containing “practically as received”
SCBA. In this study the SCBA was sieved by a 75-um ASTM mesh
for only four minutes, but workability problems were experienced
when 20% SCBA was added to the mortar [17]. The authors called
this ash untreated sugarcane bagasse (UtSCBA) because of its
low-energy demand post-treatment.

One option to diminish the disadvantages of UtSCBA as SCM in
concrete is its use in combination with another pozzolanic mate-
rial. To address this, a comprehensive long-term research project
on the effect of the combination of UtSCBA plus FA on the worka-
bility, mechanical properties and durability of mortars and con-
cretes is ongoing. As an outcome of this project, a first study
reported a significant improvement in workability when 20% FA
was added to pastes and mortars containing 10% and 20% UtSCBA
[18]. The authors concluded that FA reduces the yield stress of the
mortars with UtSCBA due to the spherical shape of its particles,
yielding a mortar with flow properties like those required by the
ASTM C311-04 standard. A second study reported that the combi-
nation of UtSCBA plus FA reduces the CS and modulus of elasticity
of the ternary concretes at early ages because of the physical effect
of the dilution of the CP and the high carbon content in the UtSCBA.
However, after 90 days the pozzolanic reaction of UtSCBA produces
ternary concretes with mechanical properties comparable with
concretes prepared only with CP [19].

As a follow-up to the long-term project, the study of these con-
cretes durability properties is highly needed. In the present
research, the effect of the combination of UtSCBA plus FA against
chloride-induced corrosion of steel reinforcement in ternary con-
cretes is investigated. For this purpose, a chloride-ion diffusion test
was carried out. In addition, microstructural properties, percentage
of voids, and CS and electrochemical tests to long-term age were
carried out. As well, the time for depassivation of the reinforcing
steel was estimated.

2. Materials and methods
2.1. Description of materials

Blended Portland cement (CPC-30R), UtSCBA and Admix Tech®
FA were used as cementitious materials for the concrete mixtures.
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The CPC fulfills the requirements established by the NMX-C-414-
ONNCCE-2004 standard. The UtSCBA was collected from a sugar
mill located in the community of Tezonapa, Veracruz, Mexico. It
was sieved through a 75-pm ASTM mesh for four minutes. The
FA is classified as class F in accordance with the ASTM C 618 stan-
dard. The chemical composition of the materials is shown in
lable 1. The sum of the major oxides (Si0>, Al;Os and Fe;03) for
the UtSCBA and FA was 88.28% and 89.55%, respectively. The LOI
content of the CPC and UtSCBA was higher than the LOI value
established by the ASTM C 618. This could be attributed to the
presence of calcium carbonate (CaCO,) in the CPC [20]| and
unburned fibrous particles in the UtSCBA [7]. Despite this, both
the CPC and the UtSCBA do not show negative effects on the prop-
erties of fresh and hardened state of mortars and concretes pre-
pared with these materials [18,19].

River sand and calcareous crushed coarse aggregate were used
to prepare the concrete mixtures. The volumetric weight, specific
gravity and adsorption of the fine and coarse aggregates were
1596 kg/cm?, 2.78 and 1.74%, and 1624 kg/cm®, 2.66 and 0.47%,
respectively. The fineness modulus of the sand was 2.97 and the
maximum size of the coarse aggregate was 19 mm. Finally, bi-
distilled water and a polycarboxilate-based superplasticizer (SP)
Plastol 4000® were used in the concrete mixtures. The SP fulfills
the requirements of the ASTM C 194 standard.

2.2. Mix design, casting and exposure conditions of the concrete
mixtures

Four concrete mixtures containing 100% CPC (C), 80% CPC + 20%
FA (T0), 70% CPC + 20% FA+ 10% UtSCBA (T1) and 60% CPC +20%
FA + 20% UtSCBA (T2) were prepared. The concrete mixtures were
designed in accordance with the absolute volume method from
the ACI 211.1. All mixtures had a 0.5 water/cementitious materials
ratio and were designed to achieve a slump value of 75 +20 mm
(ASTM C143). The mixture C was designed to achieve a CS value
of 25 MPa. The proportions of the concretes are shown in Table 2.

A total of 9 cylinders (100¢ x 200 mm) and 3 prismatic speci-
mens (100 x 150 x 300 mm) were cast from each concrete mix-
ture. All specimens were demolded after 24 h and cured in a Ca
(OH);-saturated solution until the time of testing.

Two sets of 3 cylinders each were cured for 28 and 90 days to
obtain the chloride-ion diffusion coefficients (D¢) at those ages.
These cylinders were exposed to chloride contamination following
the procedures from the NT BUIL 443 standard. A third set of 3
cylinders was cured for 2500 days to determine the microstruc-
tural characterization and obtain the percentage of voids and CS
of the concretes. The prismatic specimens were reinforced with
two steel bars (rebar) 9.5 mm in diameter. An area of 28.4 cm?
equivalent to a length of 260 mm was outlined in the middle sec-
tion of each rebar using an epoxy coating, leaving 20 mm at the
upper part of the rebar for the electrochemical testing. The thick-
ness of the concrete cover was 45.5 mm. The prismatic specimens
were cured for 28 days and thereafter immersed in a 3.5% NaCl
solution, leaving 30 mm of concrete cover above the NaCl solution.
The exposure period to evaluate the corrosion performance of the
specimens was also 2500 days (Fig. 1). The temperature and rela-

Table 1

Chemical composition of the used cementitious materials (% by mass) [19].
Material ALO: Go Fe20; K0 MgO MnO Nax0 P20s SiO: TiO: SOz LO1
CcPC 4.87 60.03 3.57 0.85 1.50 0.08 0.52 0.19 20.67 0.58 495 8.40
UtSCBA 15.00 257 7.16 3.52 1.19 022 0.54 1.14 66.12 113 026 9.00
FA 20.01 4.00 542 0.96 0.63 010 0.19 0.38 64.12 112 086 2.60

LOI = Loss on ignition at 950 °C for the CPC and 750 “C for the UtSCBA and FA
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Table 2
Proportions of the concrete mixtures (kg[mzj.
Mixture CPC ULSCBA FA Fine aggregate Coarse aggregate Water P Slump
C 410 - - 727 1015 205 27 78
TO 328 82 - 727 1015 205 1.6 79
T1 287 82 41 727 1015 205 31 88
T2 256 82 82 727 1015 205 4.9 90

SP = Palycarboxilate-based superplasticizer (ml per kg of cementitious materials), Slump is in mm.

Fig. 1. The exposure conditions of the reinforced prismatic specimens.

tive humidity of the testing room were recorded during that time
using a HoBo" dara logger device.

2.3. Chloride-ion diffusion coefficients of the concrete mixtures

After exposure to the NaCl solution, the chloride profiles of the
concrete mixtures at 28 and 90 days were obtained in accordance
with the NT BUILD 208 standard. For this purpose, powder samples
were taken every 2 mm from the cylinders described in Section 2.2.
Atotal of 10 samples were obtained from each cylinder for the pro-
files: then the profiles were used to estimate the chloride-ion dif-
fusion coefficients (Dc) of the concrete mixtures using the
Table Curve software version 5.01%.

2.4. Mineralogical and microstructural analysis of the concrete
mixtures

The morphology of the concrete mixtures at 2500 days was
observed using a high vacuum scanning electron microscope,
(SEM) JEOL® model JSM-6510LV, equipped with an EDS microanal-
ysis system from Oxford Instruments®. Small fragments of con-
crete paste (5 mm?>) were obtained by cutting small disks (1 mm
in thickness) out of the cylinders described in Section 2.2, The frag-
ments were dried in an electric oven at 40 °C for 10 min; finally,
the samples were covered with a gold-paladium film using Denton
Vacumm Desk IV" equipment.

The mineralogical phases of the concrete mixtures at 2500 days
were identified using an Empyrean®” diffractometer. The samples
(1 gr) were obtained by cutting small disks (1 mm in thickness)
out of the cylinders described in Section 2.2. The disks were
crushed to remove large aggregate particles from the cementing
paste and then the fragments were manually ground and sieved
through a 75-um ASTM mesh. The equipment uses a Cu anode
and it was operated with a voltage of 45kV and a current of
40 mA. The X-ray diffraction (XRD) tests were carried out from 5
to 70° (2-Theta) at a scanning speed of 0.5s and increments of

0.026°. Finally, the mineral phases were identified using the soft-
ware EVA version 11.0.03°.

2.5. Determination of the percentage of voids and compressive
strength of the concrete mixtures

The percentage of voids of the concrete mixtures at 2500 days
was determined according to the ASTM C 642 standard by means
of measuring both bulk (dry) and absolute densities. The bulk den-
sity was obtained with samples of $100 x 50 + 2 mm, which were
cut from the cylinders described in Section 2.2, The absolute den-
sity was measured using a multi-pycnometer from Quantachrome
Instruments”. The tests were carried out in an inert media using
nitrogen gas. In this case, small concrete fragments were used.
The fragments were dried in an electrical oven at 110+ 5 °C for
24 h before the tests.

The compressive strength test (CS) of the concrete mixtures at
2500 days was cartied out using a hydraulic press, Instron™ model
600DX-B1-C3-G1A, in accordance with the ASTM C 39 standard.
Three cylinders with 100¢ x 138 mm from each concrete mixture
were used for the tests. The cylinders were obtained after cutting
the small disk used for the microstructural and percentage of voids
tests. The CS results were corrected by size according to the ASTM
C 42 standard.

2.6. Estimated time for depassivation of rebar embedded in concrete
mixtures

The time for the depassivation (tsp) of rebar in the concrete
mixtures was estimated using Ficks second law. For this purpose,
the Dcs taken at 28 days, the initial chloride content, a critical ClI°
threshold value of 0.05% [21], and the concrete cover depth of
the steel embedded in the prismatic specimens were used. The
results were correlated with the corrosion potentials and current
densities measurements obtained as described in the following
section.

2.7. Electrachemical testing

The corrosion conditions of the rebar embedded in the ternary
concretes were evaluated weekly by half-cell corrosion potentials
(Ecorr) and linear polarization resistance (LPR) tests. The Ecorr were
taken in accordance with the ASTM C 876 standard. An Ag/Ag(l ref-
erence electrode and a high impedance multimeter Mc Miller Co
LC-4® were used for this purpose. The LPR tests were carried out
following the ASTM G 59-97 standard.

A potentiostat Gamry® series G300, an Ag/AgCl reference elec-
trode and a stainless-steel bar as external counter were used for
the tests. The working electrode was polarized to +20 mV vs R
at a scan rate of 0.075 mV/s. The LPR results were processed using
the Gamry Echem Analyst™ version 5.1.3 software to obtain the
current densities (icorr). After that, the total integrated corrosion
was estimated according to the ASTM G 109 standard. Finally,
the theoretical mass loss (T,,) of the rebar embedded in the con-
crete mixtures was calculated using Faradays law for electrolysis
considering a valence of 2.5 for the Fe?* and Fe** [22].
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3. Results and discussion
3.1. Chloride profiles and chloride-ion diffusion coefficients

The CI” concentration profiles of the concrete mixtures at 28 and
90 days are shown in Fig. 2a and b, respectively. At 28 days mixture
C showed the highest concentration. The Cl- concentration of the
mixture TO gradually decreased with respect to mixture C after
approximately 5mm of depth until it reached the critical CI°
threshold value from 15 to 17 mm of depth. The CI" concentrations
of mixtures TO and T1 showed a similar behavior. Both concentra-
tions decreased in respect to mixtures C and TO after 3 mm of
depth, and this trend remained until the last tested depth. The
Cl” concentrations of concretes containing the combination of FA
plus UtSCBA decreased below the critical CI” threshold value from
13 to 15 mm of depth. This shows that such a combination has a
positive effect on lowering the Cl° ingress in the concrete. This pos-
itive effect could be attributed to the presence of fine particles in
the concrete rather than pozzolanic reactions of the ashes which
could occur after 28 days [23]. These particles reduce the connec-
tivity between the capillary pores by the physical effects of divid-
ing or reducing the size of the pores |19]. Another way to explain
the Cl" content reduction in the concrete mixtures containing FA
plus UtSCBA is based on the chemical Cl" binding with the alumina
from the ashes [24].

At 90 days the mixture C again showed the highest ClI" concen-
tration along all the tested depths while the CI" content of the mix-
ture TO decreased quickly and was less than the critical CI°
threshold value between 10 and 11 mm of depth. As at 28 days,
mixtures T1 and T2 showed less CI" concentrations with respect
to mixtures C and TO. The CI" concentrations of mixtures T1 and
T2 decreased below the critical value between 8 and 9 mm of
depth. The best performance shown by concrete mixtures contain-
ing FA plus UtSCBA could be attributed to the pozzolanic reaction
of these ashes. The cementitious compounds from the pozzolanic
reaction make a cementitious matrix with lesser voids, which in
turn reduces the Cl ingress into the concrete |[3]. The occurrence
of the pozzolanic reaction of the used FA and UtSCBA was corrob-

1.0

09 —— Mixture C

Totalchloride concentration
(% by concrete weigth)

0 2 4 6 8 10 12 14 16

Penetrationdepth (mm)
(a) 28 days

18 20

orated by Rios-Parada et al. [19]. The proposed ClI' bonding at
28 days could be more evident at 90 days. This is observed in the
profiles in which the curves of the concretes containing FA plus
UtSCBA turn more concave because of the presence of a greater
ClI" content in the first tested depths. This behavior has been
reported by other researchers and is attributed to the CI” binding
capacity of the SCM [25].

Fig. 3 shows that the addition of 20% FA to the concrete reduces
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refinement of the cementitious matrix by the pozzolanic reaction
of the FA and UtSCBA. The additional C-S-H from the pozzolanic
reaction reduced the porosity and increased the tortuosity of the
concrete [26], decreasing the ingress of Cl” into the concrete.

3.2. Morphological and mineralogical characteristics

Details of the microstructure of the concrete mixtures at
2500 days are shown in selected micrographs in Fig. 4. Mixture C
shows a cementitious matrix mainly composed of C-S-H (Fig. 4a).
However, some pores (with an approximate average diameter of
10 um) and fissures were observed. These pores contain AFt nee-
dles inside them, which contribute to enhancing the CS of the con-
crete. The EDS analysis indicates the presence of some
cementitious compounds rich in CA, Si and C (spectrum 1). Fur-
thermore, some anhydrous cement particles were identified (spec-
trum 2). The addition of FA in mixture TO created a cementitious
matrix with less voids compared to mixture C (Fig. 4b).

The combination of FA plus UtSCBA in mixtures T1 and T2 also
created cementitious matrixes with less voids and with a more
complex nature with respect to mixtures C and TO (Fig. 4c and
d). However, some unreacted FA and UtSCBA particles were
observed. The presence of these particles has been reported in
mortar and concrete mixtures at 600 and 120 days of age, respec-
tively [19,16]. Moreover, partially reacted FA and UtSCBA particles
covered with cementitious compounds from the pozzolanic reac-
tion were also identified. In this research, the occurrence of poz-
zolanic reactions of the FA and UtSCBA particles at long-term
ages is more evident than in previous studies. However, the pres-
ence of partially reacted FA and UtSCBA particles in mixture T2
suggests that the CH was depleted before the pozzolanic reactions
ended. Spectrums 3 and 4 show the composition of selected
cementitious compounds rich in Ca, C and Si (Fig. 4d). In accor-
dance with the morphological analysis, the combination of 20%
FA plus 10% UtSCBA can be suitable for preparing ternary
concretes.

