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RESUMEN 

 

La corrosión por iones cloruro (Cl-) es una de las principales causas del deterioro de las 

estructuras de concreto reforzado y el uso de materiales cementantes suplementarios, como 

sustitución parcial del cemento Portland (PC), es una opción viable para retrasar su 

ocurrencia. El uso de ceniza de bagazo de caña de azúcar 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 únicamente en 

resultados de técnicas no destructivas y la condición 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 corrosión inducida por Cl- en las propiedades mecánicas del acero de refuerzo 

embebido en concretos ternarios que contienen cenizas volantes (FA) más UtSCBA. Para 

este propósito, se plantearon las siguientes hipótesis: (I) la adición de UtSCBA en concretos 

con FA no afecta las propiedades físicas, mecánicas y ultrasónicas a largo plazo de los 

concretos ternarios manufacturados, (II) el acero embebido en concretos FA+UtSCBA 

experimenta probabilidades y densidades de corrosión similares a aquel embebido en 

concreto con solo PC, (III) el uso de UtSCBA en concretos con FA no afecta la capacidad de 

ligar Cl- de concretos ternarios y (IV) la corrosión inducida por Cl- no afecta las propiedades 

mecánicas del acero embebido en los concretos FA+UtSCBA. Los resultados muestran que 

la adición de UtSCBA no afectó negativamente las propiedades físicas, mecánicas y 

ultrasónicas de los concretos ternarios. Además, la combinación FA+UtSCBA produjo 

concretos con una menor difusividad de Cl-; por lo tanto, el acero de refuerzo embebido en 

estos concretos mostró menor probabilidad y velocidad de corrosión. La adición de UtSCBA 

creó concretos con mayor resistividad eléctrica, así como una mayor capacidad de ligar Cl-. 

En consecuencia, las varillas de acero de los concretos con UtSCBA mostraron menores 

pérdidas de masa debido a la corrosión, mientras que sus esfuerzos de fluencia y último 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 comparación 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 desempeño 

contra la corrosión inducida por Cl-. 
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ABSTRACT 

 

Chloride (Cl-)-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: (I) the addition of UtSCBA in concretes with FA does not affect the 

long-term physical, mechanical and ultrasonic properties of the manufactured ternary 

concretes, (II) 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, (III) 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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  Abbreviations and acronyms    

 
 

   

 ACI America Concrete Institute  Icorr Corrosion current intensity Amp  

 AD Absolute density,  g/cm3 icorr Corrosion current density  µA/cm2  

 
ASTM American Society for Testing 

and Materials 

 LOI Loss on ignition % 
 

 
Aft Tricalcium aluminate 

trisulfate hydrate 

 LPR Lineal Polarization Resistance Ω-cm2 

 
 

 
Afm Calcium monosulfoaluminate 

hydrate 

 NaCl Sodium chloride  
 

 αt Temporal attenuation dB/s OUS Original uncorroded surface cm2  

 αs Spatial attenuation dB/cm Pb Chloride binding capacity %  

 BD Bulk density g/cm3 PC Portland Cement    

 
C Mixture control  PSC Percentage of surface 

corrosion  

% 
 

 
CaCO3 Calcium carbonate  Pt-SCBA Post-treated sugarcane bagasse 

ash 

 
 

 Ca (OH)2 Calcium hydroxide  PV Percentage of voids %  

 CH Portlandite  RCS Reinforced concrete structure   

 Cl- Chloride ion  Rebar Reinforcing steel   

 
Cm Mass after the exposure to 

Cl- 

g SP Superplasticizer   
 

 CO2 Carbon dioxide  R Coefficient of correlation   

 CPC Compound Portland Cement   R2 Coefficient of determination   

 CS Compressive strength MPa RML Real mass loss %  

 
C-A-S-H Calcium aluminate silicate 

hydrates 

 SAC Surface area of corrosion cm2 
 

 
C-S-H Calcium silicate hydrate  SCMs Supplementary cementitious 

materials 

 
 

 
DC Chloride-ion diffusion 

coefficient 

m2/s SCBA Sugarcane bagasse ash  
 

 EM Elasticity Modulus MPa TIC Total integrated corrosion C  

 Ecorr Corrosion potential  mV tdp Time of depassivation  days  

 ER Electrical resistivity KΩ-cm TML Theoretical mass loss  %  

 εf Fracture strain   T0 Mixture binary   

 εy Yield strain  T1 Mixture ternary one   

 Ɛ Energy content  T2 Mixture ternary two   

 F Faraday constant C/mol SEM Scanning Electron Microscopy    

 FA Fly ash   Um Uncorroded mass g  

 Fl Fracture load KN UPV Ultrasonic pulse velocity m/s  

 
Fs Friedel’s salt  UtSCBA Untreated sugarcane bagasse 

ash 

 
 

 
FTIR Fourier transform infrared 

spectroscopy 

 µ Ductility  
 

 fU Ultimate strength MPa VI Visual inspection   

 fY Yield strength  MPa XRD X-ray diffraction    

 HRWR High-range water-reducer      
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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 
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electrochemical monitoring of the rebars embedded in the concretes FA+UtSCBA exposed 

to Cl- were analyzed. Moreover, in this chapter the Cl- 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 (Cl-) 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]. Cl--induced corrosion is a serious issue because in addition to the need of 

more raw materials for the production of more cement, the increased CO2 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 Cl- 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 Cl- 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 Cl- 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 
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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 Cl- 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 Cl--

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 CO2 

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 µm) 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 Cl-. 

 

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 Cl- 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 Cl-. 
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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 Cl- 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 Cl- 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. 



12 

 

 

 

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 Cl- 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 (Ø100 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)2 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 

T
y
p
e 

o
f 

m
ix

tu
re

 

C 

 

T0 

 

T1 

 

T2 

t100%CPCt 

 

t80%CPC+20%FAt 

 

t70%CPC+20%FA+10%UtSCBAt 

 

t60%CPC+20%FA+20%UtSCBAt 

 

The experimental program of this thesis was divided into four phases. In PhasetI, a long-term 

characterization of the physical, mechanical and ultrasonic properties of the UtSCBA-ternary 

concretes was conducted. 

 

In PhasetII, 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 (Icorr) 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. 

 

PhasetIII 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 PhasetIV the corrosion potential maps, corrosion products and reinforcing bars retrieved 

from the concrete prisms in Phase III 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. 
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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 (Cl-) [3]. 

 

Corrosion can be caused by Cl- when these ions penetrate through interconnected pores in 

the cementitious matrix of the reinforced concrete. Once a certain amount of Cl- 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→Fe2+ + 2e-) and the lost electrons react with oxygen and water 

present in the cathodic zone to create hydroxyl ions (2e-+H2O+⅟2O→2OH-). Next, the Fe 

ions (Fe+2) in the pore solution react with the hydroxyl ions to produce ferrous hydroxide 

(Fe2++2OH-→Fe(OH)2), which is further oxidizes to create other corrosion products such as 

ferric hydroxide (4Fe(OH)2+O2+2H2O→ 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].  
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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 commodities 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 CO2. An estimate of between 0.8 and 1.0 tons of CO2 are 

generated for 1 ton of manufactured cement. In general, the cement industry emits over 6% 

of total man-made CO2 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]:  

 

(I) 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. 



22 

 

 

(II) 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. 

(III) 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 C3A 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 C2S 

 

Hydration of C3S and C2S 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)2 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 C3S hydration, identifying 5 stages [10]. 
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Fig. 2. A typical exothermic heat flow curve of C3S hydration 

Adapted from Ramachandran [10] 

 

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

ions, H2SiO4
2-, (OH) ions, and Ca2+ ions in the solution. 

 

𝐶3𝑆 + 3𝐻2𝑂 → 3𝐶𝑎2+ + 4(𝑂𝐻) + 𝐻2𝑆𝑖𝑂4
2−                          Eq.1 

 

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

the follow reaction. 

 

3𝐶𝑎2+ + 2(𝑂𝐻)− + 2𝐻2𝑆𝑖𝑂4
2− + 2𝐻2𝑂 → 𝐶𝑎3𝐻2𝑆𝑖2𝑂7(𝑂𝐻)2. 3𝐻2𝑂     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 C3S 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)2. 
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Fig. 3. Schematic representation of a C3A 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. 

 

 

Fig. 4. Schematic representation of the crystallization of Ca(OH)2 

 

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 C3S to hydrate. 