VA Franco-Lujdn et al./ Construction and Building Materials 198 (2019) 608-618

Fiz. 5 shows the major crystalline phases identified in the con-
crete mixtures at 2500 days. Tobermorite (C-S-H), portlandite (CH)
and ettringite (AFt) were identified as the main hydration products
from CPC in mixture C (Fig. 5a). A minor phase of calcium-
aluminum silicate hydrate (W) was also identified in the XRD pat-
terns. This phase derives from the reaction between aluminates
and silicates with the CH [27]. The convoluted phase of calcite
(C) was detected with the C-S-H and could be attributed to the
CaC0s in the CPC|20], while the phases of quartz (Q)and anorthite
(A) are attributed to the sand. The addition of 20% FA in TO
increased the intensity of the C-S-H peaks with respect to mixture
C (Fig. 2b); however, a small peak of CH was detected. The remain-
ing CH in mixture TO may be the result of the level of replacement
used in this research, as a very large amount of FA (around 50%) is
needed to deplete the cement hydration products [28]. The higher
intensity of the C-S-H peaks in TO is due to additional C-S-H com-
pounds produced by the pozzolanic reaction of the FA and CH. The
combination of FA plus UtSCBA in T1 slightly increased the inten-
sity of the C-H-S peaks with respect to mixture C, while in mixture
T2 the intensity of the C-S-H peaks is similar to mixture C (Fig. 5¢
and 5d). Furthermore, the CH phase was practically depleted in
those mixtures. This indicates the occurrence of pozzolanic
reactions between UtSCBA and CH to produce additional C-S-H
compounds, which contribute to creating a more complex cemen-
titious matrix, as shown in the SEM results. Because the intensity
of the C-S-H peaks are comparable in mixtures C and T2, the addi-
tion of up to 20% UtSCBA apparently does not show a beneficial
effect. Nevertheless, equilibrium between the C-S-H compounds
from cement hydration and the C-S-H from pozzolanic reactions
of the UtSCBA is suggested.

3.3. Percentage of voids and compressive strength
Results of the percentage of voids of the concrete mixtures at

2500 days are shown in Table 3. Mixture C had a percentage of
voids of 14.69%. This value is slightly larger than that reported in
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than that containing only Portland cement, considering that only a
certain percentage of this material reacts with the hydration
products of cement. Thus, the unreacted material might work as
filler [34,35]. In this sense, a more complex microstructure is not
necessarily a better microstructure from the point of view of
strength. For example, impurities embedded in the cementitious
matrix would suggest a decrease in porosity; however, the
long-term compressive strength of concrete containing additions
could be similar in value to that of concrete with only Portland
cement.

On the other hand, diffusivity and compressive strength of con-
cretes are not directly related because the transport of chlorides
depends mostly on the connectivity and binding capacity of the
porous system [36]. Compressive strength, on the contrary, is influ-
enced by the quality of the products formed during the hydration
and pozzolanic reactions, as well as by the porosity of the concrete
matrix. Hence, the pore discontinuities created as a result of the
pozzolanic reaction have more impact on diffusivity than on com-
pressive strength. In the present study, when practically untreated
SCBA (UtSCBA) is added to the concrete mixture the resistance to
the diffusion of chlorides through its porous matrix is improved,
whereas the compressive strength at a long-term age is similar
to concretes in which no UtSCBA was added.

34. Corrosion risk of the steel reinforcement

Fiz. 6 shows the E.... readings in the reinforced concretes taken
at 2500 days. The horizontal dotted lines show the boundaries
between regions of corrosion probability [37].

The temperature and relative humidity of the testing room and
the ty, of the rebar in the concrete mixtures (identified by the ver-
tical dotted lines) are also presented in Fig, 6. In general, the rein-
forced concretes show an increment in the E., readings and
fluctuations (T0-A. B. C, D, E, F and G) as time passes. From this,
the fluctuations B to G could be associated with the polarization
phenomenon induced by the low oxygen diffusion in the concrete
as reported in the literature [38]. Because the prismatic specimens
are not completely immersed in the NaCl solution, the polarization
phenomenon can be caused by the increment of the relative
humidity in the testing room. This increment saturates the upper
section in the prismatic specimens due to the hygroscopic capacity
of chlorides [39].

The temperature change in the testing room is another cause for
the E . fluctuations because of the sensitivity of the electrochem-
ical tests to environmental changes [40].

A detailed analysis of the E. readings shows that steel bars
embedded in mixture C had a 10% risk of corrosion during the
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Fig. 6. Record of corresion potentials of the concrete mixtures under investigation.
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initial 120 days, then an uncertain risk of corrosion up to 270 days,
followed by a sudden drop from -256 to —350 mV observed at
270days. This drop is close in value to the ty, which was esti-
mated to be 233 days. This behavior could indicate active corrosion
of the rebar in mixture C, since —330 mV vs Ag/AgCl (-350 mV/
SCE) is a criterion for steel depassivation [41,42]. Finally, the E o
readings in mixture C increased rapidly to the severe corrosion
condition, showing the mentioned fluctuations due to environ-
mental changes in the testing room over the years.

The addition of 20% FA decreased the corrosion probability in
mixture TO. Mixture TO remained in the zone with a 10% corrosion
probability from O to 50 days. After that, the corrosion probability
quickly increased between days 60 and 90 (see the fluctuation T0-
A). This fluctuation can be explained by the breakdown of the FAs
amorphous structure in the pozzolanic reaction [19], where Si**
and Al'? ions from the silica and alumina respectively are dissolved
into the pore solution [43]. This increases the number ofions in the
pore solution and therefore the corrosion probability of steel in this
mixture rises. Following the fluctuation T0-A the E.,, readings
were less negative, reaching values between 256 and 300 mV
until day 360. Subsequently, the E..,. readings in mixture TO were
more negative than —330 mV over time. In this case, the fluctua-
tions in the E . readings were more evident than in mixture C.
This could be attributed to the lower percentage of voids in the
concrete containing FA, which in turn produces less oxygen avail-
ability and accentuates the polarization phenomenon. The ty, of
the steel reinforcement in mixture TO was estimated at 435 days,
which is within the time period of fluctuation B. At the end of fluc-
tuation B the E.,; values of the steel reinforcement in mixture TO
were more negative than —330 mV, which suggests that the depas-
sivation of the rebar occurred during such a period.

The E..,. readings in mixture T1 had a similar behavior as those
values in mixture TO over time; however, the E., values in mix-
ture T1 were less negative (in about 50 mV) than those values
observed in mixture TO. In this case, the corrosion potentials
remained in the 10% probability zone from 0 to 80 days. After that,

the E,,, readings were in the uncertain corrosion zone from 81 to
400 days. This indicates a beneficial effect of combining FA plus
UTSCBA in ternary concretes on lowering the corrosion probability
at early ages. The t;; in mixture T1 was estimated at 556 days,
which is a longer period than in mixtures C and TO. In this case,
a clear identification of the depassivation period in the mixture
T1 was not possible. This happens because the E.... values in this
mixture did not have a noticeable drop below —330 mV. Finally,
the E ., values in mixture T1 remained between zones of 90%
probability and severe corrosion after 400 days, with a slight ten-
dency towards an uncertain corrosion zone.

Mixture T2 had E. values similar to mixture T1 from 0 to
1600 days. After that, the E.,; readings in mixture T2 were less
negative (between 50 and 100 mV) than those E.,. values
observed in mixture T1. In this case, the E . values remained
low in the last 250 days. The t,, for mixture T2 was 607 days. This
indicates a positive effect of the combination of 20% FA plus 20%
UtSCBA in increasing the depassivation period, similar to the effect
observed in mixture T1.

The addition of UtSCBA clearly reduces the corrosion probabil-
ity in mixtures T1 and T2 with respect to mixtures C and T0. The
Ecorr Values are consistent with the other results where ternary
mixtures showed the lowest chloride-ion diffusion at 28 and
90 days. The E, results corroborate the lower diffusion of species
in mixtures T1 and T2 even at long-term ages.

3.5. Corrosion current densities and theoretical mass loss of the steel
reinforcement

Fig. 7 shows the i... values in the reinforced concretes taken at
2500 days of testing. The horizontal dotted lines show the limits
between corrosion rates proposed by Andrade and Alonso (2004)
[44]. The ic., values also show fluctuations due to the environmen-
tal changes in the testing room [40]. However, the fluctuations in
the i., are less evident than those fluctuations observed in the
Ecore readings. It is known that i.. values may fluctuate in function
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Fig. 7. Record of current densities of the concrete mixtures registered over the testing period.
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Table 4

Thearetical mass loss of rebar embedded in concrete mixtures after 2500 days, %
Mixture Specimen 1 Specimen 2 Specimen 3 Mean SD. icorr, HAJCmM? S.D.

Rebar 1 Rebar 2 Rebar 1 Rebar 2 Rebar 1 Rebar 2

€ 1.08 1.79 098 0.34 130 2.09 1.35% 045 1.92 064
TO 0.52 051 0.59 0.48 049 057 0.53% 053 0.75 0.06
T1 0.39 032 035 0.38 037 0.36 0.36° 036 0.51 003
T2 0.36 045 038 0.40 033 0.36 0.38° 038 0.54 0.05

Note: Means that do not share letters are significantly different (P <0.05).
S.D: standard deviation.

of the intrinsic corrosion process [44]. Results of mixture C show
that its ic.r values remain in the low and moderate corrosion-
rate condition from O to 220 days. After that, the icor values reach
a high corrosion-rate condition over time. This event is close to tg,
of mixture C (233 days), which suggests that the rebars embedded
in mixture C have been depassivated.

The results in the i, values show a beneficial effect on lower-
ing the corrosion rate of concrete by the addition of FA (mixture
TO). This coincides with that reported in the E.., measurements.
In this case, the mixture TO had i, values in the negligible and
low corrosion rate zones from 0 to 50 days. After that, the i, val-
ues continue in the moderate corrosion zone. Similar to that
observed in the E_,,, measurements, the fluctuation T0-A in the i.,,,
values was also observed in mixture T0. This suggests a corrosive
activity in the rebar embedded in mixture TO. During that time,
the pozzolanic reaction of the FA in the mixture TO occurs [19]. It
is well-known that the pozzolanic reaction reduces the pH value
of concrete [45]; this reduction can release chlorides originally
bound as Friedels salts |46]. Accordingly, the dissolved chlorides
in the cementitious matrix may cause a corrosive activity in the
rebar embedded in mixture TO; however, the additional C-S-H
compounds and alumina from FA bind physically and chemically
CI', reducing the corrosive activity in the rebar. The ty, of mixture
TO was 435 days; at that time, the icorr values suggest a moderate
corrosion rate with a tendency towards a high corrosion rate.
Although mixture TO does not show a well-defined high corrosion
rate, it is evident that this mixture has important corrosive activity
after day 435.

Mixture T1 had a lower corrosion rate when compared to mix-
tures C and TO. This shows a positive effect on lowering the corro-
sive activity in reinforced UtSCBA-ternary concretes caused by the
use of the combination of FA plus UtSCBA, as also observed in the
results of Ecorr.

Results show that the i... values of mixture T1 remain in the
negligible corrosion-rate zone from 0 to 50 days. The i, values
then increase rapidly, reaching the low corrosion zone and remain
there for about 200 days. Finally, the i values remain between
the moderate and the low corrosion-rate zones until 2500 days,
with a slight tendency towards the low corrosion zone.

Mixture T2 showed practically the same behavior as mixture
T1. A small difference in the i, values between mixtures T1 and
T2 was observed from 0 to 300 days. However, from day 301 until
day 2500 the differences in the i.. values are practically
insignificant.

The tg,. of mixtures T1 and T2 were 556 and 607 days respec-
tively; at these times i, values show that both mixtures are
between a low corrosion-rate zone and moderate corrosion-rate
zone. Despite the concrete mixtures not all showing the same cor-
rosion condition when their estimated tg, is reached, it is evident
that all the mixtures present comrosive activity. The above suggests
that depassivation must be considered as a period during which
the process from initial pit formation until stable corrosion takes
place, rather than an instantaneous event [47].

The i.o results are consistent with other durability tests in
which the addition of UtSCBA was shown to reduce the chloride-
ion diffusion and the probability of corrosion of mixtures T1 and
T2 with respect to mixtures C and T0. The best performance against
chloride-induced corrosion was shown by mixtures T1 and T2 and
can be supported with the results of SEM, XRD and percentage of
voids.

The SEM images show that the addition of UtSCBA in concretes
with FA produces a more complex cementitious matrix due to
both the filler effect of the unreacted particles from the ashes
and the additional C-S-H from the pozzolanic reaction. Moreover,
it is known that the additional C-S-H can precipitate further away
from the SCM particles, blocking the small spaces between the
pores [43]. This additional C-S-H was identified in the XDR
results.

A more complex cementitious matrix with less voids reduces
chloride ingress into mixtures T1 and T2 with respect to C and
TO, as shown in the chloride-ion diffusion results.

Other mechanisms can contribute to the better performance
shown in mixtures T1 and T2. A first mechanism can be the phys-
ical and chemical chloride binding by the C-S-H from cement
hydration and pozzolanic reaction, and from the alumina from
the ashes, respectively | 24]. A second mechanism can be that some
carbon particles in the UtSCBA work as an absorbent media for
chlorides [48], and the lower chloride ingress into UtSCBA-
ternary concretes hinders the corrosion activity.

Table 4 shows the theoretical mass 10ss (T.) and i, average
measurements at 2500 days for each embedded rebar in the con-
crete mixtures. The estimated values were compared against the
obtained value for mixture C. The Ty, values in the reinforced tern-
ary concretes are comparable to those values obtained by other
researchers |49, The reinforcing bars in mixture C had the highest
Tms, whereas those embedded in mixture TO were 2.5 times lower,
in mixture T1 were 3.75 times lower and in mixture T2 were 3.5
times lower, all with respect to mixture C. This demonstrates the
positive effect of the combination of FA plus UtSCBA on lowering
the corrosion of the steel reinforcement.

4, Conclusions

1. The use of 10% and 20% UtSCBA does not negatively affect the
compressive strength of the ternary concretes at long-term
ages.

. The addition of 10% and 20% UtSCBA decreases the chloride-ion
diffusion of the ternary concretes, which could be attributed to
changes of the cementitious matrices caused by the pozzolanic
reaction of UtSCBA.

. The combination of 20% FA + 10% UtSCBA decreases the corro-
sion of ternary concretes at long-term ages when compared to
the control mixture. This could be attributed to the decrease
of chloride-ion diffusion. Furthermore, the combination of 20%
FA +20% UtSCBA produces concretes with a similar corrosion
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resistance to those containing 20% FA + 10% UtSCBA. Therefore,
the combination of FA + UtSCBA appears to be a suitable option
against chloride-induced steel corrosion.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgments

The authors are grateful to the Instituto Politécnico Nacional of
Mexico (IPN) for the facilities and financial support provided for
this research. Furthermore, the authors thank the Facultad de Inge-
nieria Civil of the Universidad Auténoma de Nuevo Leén in Mexico
for the use of its facilities during the microstructural and mechan-
ical characterization of the concretes. The authors are also grateful
to Mexicés Consejo Nacional de Ciencia y Tecnologia (CONACyT)
for the doctoral scholarships granted to Victor Alberto Franco-
Lujan and Marco Antonio Maldonado-Garcia.

References

[1] E.Rakanta, T. Zafeiropoulou, G. Batis, Corrosion protection of steel with DMEA-
based organic inhibitor, Constr. Build. Mater. 44 (2013) 507-513, https://doi.
org/10.1016/j.conbuwldmat.2013.03.030.

[2] M.M. Hossain, M.R. Karim, M. Hasan, M.K. Hossain, M.FM. Zain, Durability of
mortar and concrete made up of pozzolans as a partial replacement of cement:
a review, Constr. Build. Mater. 116 (2016) 128-140, htps://doiorg/10.1016/
Jconbuildmat2016.04.147.

[3] M. Ahmaruzzaman, A review on the utilization of fly ash, Prog. Energy
Combust. Sci. 36 (2010) 327-363, https://dolorg/10.1016/j.pecs.2009.11.003.

[4] AP. Gursel, H. Maryman, C Ostertag, A life-cycle approach to environmental,
mechanical, and durability properties of “green” concrete mixes with rice husk
ash, J. Clean. Pred. 112 (2016) 112, https:|/dotorg/10,1016/).jclepro.
2015.06.029,

[5] J Payd, J. Monzé, MV. Borrachero, L. Diaz-Pinzén, L M. Ordénez, Sugar-cane
bagasse ash (SCBA): studics on its propertics for reusing in concrete
production, J. Chem. Technol. Biotechnol. 77 (2002) 321-325, https:, /doi.org/
10.1002/jcth.549.