 

Ca(OH)2 

crystals 
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Fig. 5. Schematic representation of the growth of the C-S-H film surrounding a C3S particle 

 

2.4.2 Hydration of the C3A, C4AF, and Gypsum 

 

The hydration processes of C3A and C4AF in the presence of gypsum are similar; however, 

the reactions of C4AF are slower than C3A. 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: 

 

𝐶𝑎3𝐴𝑙2𝑂6 + 2𝐻2𝑂 → 3𝐶𝑎+ + 2𝐴𝑙𝑂2
− + 4(𝑂𝐻)−                      Eq. 3 

𝐶𝑎𝑆𝑂4. 2𝐻2𝑂 → 𝐶𝑎2+ + 𝑆𝑂4
2− + 2𝐻2𝑂                             Eq. 4 

 

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

form ettringite crystals 

 

29𝐻2𝑂 + 6𝐶𝑎+ + 2𝐴𝑙𝑂2
− + 3𝑆𝑂2

2− + 4(𝑂𝐻)− → [𝐶𝑎2𝐴𝑙(𝑂𝐻)6]. 𝐶𝑎2(𝑆𝑂4)3. 25𝐻2𝑂   Eq. 5 

 

or  

 

𝐶3𝐴 + 3𝐶𝑆̅𝐻2 + 26𝐻 → 𝐶6𝐴𝑆3̅𝐻32                                     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
2-, (OH)-, and Ca2+ ions. 

 

Stage II: 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
2- and Ca2+ 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). 

 

 
Fig. 6. Schematic representation of ettringite covering a C3A particle 

 

Stage III: 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: 

 

29𝐻2𝑂 + 6𝐶𝑎+ + 2𝐴𝑙𝑂2
− + 3𝑆𝑂4

2− + 4(𝑂𝐻)− → [𝐶𝑎2𝐴𝑙(𝑂𝐻)6]2. 𝐶𝑎2(𝑆𝑂4)3. 25𝐻2𝑂    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: 

 

19𝐻2𝑂 + 4𝐶𝑎+ + 2𝐴𝑙𝑂2
− + 𝑆𝑂2

2− + 4(𝑂𝐻)− → [𝐶𝑎2𝐴𝑙(𝑂𝐻)6]2. 𝐶𝑎(𝑆𝑂4)3. 15𝐻2𝑂     Eq. 8 

 

or  

 

2𝐶3𝐴 + 𝐶6𝐴𝑆3̅𝐻32 + 4𝐻 → 𝐶4𝐴𝑆̅𝐻12                                Eq. 9 

   

When ettringite begins to convert to monosulfate, the hydration rate of C3A begins to increase 

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

monosulfate (Fig. 7). 

Ettringite 
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Fig. 7. Schematic representation of the rupture of the ettringite layer that surrounds the C3A particle 

 

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

monosulfoaluminate through long-term reactions 

 

𝐶6𝐴𝑆3̅𝐻32 + 2𝐶3𝐴 + 4𝐻 → 3𝐶4𝐴𝑆̅𝐻12                                 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 

Ettringite 

Rupture of the 

ettringite layer 
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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, 

• Increase the resistance to severe exposure conditions, 

• 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)2 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 CO2 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)2 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 CO2 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)2 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 SiO4
4- and AlO 

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 C3S. The solution near the outer surfaces 

of the destroyed film becomes poorer in Na+ and K+ than on the inside, and Ca2+ 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-
4 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 SiO4

4+ ions are released, while 

Ca++ ions are absorbed to form C-S-H and mono-Ca-Al hydrates. 

 

 
Fig. 8. Schematic representation of the hydration mechanism in the C3S-pozzolan system [23] 

 

 

 
Fig. 9. Schematic representation of the hydration mechanism in the C3A-pozzolan system [24] 

 

The hardened paste of cement-SCMs has a lower Ca(OH)2 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)2 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 µm, and 100 µm 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 tv is estimated, the ultrasonic pulse velocity (UPV) can be calculated by dividing 

the length of the specimen by tv.  

 

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 (αS), temporal attenuation (αt), and energy content in the signal.  

 

 
a) 

 
b) 

 
c) 

Fig 10. Schematic representation of a P-wave and how the ultrasonic parameters are calculated 

Adapted from Martinez-Martinez et al. [36] 

 

The αS can be calculated using the maximum amplitude of the ultrasonic signal emitted by 

the emitting transducer (A0), 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 αt 

Eq. 11 

Eq. 12 

Eq. 13 
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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 (A10%), the time in which the 

maximum amplitude is recorded (Tmx) and the time in which A10% is last registered (T10%) 

(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) 

 

𝜕𝐶

𝜕𝑡
= 𝐷𝑐

𝜕2𝐶

𝜕𝑋2
                                                   Eq. 14 
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where DC = 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) = 𝐶𝑠 [1 − 𝑒𝑟𝑓 (
𝑥

2√𝐷𝑐𝑡
)]                                       Eq. 15 

 

wherettDCtt=ttdiffusionttcoefficienttt(m2/s); t = timettofttexposurett(s), C(x, t) = chloride 

concentrationttatttdepthttxttaftertttimettttt(%/m3), CS = surfacettchloridettconcentration 

(%/m3), and erfttisttthetterrorttfunction. DC and Cs are calculated based on a chloride 

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

 

 
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. DC 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 Cl- 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 (Pb) 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 (II) physical 

adsorption [45]. The chemical reaction is through the formation of Friedel’s salt 

(C3A·CaCl2·10H2O) by the reactions between Cl- and the Aft and Afm phases from 

concretes. However, some studies report that the alumina from SCMs can also chemically 

react with the Cl- to form Friedel’s salt [46]. The second mechanism involves the physical 

interaction of Cl- with the C-S-H by three types of interaction: both electrostatic and Van der 

Waals forces, Cl- adsorption into the C–S–H interlayer spaces, and Cl- 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 Pb values at early ages. Other 

approaches for the estimation of Pb 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 (εY), ultimate strain (εU), and 

fracture strain (εf) 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 εf  and εY 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]. 

 

𝜇 =
𝜀𝑓

𝜀𝑌
                                                           Eq. 16 

 

where µ is the ductility of the rebar, while εf and εY 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.  

 

Fluence zone 

Strain hardening Descending zone 
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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 Cl- in a high enough amount to cause the depassivation of the reinforcing steel. Two 

theories regarding the mechanism by which the Cl- destroys the passivating film are 

proposed. The first theory suggests that Cl- 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 (Icorr) 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] 

tConditiont Corrosiontdensityt(µA/cm2) 

tPasivet < 0.1 

Low totmoderatetcorrosion 0.1 to 0.5 

Moderatettothightcorrosion 0.5 to 1.0 

Hightcorrosiontrate > 1.0 

 

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).  

 

 
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 

 

Cl- 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 µm 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)2 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 

Type of 

 mixture  

Control 

(C) 
t100%PCt 

Bulk density (BD) 

Absolute density (AD) 

Percentage of voids (PV) 

Compressive strength (CS) 

P-wave velocity (VP) 

S-wave velocity (VS) 

P-wave spatial attenuation (αsp) 

S-wave spatial attenuation (αss) 

P-wave temporal attenuation (αtp) 

S-wave temporal attenuation (αts) 

P-wave energy content (ƐP) 

S-wave energy content (ƐS) 

Binary 

(T0) 
t80%PC+20%FAt 

Ternary 1 

(T1) 
t70%PC+20%FA+10%UtSCBAt 

Ternary 2 

(T2) 
t60%PC+20%FA+20%UtSCBAt 
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2.2 Description of the materials 

Portland cement HolcimTM (CPC-30R) readily available in the southwest of Mexico, fly ash 

Admix techTM, 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 μm ASTM mesh for four minutes 

(UtSCBA). The densities of the PC, FA, and UtSCBA were of 2.94, 2.27, and 2.19 g/cm3, 

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+Al2O3+Fe2O3) 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 Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 TiO2 SO3 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 oC for the CPC and at 750 oC 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 4000TM 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 75±20 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 Ø100 mm x 200 mm were cast for each concrete mixture and cured 

in a Ca(OH)2 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/m3) [7]. 

Mixture CPC FA UtSCBA 
Fine 

aggregate 

Coarse 

aggregate 
Water HRWR Slump 

28-day 

CS 

C 410 -- -- 727 1015 205 2.7 78 31 

T0 328 82 -- 727 1015 205 1.6 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 

Ø100 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 InstrumentsTM. 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 Eq. 1 described in the ASTM 

C 642-13 standard [18]. 