[6] K. Ganesan, K Rajagopal, K. Thangavel, Evaluation of bhagasse ash as
supplementary cementitious material, Cem. Concr. Compos. 29 (2007) 515-
524, https://doi.org/10.1016/).cemconcomp.2007.03.001.

[7] A. Bahurudeen, M. Santhanam, Influence of different processing methods on
the pozzolanic performance of sugarcane bagasse ash, Cem. Concr. Compos. 56
(2014) 32-45, https://doi.org/10.1016/j.cemconcomp.2014.11.002.

[8] C. Chandara, E. Sakai, KAM., Azizli, ZA. Ahmad, SF.S. Hashim, The effect of
unburned carbon in palm oil fuel ash on fluidity of cement pastes containing
superplasticizer, Constr. Build. Mater. 24 (2010} 1590-1593, hutps: /doi.org/
10.1016fj.conbuildmat 2010.02.036.

[9] N. Chusilp, C. Jaturapitakkul, K. Kiattikomol, Effects of LOI of ground bagasse
ash on the compressive strength and sulfate resistance of mortars, Constr.
Build. Mater. 23 (2009) 3523-3531, https://dei.org/10.1016/j conbuildmat.
2009.06.046.

|10] G.C. Cordeiro, RD. Toledo Filho, LM. Tavares, E.de M.R. Fairbaimn,, Ultrafine
grinding of sugar cane bagasse ash for application as pozzolanic admixture in
concrete, Cem. Concr. Res. 39 (2009) 110-115, https://doi.org/10.1016/j.
cemconres.2008.11.005.

[11] G.C. Cordeiro, LM. Tavares, RD.T. Filho, Improved pozzolanic activity of sugar
cane bagasse ash by selective grinding and classification, Cem. Concr. Res. 89
(2016) 269-275, https://doi.org/10.1016/j.cemconres 2016.08.020.

[12] N. Amin, Use of Bagasse Ash in Concrete and Its Impact on the Strength and
Chloride Resistivity, J. Mater. Civ. Eng. 23 (2011) 717-720, https:|/doi.org/
10.1061 /(ASCE)MT.1943-5533.0000227.

[13] R.Somna, C Jaturapitakkul, P. Rattanachu, W. Chalee, Effect of ground bagasse
ash on mechanical and durability properties of recycled aggregate concrete,
Mater, Des. 36 (2012) 597-603, https://doi.org/10.1016/j.matdes 2011.11.065.

[14] G.C. Cordeiro, RD. Toledo Filho, LM. Tavares, EM.R. Fairbairn, Experimental
characterization of binary and temary blended-cement concretes containing
ultrafine residual rice husk and sugar cane bagasse ashes, Constr. Build. Mater.
29(2012) 641-646, https://doiorg/10.1016/j.conbuildmat.2011.08.095

[15] S. Rukzon, P. Chindaprasirt, Utilization of bagasse ash in high-strength
concrete, Mater, Des. 34 (2012) 45-50, https://doiorg/10.1016/
jmatdes.2011.07.045.

[16] M.A. Maldonad¢-Garcia, U.l. Hemandez-Toledo, P. Montes-Garcia, P.L. Valdez-
Tamez, The influence of untreated sugarcane bagasse ash on the
microstructural and mechanical properties of mortars, Mater. Constr. 68
{2018) 1-13, hteps://doiorg/10.3989/mc.2018.13716.

[17] J.C. Arenas-Piedrahita, P. Montes-Garcia, J.M. Mendoza-Rangel, HZ Lépez
Calvo, PL. Valdez-Tamez, |. Martinez-Reyes, Mechanical and durability

properties of mortars prepared with untreated sugarcane bagasse ash and
untreated fly ash, Constr. Build. Mater. 105 (2016) 69-81, https://dotorg)
10.1016(j.conbuildmat.2015.12.047.

|18] V.G. Jiménez-Quero, FM. Leén-Martinez, P. Montes-Carcia, C, Gaona-Tiburcio,
J.G. Chacén-Nava. Influence of sugar-cane bagasse ash and fly ash on the
rheological behavior of cement pastes and mortars, Constr. Build. Mater. 40
(2013) 691-701, https://dot.org/10.1016/j.conbuildmat2012.11.023.

[19] V. Rios-Parada, V.G. Jiménez-Quero, P.L. Valdez-Tamez P. Montes-Garda,
Characterization and use of an untreated Mexican sugarcane bagasse
ash as supplementary material for the preparation of ternary concretes,
Constr, Build. Mater. 157 (2017) 83-95, https://doi.org/10.1016/j.conbuildmat.
2017.09.060.

[20] HF.W. Taylor, Cement chemistry, Themas Telford Publishing, 1997,

|121] M. Nokken, A. Boddy, R.D. Hooton, MDA. Thomas, Time dependent diffusion
in concrete—three laboratory studies, Cem. Concr. Res. 36 (2006) 200-207.
https://doiorg/10.1016/).cemconres,2004.03.030.

[22] C. Lu, W. Jin, R. Liu, Reinforcement corrosion-induced cover cracking and its
time prediction for reinforced concrete structures, Corres. Sd. 53(2011) 1337~
1347, https://doi.org/10.1016/j.corsci 2010.12.026.

[23] F. Deschner, F. Winnefeld, B. Lathenbach, S. Seufert, P. Schwesig, S. Dittrich, F
Goetz-Neunhoeffer, ]. Neubauer, Hydration of Portland cement with high
replacement by siliceous fly ash, Cem. Concr. Res. 42 (2012) 1389-1400,
https://doiorg/10.1016/j.cemconres.2012.06.009.

|24] MDA. Thomas, RD. Hooton, A. Scott, H. Zibara, The effect of supplementary
cementitious materials on chloride binding in hardened cement paste.
Cem. Comncr. Res. 42 (2012) 1-7, htps://doi.org/10.1016/j.cemconres,
2011.01.001.

[25] O.M. Jensen, P.F. Hansen, AM. Coats, F.P. Glasser, Chloride ingress in cement
paste and mortar, Cem. Concr. Res. 29 {1999) 1497-1504, https://doLorg)
10.1016/50008-8846(99)00131-3,

[26] Y.S. Choi, ].G. Kim, K.M. Lee, Corrosion behavior of steel bar embedded in fly
ash concrete, Corros. Sci. 48 (2006) 1733-1745, https://dotorg/10.1016)
J.corscL2005.05.019.

|127] A. Arizzi, G. Cultrone, Aerial lime-based mortars blended with a pozzolanic
additive and different admixtures: a mineralogical, textural and physical-
mechanical study, Constr. Build. Mater. 31 (2012) 135-143, https://doLorg)
10.1016(j.conbuildmat.2011.12.069.

[28] K. Sisomphon, L Franke, Evaluation of calcium hydroxide contents in
pozzolanic cement pastes by a chemical extraction method, Constr. Build.
Mater. 25 (2011) 190-194.  https://doiorg/101016/j conbuildmat
2010.06.039.

[29] S.H. Kosmatka, B, Kerkhoff, W.C. Panarese, J. Tanesi, Design and Control of
Concrete Mixtures, Portland Cement Association (PCA), EE, UU, (2004).

[30] AM. Neville, Properties of concrete, Prentice Hall, London, 1995.

[31] G.C.Cordeiro, O.A Paiva, RD. Toledo Filho, EMR. Fairbairn, L M. Tavares, Long-
Term Compressive Behavior of Concretes with Sugarcane Bagasse Ash as a
Supplementary Cementitious Material, J. Test. Eval. 46 (2018), https://doLorg
10.1520/[TE20160316,

[32] C. Lian Y. Zhuge, S. Beecham, The relationship between porosity and strength
for porous concrete, Constr. Build. Mater. 25 (2011) 4294-4298, hitps: | /doi
org/10.1016/j.conbuildmat.2011.05.005.

[33] X. Chen, 5. Wu, ]. Zhou, Influence of paresity on compressive and tensile
strength of cement mortar, Constr. Build. Mater. 40 (2013) 869-874, htips:/|
doi.org/10.1016/j.conbuildmat.2012.11.072.

[34] G.C. Cordeiro, K.E. Kurtis, Effect of mechanical processing on sugar cane
bagasse ash pozzolanicity, Cem. Concr. Res, 97 (2017} 41-49,

[35] E. Anft, M.W. Clark, N. Lake, Sugarcanc bagasse ash from a high-cffidency co-
generation boiler as filler in concrete, Constr, Build. Mater. 151 (2017) 692-

[36] 5. Caré Effect of temperature on porosity and on chloride diffusion in cement
pastes, Constr. Build, Mater, 22 (2008} 1560-1573.

[37] |.P. Broomfield, Comrosion of steel in concrete, understanding, investigation
and repair, E&FN Spon, London, UK, 1997,

[38] MF. Montemor, AMP. Simoes, M.M. Salta, Effect of fly ash on concrete
reinforcement corrosion studied by EIS, Cem. Concr. Compos. 22 (2000) 175-
185, https://doi.org/10.1016/S0958-9465(0000003 -2,

[39] W. Lépez, J.A. Gonzdlez, Influence of the degree of pore saturation on the
resistivity of concrete and the corrosion rate of steel reinforcement, Cem. Concr.
Res. 23 (1993) 368-376, https://doi.org/10.1016/0008-8846( 93)90102-F.

[40] SK. Verma, SS. Bhadauria, S. Akhtar, Manitoring Corrosion of Steel Bars in
Reinforced Concrete Structures 2014 {2014), https://doi.org/10.1155/2014)
957904.

[41] P. Ghads, 0.B. 1sgor, GA. McRae, G.P. Gu, Electrochemical investigation of
chloride-induced depassivation of black steel rebar under simulated service
conditions, Corros. Sci. 52 (2010) 1649-1659, https://doLorg/10.1016)
J.corsci2010.02.016.

[42] ].0. Rivera-Corral, G. Fajardo, G. Adiguie, R, Orozco-Cruz, F. Deby, P. Valdez,
Corrosion behavior of steel reinforcement bars embedded in concrete exposed
tochlorides: effect of surface finish, Constr. Build. Mater. 147 (2017) 815-826,
https://doiorg/10 1016/5. conbuildmat.2017.04 186

[43] ALLA. Fraay, .M. Bijen, Y.M. de Haan, The reaction of fly ash in concrete: a
critical examination, Cem. Concr. Res. 19 (1989) 235-246, hitps://doorg
10.1016/0008-8846/89 )90088-4.

[44] C. Andrade, C Alonso, Test methods for on-site corrosion rate measurement of
steel reinforcement in concrete by means of the polarization resistance
method, Mater. Struct. 37 (2004), https://doi.org/10.1007/BF02483292,



618 VA. Franco-Lujdn et al./ Construction and Building Materials 198 (2019) 608-618

[45] S. Dramond, Effects of two Danish fly ashes onalkali contents of pore solutions [48] V. Minkova, M. Razvigorova, E. Bjornbom, R Zanzi, T. Budinova, N. PFetrov,

of cement-fly ash pastes, Cem. Concr. Res. 11 (1981) 383-394, hutps://dul.oig/ Effect of water vapour and biomass nature on the yield and quality of the

10.1016/0008-8846{81)20110-1. pyrolysis products from biomass, Fuel Process. Technol. 70 (2001) 53-61,
[46] L. Bertolini, B. Elsener, P. Pedeferri, R. Polder, Corrosion of Steel in Concrete: https://doi.org/10.1016/S0378-3820(00)00153-3.

prevention, diagnostic, repair, WILEY VCH (2004) [49] A Alhozaimy, RR. Hussain, R. Al-Zaid, A. Al-Negheimish, Coupled effect of
[47] UM. Angst, B. Elserer, CK Larsen, ©. Vennesland, Chloride-induced ambient high relative humidity and varying temperature marine environment

reinforcement corrosion: electrochemical monitoring of initiation stage and on corrosion of reinforced concrete, Constr. Build. Mater. 28 (2012) 670-679,

chloride threshold values, Corros. Sci. 53 {2011) 1451-1464, https://doLong/ https: {{da.org/10.1016{).conbuildmat.2011.10.008.

10.1016/j.corsci.2011.01.025.

84



CHAPTER FIVE

Chloride-binding capacity of ternary concretes containing FA and
UtSCBA

Victor Alberto Franco-Lujan, José Manuel Mendoza-Rangel, Victor Guillermo Jiménez-
Quero, Pedro Montes-Garcia.
2019.
Manuscript sent to Cement and Concrete Composites (JCR, Q1. IF=5.172)

85



Cement and Concrete Composites

Chloride-binding capacity of ternary concretes containing fly ash and untreated

Manuscript Number:
Article Type:
Keywords:

Corresponding Author:

First Author:
Order of Authors:

Abstract:

sugarcane bagasse ash
--Manuscript Draft--

CCC-D-19-00023
Research Paper

Chloride conten; electrical resistivity; long-term durability; Supplementary cementing
materials; untreated sugarcane bagasse ash

Pedro Montes-Garcia, Ph.D.
Instituto Politécnico Nacional
Oaxaca, MEXICO

Victor A. Franco-Lujan, M.Sc.
Victor A. Franco-Lujan, M.Sc.
José M. Mendoza-Rangel
Victor G. Jiménez-Quero
Pedro Montes-Garcia, Ph.D.

In order to understand the role of untreated sugarcane bagasse ash (UtSCBA) on the
chloride binding of ternary concretes prepared with fly ash, an experimental program
was carried out. Concrete specimens containing only cement, cement+fly ash and
cement+fly ash+UtSCBA were manufactured. Specimens were exposed to a chloride
solution for 3000 days. After exposure, a microstructural characterization using
scanning electron microscopy and X-Ray diffraction was conducted. The percentage of
voids, compressive strength, and electrical resistivity of the concretes were also
obtained, while the chloride binding was obtained from the difference between total
and free chlorides. Diffractograms showed that chlorides chemically reacted with the
Afm and Aft phases of all concretes to form Friedel’s salt, whereas compressive
strength results corroborate that chlorides did not affect the sirength of any tested
concretes. In sum, ternary concretes containing UtSCBA showed the best performance
against chloride ingress, the highest electrical resistivity, and the highest chloride-
binding capacity.
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Abstract

In order to understand the role of untreated sugarcane bagasse ash (UtSCBA) in chloride
binding of ternary concretes prepared with fly ash, an experimental program was carried out.
Concrete specimens containing only cement Portland (PC), PC+fly ash, and PC+fly
ash+UtSCBA were manufactured. After curing these specimens were exposed to a chloride
solution for 3000 days. After exposure, a microstructural characterization using scanning
electron microscopy and X-Ray diffraction was conducted. The compressive strength,
electrical resistivity of the concretes and percentage of voids, were also obtained, while
information on chloride binding was obtained from the difference between the amount of
total and free chlorides. Diffractograms showed that chlorides chemically reacted with the
Afm and Aft phases of all concretes to form Friedel’s salt, whereas compressive strength
results corroborate that chlorides did not affect the strength of any of the tested concretes. In
summary, ternary concretes containing UtSCBA showed the best performance against

chloride ingress, the highest electrical resistivity, and the highest chloride-binding capacity.
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1. Introduction

The durability of concrete structures regarding Cl-induced corrosion of reinforcing steel is a
vital issue which has been researched over many years. Corrosion prevention methods such
as epoxy coatings or inhibitors have been proposed to avoid corrosion, however, the
implementation of these methods has so far been unsuccessful [1-3]. The manufacturing of
good-quality concrete by the addition of supplementary cementing materials (SCMs) appears
to be a more comprehensive approach to prevent corrosion. Recently, industrial and
agricultural wastes have been used as SCMs to develop sustainable, strong, and concrete with
higher resistance against transport of external corrosive agents
[4, 5].

The most commonly used SCM is fly ash (FA). Most FA particles are spherical, ranging in
size between 10 and 100 um and composed of silica and alumina in its amorphous state [6].
These features contribute to producing more workable, stronger and more durable mortars
and concretes than those produced with only Portland cement (PC) [7, 8]. However, the
availability of FA in countries like Brazil, Pakistan, India and Mexico is limited. Therefore,
the use of agricultural wastes as SCM is considered a viable alternative.