 

𝑃𝑉 =
𝐴𝐷−𝐵𝐷

𝐴𝐷
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 Ω 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 (αt), spatial attenuation (αS) and waveform 

energy (Ɛ) for each P- and S-waves were obtained. All parameters were calculated according 

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

 

                                            a)                                                                          b)                                                                  

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 

1 

2 4 

3 

5 
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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 T0 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 T0, T1, and T2, respectively, compared with the concrete 

C (p<<0.005 for T0, T1, and T2). In the case of the PVs, the partial replacement of 20%PC 

by FA slightly reduced the PVs of the mixture T0; 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 T0, 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)2 was produced which 
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precipitated and remained in solution, whereas, in mixtures T0, 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 T0, 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.     

 

   

Fig. 2. (a) Absolute and bulk densities, and (b) percentage of voids of the concrete mixtures at 2500 

days 

 

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 T0, 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).  

 



59 

 

 

 
Fig. 3. Compressive strength of the studied concrete mixtures 

 

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 T0, 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]. 

 

 
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 Vp of the 

mixture C with mixtures T0 and T1 (p=0.205 and p=0.078, respectively), while the Vp of the 

mixtures C and T2 are statistically different (p=0.019). Despite a slight decrease of the Vp in 

the mixture T2, Vp of all studied concretes are higher than 4100 m/s (p<<0.05), limit value 

proposed for good quality concretes [27, 28].  

 

 
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 T0 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 (αsp and αss, respectively) of the studied concretes is illustrated in Fig. 6. In 

general, all concretes show similar αsp 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 αss, it can observe that their values are larger than αsp 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 αss of the mixtures T0 and T1 with 

respect to mixture C (p=0.703 and p=0.999 for mixtures T0 and T1, respectively). On the 

contrary the addition of 20%FA+20%UtSCBA significantly reduced (p=0.010) the αss 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 αsp and αsp 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 αss indicates a higher S-wave propagation through the mixture 

T2, which suggests a certain improvement in their microstructure respect to mixture C.   

 

 
Fig. 6. P-wave and S-wave spatial attenuation of concrete mixtures at 2500 days 

 

3.2.3 P-wave and S-wave temporal attenuation 

Temporal attenuation from P-waves and S-wave (αtp and αts, respectively) of the studied 

concretes are shown in Fig. 7. The results show that the addition of FA and FA+UtSCBA 

produced concretes with αtp similar to the valued of the mixture C (p=0.330). 

In the case of αts, 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 αts of the mixture T2 with respect to the mixture C. 
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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 (Ɛp) and S-wave energy (ƐS) of the concrete mixtures. The 

results indicate the addition of FA and FA+UtSCBA does not negatively affect the ƐP of 

concretes T0, T1, and T2 with respect to the mixture C (p=0.402). In the case of the S-wave, 

the results show the mixtures T0 and T1 present ƐS 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 T0 and T1, respectively). On the other hand, when a 20%FA+20%UtSCBA is 

combined with PC, the ƐS 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 

Ɛs 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. 

 

 
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 

VP, αss, αts, and ƐS 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 Demirboğa 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 αss and PV indicate that when αss 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 αss and PV 

has been reported in the literature.  

The correlation αss-CS shows that an increase in αss 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 αts and PV indicates that when αts values are large the PVs of the 

concretes are also high. In this case, the coefficients of correlation of the concretes C, T0, 

and, T1 were higher than 0.90, while the data of αts and PV of the mixture T2 presented the 

lower R-value of the 0.74. 

Regarding the αts and CS correlation indicates that when αts 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 αss-CS; nevertheless, the correlationsp αts-

CS of the studied concrete mixture presented higher coefficients of correlation. 

The Ɛs vs. PV correlations show an inverse relationship between variables. Concretes with 

high Ɛs values have low PVs. These results agree with the relationships of αss vs. PV and αts 

vs. PV for each concrete mixture. Both relationships, αss vs. PV and αts 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].  