In recent years, sugarcane bagasse ash (SCBA) has been characterized and used as a
pozzolanic material [9, 10]. When the SCBA is post-treated, it produces mortars and
concretes with superior mechanical properties than those made with only PC. Moreover, its

use does not cause a reduction in the compressive strength (CS) to long-term [11, 12]. In this
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context, it has also been reported that 10% to 30%PC replacement by SCBA subjected to
various post-treatments (PtSCBA) significantly reduces both the permeability and the
transport of chloride ions in PC-based materials [13-15]. Despite the higher mechanical and
durability performance of mortars and concretes with PtSCBA, most post-treatments require
a significant amount of energy, increasing the final cost and reducing the sustainability of
these materials. In order to address this problem, a long-term research project on the effect
of “‘practically as received” SCBA (UtSCBA) on the workability and the microstructural,
mechanical and durability properties of mortars and concretes is being conducted. Some
findings from that project indicate that the use of UtSCBA causes a significant reduction in
the workability of mortars [16], however, it improves their microstructure, long-term CS,
electrical resistivity (ER), and resistance to chloride ingress [17, 18]. Regarding the durability
properties, Maldonado-Garcia et al. [19] investigated the long-term corrosion of steel
reinforcement in mortar slabs containing UtSCBA. The authors found that the use of
UtSCBA significantly decreased the chloride-ion diffusion coefficients (Dc), and less
negative corrosion potentials (Ecorr) Of steel reinforcement embedded in these concretes were
obtained when compared with the control mortar.

The reduction of workability in mortars caused by the addition of 10% and 20%UtSCBA can
be overcome by the addition of 20%FA [16]. This combination seems adequate, as no
negative effects on the microstructural and mechanical properties of UtSCBA-ternary
concretes after 90 days of age have been reported [20]. Recently, it was found that the use of
UtSCBA significantly decreased the Dcs of UtSCBA-ternary concretes at 28 and 90 days of
age. Furthermore, steel bars embedded in these concretes exposed to a 3.5%NaCl solution

over 2,500 days experienced both less negative Ecorr Values and lower corrosion rates (lcorr)
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than those embedded in concretes with only PC and PC+FA [21]. In order to elucidate the
apparently enhanced corrosion protection mechanism provided by UtSCBA, especially when
added to a concrete containing FA, additional research should be carried out.

Several studies reported that a partial replacement of PC by 16% to 50%FA significantly
increases the chloride-binding capacity (Pb) of pastes and concretes exposed to NaCl
[22, 23]. This increase is attributed to the chemical interaction of chlorides (CI) with the
alumina from the FA in order to form Friedel’s salt. P, by physical binding is another
mechanism shown by FA [24, 25], where the CI ions are caught on the surface of C-S-Hs
produced during the pozzolanic reaction [26]. Surprisingly, no research about the influence
of UtSCBA on the P, of pastes, mortars or concretes has been reported in the literature.
Therefore, studies on the P, of UtSCBA to clarify the contribution of this ash on the improved
durability properties of ternary concretes is highly needed.

This paper aims to investigate the Py of concretes containing FA plus UtSCBA continually
exposed to a simulated marine environment for 3000 days, i.e. for more than 8 years. For this
purpose, a microstructural characterization by scanning electron microscopy (SEM) and
X-ray diffraction (XRD) was carried out. Furthermore, the percentage of voids, CS, and ER
were obtained. Finally, the total and free chloride contents were estimated in order to

determinate the Dc and Py, of the ternary concretes.

2. Materials and Methods
2.1. Materials and mix design of the concrete mixtures
Portland cement (CPC-30R), UtSCBA, and Admix Tech® FA were used as cementitious

materials for the concrete mixtures. The CPC fulfills the requirements established by the
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Mexican standard NMX-C-414-ONNCCE-2004 standard [27]. The UtSCBA was sieved
through a 75-um ASTM mesh for four minutes. The FA is classified as class F in accordance
with the ASTM C 618 standard. The chemical compositions of the materials are shown in
Table 1. The sums of the major oxides (SiO2, Al.O3 and Fe,QOz) for the UtSCBA and FA
were 88.28% and 89.55%, respectively. The LOI contents of the CPC and UtSCBA were
higher than the limits established in the ASTM C 618-19 standard [28], which can be
attributed to the presence of calcium carbonate (CaCOs) and carbonaceous matter in the CPC
and UtSCBA, respectively [29, 30]. In previous studies, neither the CPC nor the UtSCBA
induced adverse effects on the fresh- and hardened-state properties of mortars and concretes

prepared with these materials [16, 18, 20, 21].

Table 1. Chemical compositions of used cementitious materials (% by mass)

Material A|203 CaO Fe203 Kzo MgO MnO NaZO ons SIOZ T|02 503 LOI

CPC 4.87 60.03 3.57 0.85 1.50 0.08 0.52 0.19 20.67 0.58 4.95 8.40
UtSCBA 15.00 2.57 7.16 3.52 1.19 0.22 0.54 1.14 66.12 1.13 0.26 9.00

FA 20.01 4.00 5.42 0.96 0.63 0.10 0.19 0.38 64.12 1.12 0.86 2.60

LOI = Loss on ignition at 950°C for the CPC and at 750°C for the FA and UtSCBA.

River sand and calcareous crushed coarse aggregate were used to prepare the concrete
mixtures. The volumetric weights, specific gravities, and adsorptions of the fine and coarse
aggregates were 1596 kg/m® 2.78, and 1.74%, and 1624 kg/m® 2.66, and 0.47%,
respectively. The fineness modulus of the sand was 2.97, and the maximum size of the coarse
aggregate was 19 mm. Finally, bi-distilled water and a polycarboxylate-based
superplasticizer (SP) Plastol 4000 ™, which fulfill the requirements of the ASTM C 194

standard, were used to prepare the concrete mixtures.
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Four concrete mixtures containing either 100%CPC (C), 80%CPC+20%FA (TO0),
70%CPC+20%FA+10%UtSCBA (T1) or 60%CPC+20%FA+20%UtSCBA (T2) were
prepared. For all mixtures the total content of cementitious material, i.e. the sum of CPC,
UtSCBA and FA, always amount to 410 kg/m® concrete. The concrete mixtures were
designed in accordance with the absolute volume method from the ACI 211.1 [31]. All
mixtures had a 0.5 water/cementitious material ratio (w/cm) and were designed to achieve a
target slump of 7520 mm (ASTM C 143). Mixture C was designed to achieve a CS target
of 25£8 MPa at 28 days. Table 2 shows the proportions of the concrete mixtures and the CS

values achieved.

Table 2. Proportions of the concrete mixtures (kg/m®)

. Fine Coarse CSat 28
Mixture CPC FA  UtSCBA aggregate  aggregate Water SP Slump days
C 410 - -- 727 1015 205 2.7 78 31+2.2
TO 328 82 - 727 1015 205 1.6 79 32+21
T1 287 82 41 727 1015 205 3.1 88 28+2.3
T2 256 82 82 727 1015 205 49 90 23+1.9

SP = Polycarboxylate-based superplasticizer (ml per kg of cementitious materials), slump is in mm, and CS in
MPa.

A total of three prismatic specimens (100 x 150 x 300 mm?) for each concrete mixture were
cast. All specimens were demolded after 24 hours and thereupon cured in a Ca (OH)»-
saturated solution for 28 days. After that, the prisms were completely immersed in a 3.5%

NaCl solution for 3000 days.
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2.2 Electrical resistivity measurements

After 1000, 1500, 2000, 2500 and 3000 days of exposure to the NaCl solution, the electrical
resistivities of the concrete mixtures were evaluated. Thus, the resistivities were measured
on water-saturated concrete. The ER was measured using a Wenner probe Resipod model 38
mm device from Proceq®. The test was performed according to the recommendations from
the AASTHO [32] (Standard Method of Test for Surface Resistivity Indication of Concrete’s
Ability to Resist Chloride-lon Penetration). Ten readings under saturated surface-dry
conditions were taken on the four faces of the prisms, and the average values of these ten
measurements are reported. Fig. 1 indicates the position of the probe and test set-up. Finally,
the ER results were corrected by the maximum size of aggregate, as proposed by Morris et

al. [33].

a) b)
Fig. 1. a) Position of the probe and b) Schematic representation of the locations where the ER
measurements were taken (mm)

2.3 Autopsy of the concretes
After 3000 days of continuous immersion in a ClI" solution, an autopsy of one prismatic
specimen for each concrete mixture was carried out. The visual inspection before and after

the autopsy did not show visible damage, such as cracking and delamination of the concrete
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(Figs. 2a and 2c). The autopsy procedure consisted of sectioning the original prism into
smaller prism-shaped slices (Fig. 2b) using a CONTROLS® Model 55-C0210/DZ saw
cutting machine. As a result, four sets of prismatic slices were obtained to carry out the
different tests considered in this research (Fig. 2c). The first set comprised two slices, with
dimensions of 35 x 100 x 180 mm?3 and 35 x 100 x 120 mm?3, labelled as CPA-1 and CPA-2,
respectively, whereas the second set also had two slices, with the same dimensions as the
first set, but were labelled as CPB-1 and CPB-2, respectively. The third and fourth sets
comprised eight slices of 35 x 45 x 75 mm? each and these were labelled as CA-1 to CA-8

for the third set and CB-1 to CB-8 for the fourth set, respectively.
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Fig 2. a) Selected prismatic specimens for the autopsy, b) Schematic representation of the slices
(mm), and c) slices obtained for the control specimen
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Table 3 shows a summary of the specific slices used for each of the tests carried out on all
the concrete mixtures under investigation. For the sake of brevity only the tests carried out
for the control mixture C are described in the following sections, as the same methodology

was used for the specimens from the other concrete mixtures (T0, T1, and T2).

Table 3. Summary of the slices distribution for the different tests carried out in the present

study.
Mixture  SEM XRD Bulk — Absolute De, Pb
density density

CA-6

CA-2 CA-4 CA-7
C CA-1 CA-3 CPA-2 CA-5 CA-8 CPA-1
CB-1 CB-2 CPB-2 CB-4 CB-6 CPB-1

CB-3 CB-5 CB-7

CB-8

TOA-6

TOA-2 TOA-4 TOA-7
To TOA-1 TOA-3 TOPA-2 TOA-5 TOA-8 TOPA-1
TOB-1 TOB-2 TOPB-2 TOB-4 TOB-6 TOPB-1

TOB-3 TOB-5 TOB-7

TOB-8

T1A-6

T1A-2 T1A-4 T1A-7
T T1A-1 T1A-3 T1PA-2 T1A-5 T1A-8 T1PA-1
T1B-1 T1B-2 T1PB-2 T1B-4 T1B-6 T1PB-1

T1B-3 T1B-5 T1B-7

T1B-8

T2A-6

T2A-2 T2A-4 T2A-7
T2 T2A-1 T2A-3 T2PA-2 T2A-5 T2A-8 T2PA-1
T2B-1 T2B-2 T2PB-2 T2B-4 T2B-6 T2PB-1

T2B-3 T2B-5 T2B-7

T2B-8

2.4 Microstructural and mineralogical evaluation

The morphology of mixture C was analyzed using a high vacuum scanning electron
microscope (SEM) JEOL™ model JSM-6510LV equipped with an EDS microanalysis
system from Oxford Instruments™. Two fragments of cementing paste (approximately 5

mm?3) were obtained from samples CA-1 and CB-1. The fragments were dried in an electric
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oven at 40 °C for 10 minutes. These slices were then covered with a gold-palladium film
using a Denton Vacuum Desk IV® equipment and taken to the microscope.

The mineralogical phases were identified by X-ray diffraction, using a diffractometer
Empyrean® with a Cu anode. The diffractometer was operated with a voltage of 45 kV and
a current of 40 mA. XRD tests were carried from 5 to 70° (2-Theta) at a scanning speed of
0.5 s and increments of 0.026°. For this purpose, cementing paste powders were obtained
from slices CA-2, CA-3, CB-2, and CB-3 by crushing them and removing the large aggregate
particles. Next, the fragments were manually ground and sieved through a 75-um ASTM
mesh. Finally, the mineral phases obtained by XRD were identified using the X Pert

HighScore Plus™ software.

2.5 Percentage of voids and compressive strength

The percentage of voids of mixture C was determined according to the ASTM C642-13
standard [34], considering both bulk (dry) and absolute densities. The bulk density was
obtained from slices CPA-2 and CPB-2, whereas the absolute density was obtained from
slices CA-4, CA-5, CB-4, and CB-5 using a multi-pycnometer Quantachrome Instruments™
in an inert media using nitrogen gas after the slices were dried in an electric oven at 110+5°C
24 hours before the test.

The CS test was carried out using a hydraulic press Instron® model 600DX-B1-C3-G1A.
For this purpose, six 33 x 33 x 33 mm? cubes labeled as CA-6, CA-7, CA-8, CB-6, CB-7,
and CB-8 were used. The cubes were sand-smoothed to achieve flat parallel faces for the

subsequent CS tests. The results were corrected by shape and size to compare them against
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the results reported for the same concrete in previous research [20, 21], where @100 mm X

200 mm cylinders were used. For the shape correction the following Eq. 1 [35] was used:

_ CScu 33x33x33
CSci®150x300 - 1.17  0.62 (l)

’1+Lcu 33x33x33/,

where CScigisox300 1S the compressive strength of @150 mm x 300 mm cylinder (MPa),
CScu3axaaxas IS the compressive strength of a cube (MPa), and Lcu 33x33x33 IS the size of the cube

(cm); while for the size correction the following Eq. (2) [35] was used:

> apasonen | 0.81CS¢; g 150x300 2

CS = CS¢ig100x200 = dory
100x200
\/1_'_ ci X /2.6

where CS is the compressive strength of a @100 mm x 200 mm cylinder in MPa, and the

diameter of the cylinder (dci g100x200) is in cm.

2.6 Chloride-ion diffusion coefficients and chloride-binding capacity

Concrete powders were obtained by drilling in increments of 3 mm through the depth of the
specimens CPA-2 and CPB-2. The total chloride contents from the powders were measured
by X-ray fluorescence according to the ASTM E1621-13 standard [36] using a spectrometer
PANalytical™ Epsilon3-XL and chloride ingress profiles were established. Next, the total
chloride concentration profiles were used to estimate the Dc of mixture C based on the so-
called error function analytical solution to Fick’s second law using the Table Curve 2D

software version 5.01™,
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The water-soluble chlorides concentration profile was obtained according to the procedure
recommended by RILEM Technical Committee TC 178-TMC [37], using a potentiometric
titrator Metronm™. Finally, a linear regression analysis between the free and total chlorides
concentration profiles was carried out to estimate the chloride-binding capacity (Pb) of

mixture C in terms of percentage using the Eq. 3 as recommended by [25, 38]:

_ (ce=cp)x100

P
b Ce

(3)

where Ct and Cy represent the total and free chloride contents, respectively.

As mentioned earlier, the same procedures were carried out to perform all the tests for the

TO, T1 and T2 concrete mixtures.

3. Results and discussion

3.1 Microstructural and mineralogical analysis

Fig. 3 shows the micrographs of the concrete mixtures autopsied at 3000 days of exposure to
the chloride solution. Mixture C shows a cementitious matrix with apparently fewer porous,
with some pores interconnected by cracks (Fig 3a). The EDS analysis indicates that the
cementitious compounds are mainly formed by Ca and Si (spectrum 1 and 2) and reveals that
the analyzed sample has chlorine-containing compounds.

When FA replaces 20%PC in mixture TO, an apparent cementitious matrix with fewer pores
than mixture C is observed (Fig. 3b). The EDS analysis shows cementitious compounds rich

in Ca and O, probably portlandite due to the prismatic form characteristics of this compound
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(spectrum 3) [39], and also shows other compounds rich in Si and Al (spectrum 4); and,
similarly to mixture C, chlorine-containing compounds are observed.