 

 

 

 

 

 

 

 

 

 



68 

 

 

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 

T0 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 

T0 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 = 1.73αss – 2.33 0.92 

T0 PV = 34.77αss – 238.45 0.92 

T1 PV = 1.55αss – 1.89 0.82 

T2 PV = 53.48αss – 368.19 0.94 

   

C CS = -32.55αss + 273.02 0.92 

T0 CS = -8.47αss + 101.72 0.99 

T1 CS = -47.21αss + 377.79 0.98 

T2 CS = -377.61αss + 2706 0.78 

   

C PV = 7.0 x 10-5αts + 13.16 0.91 

T0 PV = 3.8 x 10-3αts – 65.51 0.95 

T1 PV = 8.0 x 10-5αts + 7.78 0.92 

T2 PV = 9.0 x 10-4αts – 2.55 0.74 

   

C CS = -1.3 x 10-3αts + 69.61 0.91 

T0 CS = -9.0 x 10-4αts + 58.95 0.99 

T1 CS = -2.3 x 10-3αts + 80.23 0.99 

T2 CS = -1.0 x 10-2αts + 180.02 0.95 

   

C PV = -3.0 x 10-7ƐS + 16.21 0.95 

T0 PV = -3.0 x 10-6ƐS + 28.74 0.81 

T1 PV = -3.0 x 10-7ƐS + 10.83 0.96 

T2 PV = -2.0 x 10-6ƐS + 26.45 0.94 

   

C CS = 5.0 x 10-6ƐS + 12.30 0.95 

T0 CS = 8.0 x 10-7ƐS + 37.40 0.96 

T1 CS = 8.0 x 10-6ƐS – 1.65 0.98 

T2 CS = 1.0 x 10-5ƐS –  0.60 0.77 

 

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

indicate that concretes with high ƐS values, their CSs are also large. Similarly, to the 
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correlations involving αts, 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-ƐS and CS-ƐS agree with the 

correlations from αss and αts 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 (αss, αts and  Ɛs), 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 Vp increases PV decreases and CS increases; when αss increases 

PV increases and CS decreases; when αts increases PV increase and CS decrease; 

when ƐS increases PV decrease and CS increases. The correlations between αts and ƐS 

with PV and CS have not been reported in the literature; however, their trends agree 

with the correlations αss-PVs and αss-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 Vp 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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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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cementing materials; untreated sugarcane bagasse ash 

 

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 µm 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 (Icorr) 
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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 (Cl-) with the 

alumina from the FA in order to form Friedel´s salt. Pb by physical binding is another 

mechanism shown by FA [24, 25], where the Cl- 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 Pb of pastes, mortars or concretes has been reported in the literature. 

Therefore, studies on the Pb 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 Pb 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 Pb 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-μm 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, Al2O3 and Fe2O3) 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 (CaCO3) 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 Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 TiO2 SO3 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 950oC for the CPC and at 750oC 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/m3, 2.78, and 1.74%, and 1624 kg/m3, 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 TM, 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 (T0), 

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/m3 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 75±20 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/m3) 

Mixture CPC FA UtSCBA 
Fine 

aggregate 

Coarse 

aggregate 
Water SP Slump 

CS at 28 

days 

C 410 -- -- 727 1015 205 2.7 78 31 ± 2.2 

T0 328 82 -- 727 1015 205 1.6 79 32 + 2.1 

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. 

 

A total of three prismatic specimens (100 x 150 x 300 mm3) for each concrete mixture were 

cast. All specimens were demolded after 24 hours and thereupon cured in a Ca (OH)2-

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-Ion 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]. 

 

 
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 Cl- 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 mm3 and 35 x 100 x 120 mm3, 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 mm3 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.  

 