The microstructure of mixture T1 appears to be more complex in nature and less porous than
mixtures C and TO (Fig. 3c). Nevertheless, some partially reacted FA particles were
identified. In this mixture, the combination 20%FA+10%UtSCBA produced cementitious
compounds with both high and low Ca/Si ratios; see spectrums 5 and spectrum 6,
respectively. Cementitious compounds with a low Ca/Si ratio are due to the additional Si,
provided by FA and UtSCBA [40, 41]. According to Fig 3c, the cementitious compounds
appear blocked and divide the connections between pores. The addition of
20%FA+20%UtSCBA in T2 (Fig. 3d) created a cementitious matrix of similar complexity
as mixture T1, with pores partially blocked by cementitious compounds rich in Si and Al, as
well as rich in Ca and Al (spectrum 6).

According to the SEM micrographs, the addition of UtSCBA in mixtures with PC+FA
produces concretes with a more complex microstructure. Similar microstructures have also
been observed in mortars [18] and concretes [20] prepared with UtSCBA at 600 and 120 days

of age, respectively.
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Fig 3. SEM micrographs and EDS analysis of the concrete mixtures exposed to the CI- solution for
3000 days

Fig. 4 shows the crystalline phases identified in the concrete mixtures. Phases of tobermorite
(C-S-H), portlandite (CH) and ettringite (Aft) were identified as the main hydration products

formed in mixture C (Fig 4a). Phases of quartz (Q) and anorthite (A) are attributed to the
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sand, while calcite (C) is attributed to the CaCOs in the CPC [29]. Calcium chloro-aluminate,
commonly known as Friedel’s salt (Fs), was also identified, in 20 range = 11.16-11.34° and
23.0-24.0° [42, 43]. This compound is attributed to the chemical interaction of the CI- with
the Afm and Aft phases from the hydration of PC [44].

The XRD patterns of TO show an increase in the intensity of C-S-H peaks (Fig. 4b) with
respect to mixture C. This can be the result of a pozzolanic reaction between FA and CH in
order to produce additional C-S-H; moreover, this reaction is corroborated by the decreased
intensity of portlandite peaks compared with mixture C. The chemical interaction between
chlorides with both Afm and Aft phases of TO was corroborated by the identification of Fs
peaks, with an intensity comparable with mixture C. In addition to Afm and Aft phases, the
amorphous alumina from the FA can also chemically react with chloride ions in order to form
Fs [23].

Figs. 4c and 4d show that the combination FA+UtSCBA in T1 and T2 produced concretes
with a higher intensity of C-S-H peaks than mixtures C and slightly higher than TO. The
above is due to the pozzolanic reaction between UtSCBA and CH, which is substantiated by
the depletion of the CH phase. It seems reasonable to assume that additional C-S-H improved
the microstructure of UtSCBA-ternary concretes as shown by the SEM results.

In the UtSCBA-ternary concretes the chemical interaction of CI~ with their Afm and Aft
phases was also identified, however, the intensities of the Fs peaks were lower compared to
mixtures C and TO. The above does not necessarily indicate a lower quantity of bound
chlorides in the concretes with UtSCBA. In this study, the concrete mixtures were exposed
to an external source of chlorides. Hence, its content inside the concretes and its subsequent

chemical interaction depend on properties such as the porosity and diffusivity of the same
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concretes. Moreover, another binding mechanism, for example, the physical interaction
between CI™ and other cementitious compounds, cannot be elucidated with the use of XRD.
In order to estimate the Pb of the UtSCBA-ternary concretes it is necessary to analyze and

discuss results from porosity, diffusivity and ER, which will be carried out in the following

sections.
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Fig 4. XRD patterns of the concrete mixtures exposed to the CI- solution for 3000 days

102



3.2 Percentage of voids and compressive strength

Table 4 shows the PV of the concrete mixtures after exposure to the ClI solution for 3000
days. Mixture C presents the highest PV, however, when 20%FA was incorporated the PV
in mixture TO was significantly decreased (p=0.001). This beneficial effect can be explained
by the additional C-S-H, which precipitates in the cementitious matrix of TO, reducing its
pores and cracks, as shown in the SEM micrographs.

Similarly, the combination of 10%UtSCBA and 20%UtSCBA with 20%FA helped to
significantly decrease the PV of mixtures T1 (p<<0.05) and T2 (p<<0.05) when compared to
mixture C, however, the PVs of T1 (p=0.605) and T2 (p=0.803) were not significantly
different than mixture TO. Again, the decrease in porosity can be attributed to the pozzolanic
reaction between the UtSCBA added and CH from the hydration of the PC as such reactions
produce secondary C-S-H. The presence of these compounds in the cementitious matrices of
the UtSCBA-ternary concretes reduced the voids in their pore system. These changes in the
microstructure can be observed in the micrographs of T1 and T2.

Porosity results are slightly lower but do not show significant difference (p=0.065) with
previous results obtained from the same concretes exposed to a Ca(OH)2 solution for 2500
days [21]. A comparison between the porosity results obtained from the two environments
suggests reductions of 7, 9, 5 and 20% with time for concrete mixtures the C, TO, T1 and T2,
respectively. This finding corroborates that the long-term exposure to water or seawater did
not cause an increase in porosity due to the dissolution of Ca (OH)2, as has been reported by

some authors [45].
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Table 4. Percentage of voids of the concrete mixtures exposed to the Cl solution for 3000 days.

Mixture Bulk density, Adga‘;:;‘;e PV, Standard
g/cm glem? Yo deviation
C 2.34 2.72 13.86* 0.63
TO 2.29 2.54 9.728 0.33
T1 2.28 2.50 8.928 0.75
T2 2.26 2.47 8.388 0.18

PVs that do not share letters are significantly different (P<0.05)

The CS results of the concrete mixtures at 3000 days of exposure to the CI solution corrected
by shape and size are shown in Fig. 5a. All concretes had a greater CS than the design CS,
however, mixture C showed the lowest CS. The partial replacement of PC by 20%FA slightly
increased the CS of TO; however, this increase is not significantly different (p=0.553) when
compared to the control. On the other hand, the additions of 10%UtSCBA and 20%UtSCBA
to a concrete containing 20%FA caused significant increases in strengths of 16.00%
(p=0.001) and 17.03%(p=0.001), respectively, when compared to C. The CS gain of the
concretes containing UtSCBA can be attributed to the secondary C-S-H compounds
produced in the pozzolanic reaction between the UtSCBA and CH. Furthermore, it is known
that the large fibrous particles of UtSCBA covered with a layer of Si and O increase the
specific surface area where the pozzolanic reaction can occur. Consequently, there is a gain
in the CS when UtSCBA is added [18].

Some studies have reported that the long-term exposure to water or to a marine environment
may dissolve the C-S-H. Therefore, a regression in the CS of mortars and concretes can occur
[46]. Data on 2500-day compressive strengths of the same concretes used in the present
research, but not exposed to CI™ and previously reported in [21], are also shown in Fig 5. The
statistical analysis did not show significant differences (p=0.844, p=0.975, p=0.202 and,
p=0.172 for the mixtures C, TO, T1, and T2, respectively) between the CSs at 2500 days and
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3000 days of each of the concrete mixtures. Therefore, it can be concluded that the long-term

exposure to the CI” solution did not cause a negative effect in the CSs of the mixtures studied.
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Fig. 5. CSs of concrete mixtures exposed to Ca(OH), for 2500 days [21] and to the CI- solution for
3000 days

3.3 Electrical resistivity

The effects of the partial replacement of PC by FA and by FA+UtSCBA on the ER of
concrete mixtures are shown in Fig. 6a. In general, the ER of all mixtures presented
fluctuation throughout the entire exposure period. In the case of mixtures C, TO and T2, their
RE showed a significant increase (p=0.001, p=0.042 and p=0.035, respectively) between
1000 and 1500 days, but remained essentially constant until 3000 days, while the ER of T1
remained constant between 1000 and 2000 days, and did not significantly decrease (p=0.007)
until 3000 days.

A more detailed analysis of the results shows that throughout the test period, mixture C
presented the lowest ER, while the addition of 20%FA had a significant beneficial effect
(p=0.000) on the ER of mixture TO with respect to C. When the 10%UtSCBA and

20%UtSCBA were combined with 20%FA in T1 and T2, respectively, the performance of
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ER of such concretes significantly increased with respect to mixtures C (p<<0.05 for both
mixtures) and TO (p<<0.05 and p=0.009 for T1 and T2, respectively). This behavior can be
due to a lower CI" concentration [47] throughout the pore network of the UtSCBA-ternary
concretes, consequence of a less porous microstructure [48] and hence with less spaces for
the CI" penetration. This fact is confirmed in Fig 6b, which shows an inversely proportional
relationship between the averages of the ER and PV of the concrete mixtures at 2500 and

3000 days. In other words, as the compactness of the microstructure increases, the ER of

concretes will increase [49].
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Fig. 6. (a) Electrical resistivities of the concrete mixtures exposed to the CI- solution and (b)
Relationship between percentage of voids and electrical resistivity of the concrete mixtures studied
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3.4 Diffusion coefficients and estimation of the chloride-binding capacity of concrete
mixtures.

Fig. 7a shows the Dcs of the concrete mixtures exposed to the CI- solution for 3000 days.
For comparison purposes, the Dcs at 28 and 90 days of age of the same mixtures, which have
already been reported in [21], are also shown in this figure. The results confirmed that
diffusivity of all concretes decreased with time. Regarding the 3000-days Dcs, mixture C
presented the highest diffusivity, while the addition of 20%FA in TO contributed to reducing
the D¢ by approximately 58%. When 10% and 20%UtSCBA were combined with FA, the
diffusivities of mixtures T1 and T2 were reduced by approximately 61% and 82%,
respectively. The results also show that the high resistance of UtSCBA-ternary concretes
against chloride ingress is maintained at long-term ages.

An explanation for the better performance of concretes with UtSCBA regarding resistance to
chloride ingress is the improvement of their microstructure as a result of the C-S-H both from
PC hydration and pozzolanic reaction. It is known that the C-S-H directly affects the
microstructure of concretes, reducing their porosity [17, 50, 51] and consequently CI
penetration into the cementitious matrices is reduced.

In this study, the previous argument can be validated with information contained in Fig 7b,
which shows that when UtSCBA is added, the PV of studied concretes is reduced.
Consequently, the chloride diffusivity decreases and simultaneously the ER increases.
Another explanation for results shown by the concretes with UtSCBA regarding chloride

penetration can be their ability to bind CI°, which is discussed next.
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Fig. 7. a) Diffusion coefficients of concrete mixtures and b) PV, ER, and D¢ of the concrete
mixtures exposed to the CI- solution for 3000 days.

Fig 8a illustrates the regression analyses performed to obtain the relationships between the
free (Cy) and total (Ct) chlorides of the concrete mixtures under study that were exposed to
the CI" solution for 3000 days. In general, all concretes show a linear relationship between Cs
and Ciwith R? = 0.8016, 0.9696, 0.9246, and 0.8686 for C, T0, T1, and T2, respectively.
Furthermore, two main effects can be observed with the incorporation of UtSCBA. First, the
combination of 20%FA+10%UtSCBA and 20%FA+20%UtSCBA decreases the C; content
of mixtures T1 and T2 with respect to the control, which is a consequence of the lowest CI-
diffusivity shown by the UtSCBA-ternary concretes during the 3000 days of exposure.

Second, in terms of the C; content, the Cr content decreases as the partial substitution of PC
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increases [52]. In other words, the addition of UtSCBA not only produces concrete with a
lower Ctcontent but also increases the chloride binding capacity. For example, in Fig. 8a the
Cf for mixture C correlates well to Ct by the expression C; = (0.7438)Ct, and by substituting
this C; in Eq. 3 the Py of this mixture was estimated as 25.62%. Similarly, the Pb values of
28.99, 37.74 and 38.36% for TO, T1, and T2 were respectively estimated and are shown in
Fig 8b. The results show that the Pys of all the concretes are similar to the value of 24.65%
found by Chalee et al. [38] for concretes with a 0.65 w/cm ratio, a substitution of PC by
50%FA, and exposure to seawater for seven years. Another study reported a P, of 20% in
concretes with a 0.65 w/cm ratio, 25%PC replacement by rice husk ash, and exposure for
five years to seawater [25]. On the other hand, a value as high as 57% for Py, has been reported
by Arya et al. [53] for pastes with a 0.5 w/cm ratio exposed to a 2.0% NaCl solution for 28
days. The reason for this large difference is that in this case a very short exposure time was
considered, and the binding process needs time to be completely established.

In Section 3.1 the diffractograms showed that all concretes investigated in this research
chemically bind CI. Nonetheless, Fig 8b shows that the addition of 20%FA slightly increases
the Pb of mixture TO with respect to C, by 13%. On the other hand, the Pbs of mixtures T1
and T2 clearly show the beneficial effect of the addition of 10% and 20%UtSCBA in
concretes with FA, increasing their Pbs to 47% and 49% when compared to mixture C.

It is known that the Pb of concrete depends on two main mechanisms: (1) chemical reactions
and (I1) physical adsorption [54]. As mentioned earlier, the Fs peaks identified in the XRD
results corroborate the first binding mechanism in the UtSCBA-ternary concretes. The
second mechanism involves the physical interaction of chlorides with the C-S-H,

distinguishing three types of interaction: both electrostatic and Van der Waals forces, CI°
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present in the C-S—H interlayer spaces, and CI" intimately bound in the C-S—H lattice [55].
Other researchers suggest that Cl™ ions are trapped inside the interlayer of the C-S-H particles
to compensate the charge after adsorption of alkali ions [56]. In this respect, Fig. 8c illustrates
the relationship between CS-Pbs of the concrete mixtures studied, indicating that the
UtSCBA-ternary concretes present the highest CS which implies that there is more C-S-H in
their cementitious matrix to physically bind CI". Other compounds that can physically interact
with CI" are the carbon particles in the UtSCBA. Such particles can work as an absorbent
media for the CI" [57]. The interactions between the chemical and physical mechanisms
previously mentioned explain the higher Pb shown by the concretes with UtSCBA with
respect to mixture C.

The results of this paper show that the best performance regarding resistance against ClI-
penetration shown by the UtSCBA-ternary concretes is due to the improvement of their
microstructure as a consequence of the pozzolanic reaction. Furthermore, the addition of
UtSCBA produces concretes with a higher ability to bind CI, indicating a lower free-ClI

content in their cementitious matrix available to corrode the reinforcing steel.
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Conclusions

days

Based on the analysis of the results obtained from this research, the following conclusions

can be drawn:
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. The chlorides that entered through the cementitious matrices of all studied concrete
mixtures chemically interacted with their Aft and Afm phases to form Friedel’s salt.
. The long-term exposure to the CI™ solution did not result into the phenomena of
dissolution of Ca(OH). and decalcification of C-S-H in the concretes studied.

. The partial replacement of cement by the combinations of 20%FA+10%UtSCBA and
by 20%FA+20%UtSCBA produces concretes with higher resistances against chloride
ingress with respect to a control concrete with no additions. This beneficial effect is
the result of the change to a more complex and less porous microstructure, as well as
to a lower diffusivity of chlorides into the concrete. The latter, i.e. the lower
diffusivity, is the logical result of a more tortuous (complex) microstructure.

Free and total chloride contents are linearly correlated in the studied concretes which
were exposed to a ClI™ solution for 3000 days.

. The chloride-binding capacity of concretes where cement was partially replaced by
the combinations of 20%FA+10%UtSCBA and 20%FA+20%UtSCBA increases to

approximately 12.12% and 12.74% when compared to the control concrete.
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Abstract

This paper investigates the effect of Cl*-induced corrosion on the mechanical properties of
reinforcing steel embedded in ternary concretes with fly ash (FA) plus untreated sugarcane
bagasse ash (UtSCBA). Concretes containing only Portland cement (PC), PC+FA, and
CPC+FA+UtSCBA were manufactured and immersed in a chloride solution for 3000 days.
The corrosion condition of the reinforced concretes was evaluated by corrosion potentials;
then the rebars were extracted and their mass losses due to corrosion were determined. Next,
elemental mapping of the concrete/reinforcement steel interface using scanning electron
microscopy was conducted. Corrosion products were identified by X-Ray diffraction and
infrared spectroscopy. Finally, rebars were subjected to tensile testing to evaluate their yield
strengths, ultimate strengths, fracture loads, and ductilities. At the end of the exposure,
corrosion potentials suggest high corrosion risk for all the rebars but one, and several had

severe corrosion. Results indicate that rebars retrieved from concretes containing UtSCBA
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experienced the lowest mass loss. Cl-induced corrosion products as magnetite and
akageneite were identified. The yield strengths of the rebars embedded in all concretes were
not negatively affected, while the ultimate strengths, fracture loads and ductilities of rebars
embedded in UtSCBA-ternary concretes were higher than those embedded in the control

mixture.

Keywords: Corrosion products, ductility, supplementary cementing materials, ternary

concretes, yield and ultimate stresses

1. Introduction

It is well known that the Cl~induced steel corrosion is one of the main deterioration
phenomena occurring in reinforced concrete structures (RCS). In addition to cracking,
delamination and spalling of the concrete cover [1], the corrosion by CI- produces mass loss
of the reinforcing steel (rebar) of RCS; consequently, their structural safety is jeopardized
because the load-bearing capacity of reinforced concrete members is diminished [2].

In this perspective, the use of the supplementary cementitious materials (SCMs) as partial
replacement of the Portland cement (PC) is a viable option to produce more corrosion-
resistant concretes [3]. The use of Fly ash (FA) as SCM has contributed to lowering the
permeability and CI* diffusion of mortars and concretes [4]. The enhancement of these
properties reduces significantly the CI ingress and, hence, the corrosion on the rebars [5-7].
Nowadays, the availability of FA is limited due to environmental regulations. For example,
in the US, approximately 40% of coal-fired power plants have closed in the last five years,

while the United Kingdom plans to retire all its coal-fired power plants by 2025 and the
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Netherlands by 2030 [8]. Because of the demand for PC is constant and the availability of
FA is declining, studies on the use of SCM such as sugarcane bagasse ash (SCBA) are highly
needed,

In recent years, an on-going long-term research project has evaluated the use of ‘practically
as received” SCBA, which was only sieved through the 75 um sieve and has been named in
the literature as UtSCBA. Workability, microstructural characteristics, mechanical properties
and some durability aspects of mortars and concretes manufactured with the UtSCBA have
been investigated. The results have shown that the PC replacement by 10 and 20% of
UtSCBA reduces the workability of mortars [9]; however, it significantly improves the long-
term microstructural, mechanical and durability properties of mortars [10-12]. As mentioned
earlier, the use of 10 and 20% of UtSCBA reduces the workability in mortars; nonetheless,
this problem can be surpassed with the addition of 20%FA [9]. This new combination of
FA+UtSCBA produced concretes with similar long-term microstructural and mechanical
properties than concretes elaborated with only PC [13]. Regarding the durability properties,
the PC partial replacement by FA+UtSCBA significantly decreased the CI- diffusion; hence,
UtSCBA-ternary reinforced concretes exposed to a NaCl solution over 2500 days presented
both lower corrosion probability and lower corrosion densities than those reinforced
concretes with only PC and PC+20%FA [14]. Although the results of UtSCBA-ternary
concretes against corrosion by CI™ are promising, they are based on non-destructive methods;
therefore, the real condition of the rebars embedded in such concretes is a subject requiring
to be investigated.

In the literature, several studies have reported the effect of corrosion induced by CI" on the

mechanical properties of rebars embedded in concrete when is exposed to natural and
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accelerated-simulated marine environments. It is worth notice that some of the studies are in
conflict. For example, Du et al. [15] reported that corrosion significantly affected the flexural
strength and changed the failure mode of reinforced concrete beams. Fernandez et al. [16]
and Ou et al. [17] also reported that the yield and ultimate strengths of rebars embedded in
concrete were significantly affected when corrosion was induced by impressed current. In
the same research, Ou et al. [17] found the same tendency but in Cl-naturally induced
corrosion of rebars. Other studies [18, 19] have reported that Cl-induced corrosion
moderately reduced the yield and ultimate strengths of reinforcing steels. On the contrary,
Zhu and Francois [20] carried out mechanical tests to artificially and naturally corroded
rebars and they found that in both cases the yield and ultimate strengths of rebars were not
affected by corrosion when those are compared with an uncorroded bar.

Despite of the discrepancy observed about the corrosion effect on the yield and ultimate
strengths, the ductility of rebars is indeed severely affected. All studies previously mentioned
reported that the artificial and natural corrosion significantly reduces the ductility of corroded
rebars. Likewise, Apostolopoulos et al. [21] and Zhu et al. [22] found that corrosion reduces
the ductility of rebars, while their failure mode changes from ductile to brittle with the
increase in the corrosion degree.

All in all, no research about the influence of UtSCBA on the mechanical properties of the
reinforcing steel embedded in UtSCBA-mortars or concretes have been reported yet. In the
light of this, studies on this subject are highly needed. The objective of this research was to
investigate the mechanical properties of reinforcing steel embedded in concrete prisms
containing FA plus UtSCBA, which were exposed to a NaCl solution over 3000 days. For

this purpose, the corrosion conditions of the rebars were first evaluated using corrosion
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potentials. Next, the concrete prisms were autopsied, and internal visual inspection and mass
loss of the rebars embedded in the concretes were carried out. Elemental mapping of the
concrete/steel reinforcing interface by scanning electron microscopy (SEM) was carried out
to compare the presence of Fe, C, and Cl between rusted and rust-free zones. Furthermore,
the corrosion products were identified by both X-ray diffraction (XRD) and Fourier
transformation infrared spectroscopy (FTIR). Finally, the rebars were retrieved and subjected
to tensile tests in order to determine their yield strengths, ultimate strengths, fracture loads,

and ductilities.

2. Materials and Methods

2.1 Experimental design

To evaluate the influence of Cl-induced corrosion on the real mass loss and mechanical
properties of corroded rebars, a four-level factor with five-quantitative responses
experimental design was considered (Table 1). The rebars were initially embedded in
UtSCBA-ternary concrete prisms, exposed to a Cl™ solution for 3000 days, and retrieved after

exposure for an in-depth meticulous evaluation.

Table 1. Details of the experimental design.

Factor Levels Description Responses
C 100%PC Real mass loss (RML)
Tvoe ToO 80%PC+20%EA Yield stress (fy)
0]2/ r[?]ixture Ultimate stress (fu)
T1 70%PC+20%FA+10%UtSCBA
Fracture load (FI)
T2 60%PC+20%FA+20%UtSCBA Ductility ()
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2.2 Materials

Portland cement (CPC-30R), UtSCBA, and Admix Tech® FA were used as cementitious
materials for the preparation of the concrete mixtures. The CPC fulfills the requirements
established by the NMX-C-414-ONNCCE-2004 standard [23]. The UtSCBA was only
sieved through a 75-um ASTM mesh for four minutes. The FA is classified as Class F
according to the ASTM C618 -19 standard [24]. The chemical compositions of the materials
are shown in Table 2. The sums of the major oxides (SiO2, Al,O3z, and Fe203) for the UtSCBA
and FA were higher to that recommended by the [24] to classify a material with high
pozzolanic potential; however, the LOI contents of the CPC and UtSCBA were higher than
that established by the same standard. This can be attributed to the presence of calcium
carbonate (CaCOs) in the CPC [25] and carbonaceous matter in the UtSCBA. In previous
studies, neither the CPC nor the UtSCBA induced uncontrolled adverse effects on the fresh
and hardened state properties of concretes prepared with these materials [9, 13, 14]; therefore,
they were used for the concrete manufacture.

River sand and calcareous crushed coarse aggregate were used to prepare the concrete
mixtures. The volumetric weights, specific gravities, and adsorptions of the fine and coarse
aggregates were 1596 kg/cm®, 2.78, and 1.74%, and 1624 kg/cm?® 2.66, and 0.47%,
respectively. The fineness modulus of the sand and the maximum size of the coarse
aggregate, these were 2.97 and 19 mm, respectively. Finally, bi-distilled water and a
polycarboxylate-based superplasticizer (SP) Plastol 4000™ were used to prepare the

concrete mixtures.

123



Table 2. Chemical compositions of used cementitious materials (% by mass) [13]

Material Al:Os CaO Fe:03 KO MgO MnO NaxO P:0s SiO2 TiO2 SOs LOI

CPC 4.87 60.03 3.57 0.85 150 008 052 019 2067 058 495 840
UtSCBA 15.00 2.57 7.16 352 119 022 054 114 66.12 113 026 9.00
FA 20.01 4.00 5.42 09% 063 010 019 038 6412 112 086 2.60

LOI = Loss on ignition at 950 °C for the CPC and at 750 °C for the FA and UtSCBA.

2.3 Mixture design, casting of reinforced prisms and exposure conditions

The four concrete mixtures were designed under the procedure established by the absolute
volume method from the ACI 211.1 [26]. All mixtures had a 0.5 water/cementitious materials
ratio (w/cm) and were designed to achieve a slump target of 75 + 20 mm [27]. Mixture C
was designed to achieve a compressive strength (CS) target of 258 MPa at 28 days.

Table 3 shows the mixture proportions and their corresponding 28-day CS values.

Table 3. Proportions of the concrete mixtures (kg/m®) [13]

Mixture CPC FA  UtSCBA agg;’I:geate a;}"rigzete Water SP  Sump 5 :)‘3528
C 410 - -- 727 1015 205 2.7 78 31+22
TO 328 82 -- 727 1015 205 1.6 79 32+21
T1 287 82 41 727 1015 205 3.1 88 28+2.3
T2 256 82 82 727 1015 205 4.9 90 23+1.9

SP = Polycarboxylate-based superplasticizer (ml per kg of cementitious materials), slump is in mm, and CS in
MPa.

Three prismatic specimens (100 mm x 150 mm x 300 mm) for each concrete mixture were
cast and all the specimens were reinforced with two & 9.5 mm  steel bars. The thickness of
the concrete cover was 45.5 mm (Fig. 1a). On each rebar a length of 260 mm was outlined
in the middle section using an epoxy coating, which is equivalent to an original uncorroded
surface (OUS) of 77.60 cm?. Furthermore, 20 mm were left at the upper end of the rebar for

corrosion testing. All rebars met the requirements of ASTM A 615/A615M standard Grade
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60 [27]. After the casting, the reinforced concretes were cured for 28 days and then immersed
in a 3.5% NaCl solution for 3000 days, leaving 30 mm of concrete cover above the NaCl

solution level (Fig. 1b).

Rebar 1 —__ _~— Rebar2

100
il
=
i

300 J 4525

a)

Fig. 1. a) Schematic representation of reinforced prismatic specimens (mm) and b) exposure

2.4 Assessment of the corrosion condition of the reinforcing steel

The risk of corrosion of the steel bars embedded in the different concrete prisms exposed to
the CI" solution was evaluated by corrosion potentials (Ecorr) and corrosion current density
(Ieorr) in @ weekly manner for 2500 days, and some of the results have been already presented
in a previous paper [14]. After 3000 days of monitoring the specimen having the highest risk
of corrosion from each mixture was selected. From here on, all the procedures and results
correspond to these four selected reinforced concrete prisms.

A corrosion potential map for each one of the four selected concrete prisms was elaborated.
To do this, the prisms were discretized, and a mesh containing 98 intersection points was
drawn. Ecorr measurements were then taken at each intersection of the mesh for each specimen

following the procedures recommended by the ASTM C876-15 standard [29]. An Ag/AgCI
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reference electrode and a high-impedance voltmeter Miller™ were used for this purpose.
Significant differences between the Ecorr Values were analyzed by an ANOVA, and multiple
comparisons between such values for all the mixtures were carried out using Tukey Post-Hoc

tests.

2.5 Estimation of the theoretical mass loss (TML) of the reinforcing steel

The TML of all rebars embedded in the selected prisms from the previous section were
estimated. For this purpose, the results from Icorr mentioned in the previous section were used.
The lcorr Values were obtained by the LPR technique using a potentiostat Gamry™ series
G300, an Ag/AgCI reference electrode, and a stainless-steel bar as external counter. The
working electrode was polarized to £20 mV vs Rref at a scan rate of 0.075 mV/s. The LPR
results were processed using the Gamry Echem Analyst™ version 5.1.3 software to obtain
the corrosion current intensity (lcorr). After that, the total integrated corrosion (TIC) was
estimated according to the ASTM G 109-07 standard [30]. Finally, the TML of the rebars
embedded in the concrete mixtures was calculated using the Faraday’s law for electrolysis

(Eq. 1), considering a valence (n) of 2 as recommended by Lu et al. [31].

TIC-M

TML = T X

100 Eq. (1)

where TIC is total integrated corrosion (C), M is the molar mass of Fe (55.847 g/mol), F is

Faraday constant (96500 C/mol) and, Um is the uncorroded mass of rebar (g).
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2.6 Extraction of the reinforcing steel, visual inspection and obtaining corrosion products

After the electrochemical monitoring ended, the selected prismatic concrete specimens were
autopsied. The surrounding concrete to the reinforcement steel was removed using a
CONTROLS™ Model 55-C0210/DZ saw cutting machine (Fig. 2a). As a result, four
prismatic samples of 20 x 70 x 300 mm? containing the reinforcing bars were obtained
(Fig. 2b). The rebars were identified as No 7 and 8, 27 and 28, 33 and 34, and 77 and 78 for

those embedded in the mixtures C, TO, T1 and, T2, respectively.
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Fig. 2. a) Photographs of the removal process of the surrounding concrete to the reinforcing steel
and b) concrete samples obtained after removal
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After labeling, the rebars were extracted and the condition of their surfaces was immediately
inspected. The surface area of corrosion (SAC) for each rebar was estimated using a
Mitutoyo ™ Vernier to the measurement of length and width of the corroded zones. Next, the

percentage of surface corrosion (PSC) was calculated using the following equation.

SAC
PSC = —=x100% Eq. (2)

where SAC is the surface area of corrosion (cm?) and OUS (cm?) is original uncorroded

surface of the rebars.

While the rebars were extracted, fragments of concrete from the concrete/reinforcement steel
interface containing rust and rust-free were also visually inspected for the corrosion products
identification. Elemental mapping was carried out for the same fragments using SEM as
described later in section 2.7. Moreover, powdered samples were collected with a plastic
scraper from the same fragments for corrosion products identification. The powdered
samples were split in two for the posterior analyses using XRD and FTIR, as described later

in section 2.8.

2.7 Elemental mapping of the concrete/reinforcing steel interface

Concrete fragments taken from the rusted and rust-free zones were selected to carry out
elemental mapping by scanning electron microscopy (SEM). The elemental mapping was
used to compare the presence of Fe, C, and CI between both zones. Such elements are of

interest in this research due to their main role in the corrosion process. The elemental
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mapping was carried out using a high vacuum scanning electron microscope, (SEM) JEOL
™ model JSM-6510LV, equipped with an EDS microanalysis system from Oxford
Instruments™. Before the test, the concrete fragments were vacuum dried at room

temperature using a vacuum dryer Bachiller™,

2.8 Identification of corrosion products

The first portion of the powdered samples was analyzed by X-ray diffraction (XRD). The
XRD tests were carried out using an Empyrean™ diffractometer, equipped with a Cu anode,
and operated to a voltage of 45 kV with a current of 40 mA. The XRD data were collected
from 5° to 70° (2-Theta) at a scanning speed of 0.5 s and increments of 0.026°. Finally, the
crystalline phases from XRD patterns were identified using the X Pert HighScore Plus™
software. The second portion of the powdered samples was finely ground and then pressed
(in a vacuum) in the form of a disc using spectroscopically pure dry K Br. Next, the disc
sample was analyzed by FTIR using a NICOLET™ iN10 MX spectrometer. The FTIR tests
were performed over the wavenumber range from 2500 to 500 cm™ and the spectral
resolution was set to 4 cm™. Finally, FTIR spectra were identified according to the literature

[32-40].

2.8 Estimation of the real mass loss (RML) of the corroded reinforcing steel

The corroded rebars were cleaning using a hydrochloric acid solution as recommended by
the ASTM G1-03 Standard [41]. During the procedure uncorroded control rebar was used to
register the mass loss due to exposure to the hydrochloric acid solution. Next, the rebars were

retired of the solution, and their masses after the exposure to ClI- (Cm) was registered using
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an OHAUS™ analytical balance. The RML due to corrosion of the rebars was determined

using the following equation

Um-Cm (3)

RML = X 100%

Um

where Um is the uncorroded mass of rebars (g) and Cm is the mass of the rebar after the

exposure to CI™ (g).

2.9 Tensile tests of the reinforcing steel

After the mass losses of the corroded steel reinforcement were estimated, the rebars were
subjected to displacement-controlled tensile testing, in accordance with the ASTM E8/E8-16
standard [42], using an Instron™ universal testing machine. During testing, the loads were
measured by a load cell of the testing machine and the linear elongation of the reinforcement
by an electrical transducer. The data were processed in the software MATLAB™ to calculate
the yield and ultimate strengths and identify the fracture load. Finally, the ductilities of the

corroded rebars were estimated using the Eq. 4, as proposed by [43].

p=i @

&y

where [ is the ductility of the rebar, while &t and ey are the fracture and yield strains,

respectively.
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3. Results and discussion

3.1 Corrosion condition of the reinforcing steel

The means of the Ecor Obtained from the mapping (Fig. 3) suggest that the steel rebars
embedded in the concrete mixtures TO and T1 had a high risk of corrosion. Results also
indicate that bars embedded in the C and T2 underwent severe corrosion as a result of the
exposure condition. The ANOVA results indicate that there are significant differences
(p<<0.05) between the Ecorr values of the rebars extracted from all the concretes, and the Post-
Hoc tests (Table 4) reveal that there are inclusive significant differences between the two
rebars extracted from the same concrete mixture. The highest corrosion probability occurred
in rebars embedded in mixtures C and T2, while lesser corrosion probability occurred in
rebars embedded in the concretesTO and T1, respectively.

Previous research [14] showed that the same reinforced concretes exposed a NaCl solution
by 2500 days had a severe corrosion probability for mixtures C and TO; while the mixtures
with UtSCBA presented high corrosion risk. Other studies have also shown that the use of
UtSCBA does not negatively affect the corrosion risk of reinforced mortar slabs exposed at
Cl" by 900 days [12]. Since the Ecorr values were more negative than -246 mV, it seems
reasonable to assume that the corrosion in the steel reinforcement took place; therefore,
comparisons between the effectiveness of the studied concretes to protect the steel rebars

become meaningful.
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Fig. 3. Summary of the corrosion potentials means for each rebar

Table 4. Results from the Post-Hoc comparison tests (mV)

Rebar# N Subgroups
1 2 3 4 5 6 7 8
T2-77 98 -574.79
C-7 98 -567.65
T2-78 98 -560.79
C-8 98 -540.68
T0-28 98 -451.49
T0-27 98 -342.96
T1-33 98 -299.19
T1-34 98 -243.42
Sig. 1.00 1.00 1.00 1.00 1.000 1.00 1.00 1.00

For comparison purposes results of the TML are presented in the RML section. In that

section, the reliability of the TML estimations based on the results from the LPR technique

IS going to be evaluated.

3.2 Visual inspection of the corroded reinforcing steel and of the corrosion products

Fig. 4 shows the rebars retrieved from the concrete specimens. In general, all rebars show

evidence of corrosion due to the long-term exposition to CI-, which agrees with the results

from the Ecorr measurements. A more detailed analysis shows that the rebars embedded in the
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ternary concretes containing 10% of UtSCBA (rebars 33 and 34) and 20% UtSCBA (77 and
78) experienced much less corrosion than rebars embedded in both the concretes with only
PC (rebars 7 and 8) and with CPC+20%FA (rebars 27 and 28). Table 5 shows the SAC of
the rebars after exposure and the PSC of each rebar extracted from the concrete prisms. It
can be observed that the rebars of the mixture C presented the highest SAC. The rebars
embedded in concretes with 80%CPC+20%FA presented a slightly lower SAC when
compared to those rebars embedded in concretes with only PC, but the rebars embedded in

concretes containing 10% and 20% of UtSCBA exhibited the lowest SAC.

= —res{ TSR

7 8 27 28 34 33 77 78
Mixture C Mixture TO Mixture T1 Mixture T2

Fig. 4. Corrosion damage of the rebars extracted from the concrete prisms after exposure to CI- for
3000 days (Mixture C = 100%PC, Mixture TO = 80%PC+20%FA,
T1= 70%PC+20%FA+10%UtSCBA, and T2 = 60%PC+20%FA+20%UtSCBA)
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Table 5. Results of the estimated SAC of rebars.
Mixture-rebar#

Surface area C TO T1 T1
7 8 27 28 33 34 77 78
OuUS, cm? 77.60 77.60 77.60 77.60 77.60 77.60 77.60 77.60
SAC, cm? 2053 19.06 14.79 20.00 12.89 937 1158 10.18

Avg. of the PSC, % 2551+135 2242+475 1435+331 14.02+1.28

Fig. 5 shows photographs of the corrosion products located at the concrete/ reinforcing steel
interface during the extraction of the rebars. Corrosion products can be visually identified by
their characteristic colors in order to approximately know the rust composition [44, 45].
Schwertmann [46], Coey et al. [47], and Marcotte and Hansson [48] have reported that the
characteristic color of several corrosion products are useful to infer their chemical
composition. In accordance with these hints in the present research, the reddish yellow
(7.5YR6/6) rust in the concrete/reinforcing steel interface can be associated to akageneite
(Fig. 5a), greyish black rust or black iron associated to magnetite (Fig. 5b) and yellow
(10YR) and reddish yellow (5YR 6/8) associated to bernalite (Fig. 5¢) and lepidocrocite (Fig.
5d), respectively. Also, dark red (10R 3/6) and reddish-brown (2.5YR 3/4) are characteristic

of feroxyhyte (Fig. 5e) and maghemite (Fig. 5f), respectively.
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d) Lepidocrocite - mixture T2, e) Feroxyhyte - mixture T1, and f) Maghemite - mixture T2.
Fig 5. Photographic record of the corrosion products localized at the concrete/reinforcing steel

interface of the mixtures concrete
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3.3 Elemental mapping of the concrete/reinforcing steel interface of the mixtures

Figs. 6 to 9 show selected photographs of the concrete/ reinforcing steel interfaces the C, TO,
T1, and T2 concrete specimens, respectively. Figures also show micrographs from rusted and
rust-free zones at the same concrete/reinforcing steel interface and elemental maps obtained
from the latter. Elemental maps display the distribution of certain elements of interest in the
sample. The contrast between two elemental maps helps to differentiate specific
characteristics of two different composites or the change of characteristics of the same
composite after the occurrence of a specific phenomenon. For example, the contrast of Iron,

Chlorine and Carbon maps obtained from rusted and rust-free zones evidence the presence
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of corrosion products, the CI™ diffusion might be the indication of the presence of a binding
element or an indicator of the different nature of the concretes.

Elemental maps for C, taken from the rust-free zones explain the presence of CaCOz from
the CPC used to manufacture the concrete mixtures. For the maps taken from the rusted zone
also might explain the presence of the typical carbon particles coming from the UtSCBA
[49]. Certain carbon particles can work as an absorbent media for CI ions [50]; this effect
may contribute, in a way, to the low corrosion of the rebars embedded in the mixtures T1 and
T2.

Elemental maps for CI from the rust zones show a higher presence of chlorine with respect
to the free-rust zones, which suggests that in these zones higher concentrations of CI" can be
the cause of the corrosion of the rebars. Elemental maps for Fe show the presence of Fe
cementitious compounds of the concrete itself. Furthermore, maps from both rusted and rust-
free evidence the existence of a higher concentration of Fe indicating the presence of the

corrosion products, as a result of the occurrence of Cl™-induced corrosion.
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Fig. 7. Elemental mapping of concrete/reinforcing steel interface of the mixture TO
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Fig. 8. Elemental mapping of concrete/reinforcing steel interface of the mixture T1
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Fig. 9. Elemental mapping of concrete/reinforcing steel interface of the mixture T2
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3.4 Identification of the corrosion products

Fig. 10 illustrates the XRD and FTIR spectra of the corrosion products extracted of the
reinforcing steel embedded in the studied concrete mixtures. First, the XRD spectra show
that the rust produced during the long-term exposition of the reinforced concretes to the NaCl
solution is composed of akageneite (B-FeEOOH), bernalite (Fe(OH)s), lepidocrocite
(y-FeOOH), goethite (a-FeEOOH), wustite (FeO), magnetite (Fe30s), maghemite (y-Fe203),
and B-Fe(OH)sCl. This last phase has been identified as an intermediate phase to form
akageneite [51]. In the case of wustite, its identification can be explained by its initial
presence in the metallic substrate as inclusions [52]. In the case of magnetite and maghemite,
both show the same XRD patron since these have a similar spinel structure and very close
lattice constants [33].

The XRD analysis is consistent with that reported in the literature, where several studies
about the reinforcing steel corrosion have demonstrated that the rust is mainly composed of
lepidocrocite, goethite, and maghemite [53, 54]. In the particular case of reinforcement
concretes exposed to a marine environment, studies report that it is common to find magnetite
[55], while akageneite is a characteristic phase of chloride ions presented in the corrosion
process [56]. In this perspective, both corrosion products were also identified in the XRD
spectra as a result of Cl™-induced corrosion of the reinforcing steel embedded in the studied
concretes.

The FTIR spectra of the corrosion products from the reinforcing steel embedded in the
studied concretes are illustrated in Fig. 10b. It is known that the absorption peaks from the
FTIR spectra of iron oxides present a high wavenumber region due to OH stretching and

bending and at lower wavenumber as a result of Fe-O and Fe-O-H lattice vibrations [32,38].
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In this respect, Fig. 9b shows the characteristic absorption peak of the OH stretching of
akageneite at 1615 cm™ [35], and an absorption peak at 1020 cm™ for the OH bending of
lepidocrocite [37]. The absorption peaks due to O-H bending occur at 1400 cm™ and 1000
cm? for goethite (a-FeOOH) [33]. Unlike the XRD diagram, the FTIR analysis allows
identifying to magnetite and maghemite. The IR spectra of magnetite show absorption peaks
of iron oxyhydroxide for the Fe-O-H and Fe—O vibrations at 580 cm™ and 566 cm™ [39],
while maghemite shows absorption peaks at 630 cm™ and 550 cm™ [33, 38]. The analysis of
the FT-IR spectra is consistent with the results from XRD, specifically in the case of
corrosion products associated with Cl-induced corrosion such as akageneite and magnetite

[53].
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Fig 10. a) XRD patterns and b) FTIR spectra of the corrosion products recollected from
concrete/reinforcing steel interface of the concrete mixtures

It is to be noted that the FTIR spectra showed corrosion products that could not be identified

from the XRD results. Several investigations have reported that feroxyhyte (3-FeOOH)

shows absorption peaks between 1602 cm™ and 750 cm™ [33, 36]. In this research, absorption

peaks at 880 cm™ and 798 cm™, assigned to the OH bending, were identified for feroxyhyte.

Another corrosion product identified by FTIR is haematite (a-Fe2O3), which has a key

absorption peak at 539 cm™ assigned to the Fe-O stretching [40]. In the case of ferrihydrite

(Fe203°4—5H,0), its identified absorption peaks were at 975 cm™ and 989 cm™ [34].
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3.5 RML and TML of the reinforcing steel extracted from the concretes

Table 6 shows the RML of the rebars caused by corrosion. The results indicate that the rebars
extracted of the mixture C had the highest mass loss followed by those extracted from mixture
TO. On the contrary, rebars extracted from T1y T2 experienced lower mass losses than the
rebars from both mixture C and TO0. Results from the SAC suggest that the damage of rebars
extracted from concretes C and TO are similar; however, the RML estimations evidence the
beneficial effect of the addition of 20%FA. This fact can be explained by the pozzolanic
reaction between the FA and the Ca(OH). generated from the hydration of the Portland
cement [13, 57]. This reaction produces secondary C-S-H, which creates a more complex
and less permeable microstructure with respect to concretes with only PC. In consequence,
the ingress of chlorides, which is the driving force for corrosion to occur, is diminished [14].
Rebars extracted from mixtures T1 and T2 had lower RML than those extracted in concretes
manufactured with only PC and PC+FA. This fact indicates that the combinations of 20%FA
with 10%UtSCBA and 20%UtSCBA produce concretes with higher protection against CI-
induced corrosion. This beneficial effect is the result of the improvement of several
microstructural properties: (a) a significant reduction of the percentage of voids, (b) a more
complex cementitious matrix, and (c) a lower diffusivity of CI" [14]. These improvements
are a consequence of the pozzolanic reaction between the amorphous silica and alumina of
the UtSCBA with the Portlandite from the CPC hydration [11, 13]. Another explanation by
the best performance of the UtSCBA-ternary concretes against Cl™-induced corrosion is their
chloride binding capacity as was shown in the previous chapter. The above reduces the

amount of available free Cl" to corrode their rebars.
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Table 6 also shows the TML of the rebars under study. The close values between RML and

TML indicate that the results are consistent with each other; where the rebars embedded in

the UtSCBA-ternary concretes were those who showed the lowest RML and the lowest TML.

Results from the RML estimations are consistent with results from corrosion potentials and

SAC.

Table 6. Summary of RML and TML of rebars embedded in the concretes estimated after 3000
days of exposure to Cl-.

Uncorroded ~ C0rroded Difference
Mixture Rebar rebars mass rebars RML Avg.RML TMLIloss Avg. TML between RML
@) mass (%) (%) (%) (%) and TML
(9 (%)
171.31 168.20 1.82 1.70
C 2.19+0.38 2.27 +£0.58 3.65
169.48 165.12 2.57 2.84
27 171.07 169.64 0.84 0.80
TO 0.93+0.10 0.87 £ 0.07 6.45
28 171.30 169.53 1.03 0.93
33 170.05 169.01 0.61 0.59
T1 0.62 £0.01 0.60 £ 0.01 3.22
34 169.46 168.38 0.64 0.62
77 172.02 170.98 0.60 0.61
T2 0.68 + 0.08 0.66 + 0.06 2.94
78 170.16 168.86 0.76 0.72

Notes: standard deviations of the Avg. real and theoretical mass losses were obtained using only the two measurements

3.6 Mechanical properties of the reinforcing steel extracted

Fig. 11 shows the stress-strain diagrams of the corroded rebars. All rebars show the typical

behavior of a steel bar subjected to tensile stress. The rebars exhibited a linear elastic

behavior with no significant difference (p=0.489) between their elasticity modulus (EM)

compared to 210000 MPa from the literature [58]. The yield strains from the rebars were

similar to 0.002 (p=0.470), which is in accordance with [42].
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Fig. 11. Stress-strain curves of the corroded rebars embedded in the studied concrete mixtures
There was also no significant difference between the yield stresses (fy) of the rebars
(p=0.279) and the value 420 MPa reported for this type of steel; however, significant
differences (p=0.013, p<<0.05, and p<<0.05) between the ultimate stress (fu), the fracture
load (FI) and the elongations (e) were found when these values were compared to 720 MPa,
48 kN and 10% [59], respectively.

Next, the effects of RML on the tensile parameters of the corroded rebars are analyzed.
Fig. 12a clearly shows that the corrosion damage practically does not affect the yield strenths
of the rebars. On the contrary, Fig. 12b shows that the damage caused by corrosion negatively
affects the ultimate strengths of the steel reinforcement. In this case, when the corrosion
damage increases, the average ultimate strength decreases. This behavior is evident for rebars
extracted from the mixture C. A similar pattern like the one seen in the ultimate strength can
be observed for the Fl, which is shown in Fig. 12c. Again, specimens with higher corrosion

damage failed to lower loads. Fracture loads for rebars embedded in TO mixture were 12%
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and 18% higher than those embedded in the mixture C; while ultimate loads for T1 and T2
were 20% and 18%, and 22% and 15% higher than the mixture C, respectively.

The results shows that the RML due to corrosion by CI- did not affect the EM and fv of all
studied rebars; however, their fu and F are negatively affected by damage due to CI". The
non-negative effect of the corrosion by CI- on the ME and fy of all rebars can be owing to
that these parameters depend on the chemical composition and manufacture of the reinforcing
steel [60]. Corrosion removes iron ions only from the corroded surface area and does not
change the nature and composition of the remaining rebar.

Different effects of the corrosion on the fy and fu have been reported in the literature.
Almusallam, [18] found that an RML about 11.6% slightly reduced the fy and fy of rebars
grade 60 corroded by an impressed current. On the other hand, Du et al. [60] reported that
the fy and fy of corroded bars up to 16% by impressed current were not significative affected
with respect to uncorroded bars.

The effect of the RML on the ductilities of the rebars is illustrated in Fig 12d. In this figure
is evident that the rebars with the highest RML presented the lowest ductility values. Average
values (square markers) demonstrate a clear beneficial effect when 20% of CPC is replaced
by FA (mixture T0). This beneficial effect is magnified when 10%CPC is replaced by
UtSCBA (mixture T1). The results also indicate that no additional beneficial effect is
experienced when CPC is replaced by 20% of UtSCBA. In spite of the limited amount of
data, this trend can be represented by the linear relationship p = -2.1274 RML+6.9765 with

a coefficient of correlation R=0.96.
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In general, a comparison between Figs. 12b against 12c and 12d corroborates that the
deleterious effect of RML on p is much more significant than on fy and FI. This effect is the
result of the ductility affected by both the morphology and distribution of the corrosion [22].
The results of the ductility obtained in this research agree with other studies about its effect
on the ductility of reinforcing steel. Almusallam [18] found that an RML of 1% reduced the
ductility of the corroded rebars by impressed current with respect to non-corroded rebars.
From that research was reported that an RML higher than 12.6%, the corroded rebars
exhibited a fragile behavior. Furthermore, Du et al. [19] reported that RML of 10% reduced
the ductility of corroded rebar by impressed current, much more than the yield and ultimate
strengths.

From the performance showed by the corroded rebars extracted from UtSCBA-ternary
concretes when tested in tension, it can be affirmed that the use of UtSCBA, in order to
produce ecological concretes, is a viable option. A previous study on the same concretes
showed that the combination of FA+UtSCBA did not negatively affect the long-term
mechanical properties of these ternary-concretes [13]. Moreover, this combination produces
concretes with better microstructural properties and lower diffusivity than concretes with
only PC. The above reduced the probability and corrosion rate of the rebars embedded in the
UtSCBA-ternary concretes [14]. The results of this paper show clear evidence of the superior
long-term performance of the UtSCBA-ternary concretes against Cl-induced corrosion.
Moreover; mechanical properties of the rebars embedded in the concretes with UtSCBA were
affected to a less degree by corrosion than to the rebars from concretes with CPC+FA only

CPC.
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Fig. 12. Effect of the RML on the mechanical properties of the rebars extracted from the concrete
mixtures.

Conclusions
In accordance with the results obtained under the conditions in this research, the following

conclusions can be drawn:

1. The addition of 10%UtSCBA and 20%UtSCBA to concretes with 20%FA caused lower
surface corrosion and lower mass loss on the reinforcing steel when compared to both
concrete containing only PC and PC+20%FA.

2. The linear polarization resistance is a reliable technique to predict the mass loss of steel

reinforcement embedded in concrete exposed to a CI- contaminated environment.
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3. Yield strength of steel reinforcement embedded in the concretes under investigation was
not significantly affected by the mass losses estimated in this research, which ranged
from 0.6 and 2.57%.

4. Ultimate strengths and fracture loads of reinforcing steel extracted from concrete prisms
exposed for 3000 days to a Cl” solution were negatively affected by corrosion. Reductions
until 34 and 28% for ultimate stress and fracture load, respectively, were experienced
when these values are compared to those indicated by the ASTM A615/A615M-16
standard.

5. Ductility of the reinforcing steel was significantly affected by corrosion. Ductilities of
rebars embedded in concretes containing 10% of UtSCBA were 2.56 and 1.34 times
higher than ductilities of bars from concretes that containing only CPC and
CPC+20%FA, respectivaley. Similarly, ductilities of rebars embedded in concretes

containing 20% of UtSCBA were 2.25 and 1.18 times higher, respectively.
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DISCUSSION

This doctoral thesis aimed to study the effect of long-term Cl-induced corrosion on the
mechanical properties of reinforcing steel bars embedded in ternary concretes. Two ternaries
concretes were manufactured when 10% and 20% of PC was replaced by UtSCBA in a binary
concrete containing 80%PC+20% of FA (mixtures T1 and T2, respectively). The properties
and performances of these ternary concretes were contrasted against those corresponding to
concretes manufactured with 100%PC (mixture C) and that containing 80%PC+20%FA
(mixture TO).

The analysis of results showed that the addition of 10 and 20% of UtSCBA significantly
reduced the percentages of voids (PV) of mixtures T1 and T2. It also showed that the
combination FA+UtSCBA did not negatively affect the long-term compressive strength
(CS at 2500 days)) of the ternary concretes. This finding indicates that the mechanical
properties of the ternary concretes reported by Rios-Parada et al. [1] at an early age are
maintained up to a long-term age. Surprisingly, the PV and CS of the ternary concretes from
the present research do not correlate well as has been reported by others [2].
This contradiction indicates than the matrices of the ternary concretes are less porous but
with similar CSs than those from mixtures C and TO. A possible explanation for this behavior
can be that the addition of UtSCBA in the ternary concretes contributes to creating more
complex concrete matrices. The complexity of such matrices can be corroborated by the
combination of the following ultrasonic parameters: ultrasonic pulse velocity from the P-

wave, and spatial attenuation, temporal attenuation, and energetic content from the S-wave.

Results indicate that the addition of UtSCBA significantly decreased the CI- diffusion into
the ternary concretes. Similar results have also reported in the literature [3, 4]. The low
CI" diffusivity was the result of the low porosity and more complex microstructures of the
ternary concrete mixtures, as it was earlier stated. The above was a consequence of the
secondary C-S-H produced by the pozzolanic reaction and the unreacted particles and carbon
particles from the UtSCBA. The lower diffusivity of the ternary concretes reduced the CI

penetration and the rebars embedded in these concretes experienced fewer negative values of
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corrosion potential and lower corrosion current densities than those embedded in concretes
with only PC after 2500 days of exposition at ClI™ [5].

Results obtained at 3000 days of age corroborate that the porosity of the ternary concretes
was significantly reduced; moreover, the long-term exposure to CI- did not cause the
phenomenon of C-S-H decalcification [6]; hence, the CSs of the ternary concretes were not
significantly affected with respect to mixture C. Furthermore, the results demonstrated that
certain amount of CI™ diffused through the cementitious matrices of the studied concretes
chemically reacted with the Afm and Aft phases to form Friedel’s salt. It was corroborated
that the concrete with 80%PC+20%FA effectively bound chlorides as reported in the
literature [7, 8]; however, the combination FA+UtSCBA produced ternary concretes with
higher chloride binding capacities. This finding is relevant because the chloride binding
capacity of concretes containing SCBA or UtSCBA has not been previously reported
elsewhere in the literature. The results at this point indicate than the apparent higher
resistance against Cl™-induced corrosion of the rebars embedded in the ternary concretes is
owed by their microstructural changes leading to the following: (1) less porosity, (I1) more

complexity, (I11) less diffusivity, and (IV) higher chloride binding capacity.

Results from the last phase of this research deal with the analysis of the effect of Cl-induced
corrosion on the mechanical properties of the rebars embedded in the ternary concretes. It
was corroborated that when 10% and 20% of UtSCBA was added to the 80%PC+20%FA
concrete mixture considerable reductions in the steel surface corrosion and mass loss (RML)
of the rebars were experienced. Regarding the influence of corrosion on the mechanical
properties of the steel reinforcement, the following general effects are presented next. There
is a non-significant effect of corrosion on the yield stresses (fy) of all the tested rebars, which
is in accordance with previous studies [9, 10]. On the contrary, the ultimate stresses (fu),
fracture loads (FI), and ductilities of all tested rebars were significantly affected by corrosion.
The negative effect of corrosion on these parameters is directly correlated with the RML of
the rebars because the decrease in the cross-sectional area of the rebar induces stress-
concentration which leads to quicker brittle failure of the material [11]. Nevertheless, rebars

embedded in the ternary concretes were affected to a less degree. All in all, rebars embedded
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in the ternary concretes had higher fu, higher Fl, and higher ductilities. The mechanism to
slow corrosion of the rebars in the ternary concretes relies on the beneficial influence of the

improved concrete matrix resulting from the addition of UtSCBA.
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CONCLUSIONS

The results obtained from this doctoral thesis and reported in a series of manuscripts allow

withdrawing the following conclusions:

1. The additions of 10% and 20% of UtSCBA to a concrete containing 20%FA produce
ternary concretes with less porous but more complex microstructures.
The compressive strengths of these ternary concretes are maintained at long-term
ages.

2. The complex nature of the studied ternary concretes cannot be characterized by the
ultrasonic pulse velocity (Vp) calculated from only the P-wave, but other ultrasonic
parameters from the S-wave, such as spatial attenuation (oss), temporal attenuation
(ats), and energy (€s), are necessary to detect significant differences when they are
compared to concretes containing 20%FA or only PC.

3. The addition of 10%UtSCBA to a concrete containing 20%FA produces a ternary
concrete with 22% and 58% lower 28-day CI-diffusivity than concretes containing
only 20%FA and only PC, respectively. The 90-day CI" diffusivity is also lowered by
34% and 77%, respectively.

4. The addition of 20%UtSCBA to a concrete containing 20%FA produces a ternary
concrete with 28% and 61% lower 28-day Cl -diffusivity than concretes containing
only 20%FA and only PC, respectively. The 90-day CI" diffusivity is also lowered by
47% and 81%, respectively.

5. The addition of 10%UtSCBA to a reinforced concrete containing 20%FA produces a
ternary concrete with lower corrosion probability (Ecorr) than concretes containing
only 20% of FA and only PC. After 2500 days of immersion in a CI" solution the
ternary concrete has a mean Ecorr Of -260 mV, whereas, the 20%FA and only PC
concretes have means of -420 and -470 mV, respectively.

6. The addition of 20%UtSCBA to a reinforced concrete containing 20%FA produces a
ternary concrete with a lower Ecorr than concretes containing only 20%FA and only

PC. After 2500 days of immersion in a Cl solution the ternary concrete has a mean
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10.

11.

12.

13.

Ecorr 0f -300 mV, whereas, Ecors 0f -420 and -470 mV were measured for the 20%FA
and only PC concretes, respectively.

The additions of 10 and 20% of UtSCBA to a reinforced concrete containing 20%FA
produce ternary concretes with lower corrosion densities (icorr) than concretes
containing only 20%FA and only PC. After 2500 days of immersed in a Cl™ solution
the ternary concretes have icor values lower than 0.5 pA/cm?; whereas, lcors of 0.7
and 2.0 pA/cm? are measured for only 20%FA and only PC concretes, respectively.
The long-term immersion in a chloride solution does not negatively affect the
compressive strength of the ternary concretes.

The addition of 10% of UtSCBA to a concrete containing 20%FA produces a ternary
concrete with improved chloride binding capacity in 13 and 18% when it is compared
to a concrete added with 20%FA and only PC, respectively; where as, the addition of
20%UtSCBA increses 19 and 25% its chloride binding capacity, respectively.

The addition 10% UtSCBA to a concrete with 20%FA contribute to decrease 1.5 and
3.5 the mass loss of the reinforcing steel caused by corrosion in a ternary concrete
compared to those embedded in mixtures containing 20%FA and only PC; whereas,
the addition of 20%UtSCBA, decreases the mass loss 1.4 and 3.2 times, respectively.
The addition of 10%UtSCBA to a concrete with 20%FA produces a ternary concrete
which contributes to decrease the deleterious effect of corrosion on the mechanical
properties of rebars embedded in it. The ultimate strength, the fracture load and
ductility are 1.01, 2.07 and 1.34 times higher when they are compared to concrete
added with only 20%FA, and 1.77, 2.09 and 2.62 times higher when compared to the
concrete with only PC.

Similarly, the addition of 20% of UtSCBA to a concrete with 20%FA produces a
ternary concrete which also contributes to decrease the detrimental effect of corrosion
on the mechanical properties of the rebars embedded in it. The ultimate strength, the
fracture load and ductility are 1.05, 2.05 and 1.18 times higher when they are
compared to the concrete added with only 20%FA, and 1.22, 2.07 and 2.25 times
higher when compared to the concrete with only PC.

All in all, ternary concretes manufactured with 70%PC+20%FA+10%UtSCBA and
60%PC+20%FA+20%UtSCBA  outperformed  concretes  prepared  with
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80%PC+20%FA and 100%PC regarding the long-term compressive strengths,
chloride diffusivities, electrical resistivities, and chloride binding capacities of their
concrete matrices. Results obtained from the non-destructive testing were validated
with results from destructive testing. The improvement of these properties
contributed to enhance the corrosion protection of the steel reinforcing bars
embedded in the ternary concretes. The involved protection mechanism is upon the
interaction of a higher resistance to chloride ingress, a higher chloride-threshold level
for corrosion to start, and a lower corrosion rate after the steel depassivation; being

the dominant factor the increase in the chloride threshold level.
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RECOMMENDATIONS

The findings reported in this research project make important contributions to the body of
knowledge on the determination of the properties of ternary concretes manufactured with the
triplet Portland cement+FA+UtSCBA. Undoubtedly, the most important contribution is the
evaluation of durability performance of the ternary concretes, which completes previous

studies on their workability, microstructure and mechanical properties.

The results showed than UtSCBA-ternary concretes CS is maintained a long-term age;
however, these results do not correlate with their PV as has been reported in the literature
[1]. Therefore, the influence of the UtSCBA in the pore structure of PC-based materials have
to be researched by techniques that provide more data and information, for example,
traditional mercury intrusion porosimetry, constant-rate-controlled mercury porosimetry, and
NMR spectral analysis [2]. The ultrasonic parameters of UPV from the P-wave, and as, o,
and ¢ from the S-wave are useful to determine the influence of UtSCBA in the physical and
mechanical properties of ternary concretes. In this perspective, studies on such ultrasonic
parameters to build non-linear experimental models in order to predict certain properties of

the ternary concretes are required.

Electrochemical monitoring by Ecorr and icorr during 2500 days of reinforced concretes with
UtSCBA shown lower corrosive activity than those with only PC and PC+FA. In like manner,
data of ER during 3000 days of the same concretes indicates a lower ionic concentration in
their pore solution available for inducing corrosion. The large amount of data from Ecorr and
icorr CAN be processed using signal analysis to identify important events that occurred in the
porous system of the concrete matrix or important features during the corrosion process of
the reinforcing steel as have been reported in the literature [3]. Regarding data from ER, those
can be useful to identify the effect of the cast direction and the wall-effect on the mechanical
properties of concrete. Another interesting subject can be the evaluation of segregation of the

coarse aggregate using the generated data of the ER test.
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The addition of UtSCBA demonstrated to increase the chloride binding capacity (Pb) of the
concrete manufactured with the PC+FA+UtSCBA compared to those manufactured with
only PC or PC+FA. The following two mechanisms of binding have been reported in the
literature [4]: chemical reactions and physical adsorption. Based on that, another interesting
subject to address in the UtSCBA-ternary concretes is the elucidation of the predominant
binding mechanism (chemical or physical). Research on the role of the carbon particles from
the UtSCBA in the Pb of the studied concretes is also interesting, since it has been reported

that such particles can work as an absorbent media for the CI" [5].

Research projects on different levels of partial replacement of PC by UtSCBA to manufacture
concretes, various w/cm ratios, and other deterioration conditions are a must. The
combination of UtSCBA as a supplementary cementitious material with other eco-friendly
materials are topics scarcely investigated in the literature [6], and they have to be evaluated
to expand scientific knowledge about the use of the UtSCBA as supplementary cementitious

material.
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