 
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 

density 

Absolute 

density 
CS Dc, Pb 

C 
CA-1 

CB-1 

CA-2 

CA-3 

CB-2 

CB-3 

CPA-2 

CPB-2 

CA-4 

CA-5 

CB-4 

CB-5 

CA-6 

CA-7 

CA-8 

CB-6 

CB-7 

CB-8 

CPA-1 

CPB-1 

T0 
T0A-1 

T0B-1 

T0A-2 

T0A-3 

T0B-2 

T0B-3 

T0PA-2 

T0PB-2 

T0A-4 

T0A-5 

T0B-4 

T0B-5 

T0A-6 

T0A-7 

T0A-8 

T0B-6 

T0B-7 

T0B-8 

T0PA-1 

T0PB-1 

T1 
T1A-1 

T1B-1 

T1A-2 

T1A-3 

T1B-2 

T1B-3 

T1PA-2 

T1PB-2 

T1A-4 

T1A-5 

T1B-4 

T1B-5 

T1A-6 

T1A-7 

T1A-8 

T1B-6 

T1B-7 

T1B-8 

T1PA-1 

T1PB-1 

T2 
T2A-1 

T2B-1 

T2A-2 

T2A-3 

T2B-2 

T2B-3 

T2PA-2 

T2PB-2 

T2A-4 

T2A-5 

T2B-4 

T2B-5 

T2A-6 

T2A-7 

T2A-8 

T2B-6 

T2B-7 

T2B-8 

T2PA-1 

T2PB-1 

 

2.4 Microstructural and mineralogical evaluation 

The morphology of mixture C was analyzed using a high vacuum scanning electron 

microscope (SEM) JEOLTM model JSM-6510LV equipped with an EDS microanalysis 

system from Oxford InstrumentsTM. Two fragments of cementing paste (approximately 5 

mm3) 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 70o (2-Theta) at a scanning speed of 

0.5 s and increments of 0.026o. 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-µm ASTM 

mesh. Finally, the mineral phases obtained by XRD were identified using the X´Pert 

HighScore PlusTM 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 InstrumentsTM 

in an inert media using nitrogen gas after the slices were dried in an electric oven at 110±5oC 

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 mm3 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 Ø100 mm x 

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

 

𝐶𝑆𝑐𝑖 Ø150𝑥300 =
𝐶𝑆𝑐𝑢 33𝑥33𝑥33

1.17

√1+
𝐿𝑐𝑢 33𝑥33𝑥33

2.6⁄

+0.62
                                                                                   (1) 

 

where CSciØ150x300 is the compressive strength of Ø150 mm x 300 mm cylinder (MPa), 

CScu33x33x33 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: 

 

𝐶𝑆 = 𝐶𝑆𝑐𝑖 Ø 100x200 =
0.49𝐶𝑆𝑐𝑖 Ø 150x300

√1+
𝑑𝑐𝑖 Ø 100x200

2.6⁄

+ 0.81𝐶𝑆𝑐𝑖 Ø 150x300                                             (2) 

 

where CS is the compressive strength of a Ø100 mm x 200 mm cylinder in MPa, and the 

diameter of the cylinder (dci Ø100x200) 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 

PANalyticalTM 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 5.01TM. 
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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 MetrohmTM. 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]:  

 

𝑃𝑏 =  
(𝐶𝑡−𝐶𝑓)×100

𝐶𝑡
                                                                                                                  (3) 

 

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

 

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

T0, 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 T0, 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 T0 (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.  

 

 

 

 

 

 

 

 

 



100 

 

 

 
Fig 3. SEM micrographs and EDS analysis of the concrete mixtures exposed to the Cl- 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 CaCO3 in the CPC [29]. Calcium chloro-aluminate, 

commonly known as Friedel’s salt (Fs), was also identified, in 2θ range = 11.16-11.34° and 

23.0-24.0° [42, 43]. This compound is attributed to the chemical interaction of the Cl- with 

the Afm and Aft phases from the hydration of PC [44].  

The XRD patterns of T0 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 T0 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 T0. 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 Cl- with their Afm and Aft 

phases was also identified, however, the intensities of the Fs peaks were lower compared to 

mixtures C and T0. 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 Cl- 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. 

 

 
Fig 4. XRD patterns of the concrete mixtures exposed to the Cl- solution for 3000 days 
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3.2 Percentage of voids and compressive strength 

Table 4 shows the PV of the concrete mixtures after exposure to the Cl- solution for 3000 

days.  Mixture C presents the highest PV, however, when 20%FA was incorporated the PV 

in mixture T0 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 T0, 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 T0. 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, T0, 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,  

g/cm3 

Absolute 

density,  

g/cm3 

PV,  

% 

Standard 

deviation 

C 2.34 2.72 13.86A 0.63 

T0 2.29 2.54 9.72B 0.33 

T1 2.28 2.50 8.92B 0.75 

T2 2.26 2.47 8.38B 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 Cl- 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 T0; 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 Cl- 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, T0, 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 Cl- solution did not cause a negative effect in the CSs of the mixtures studied. 

 

 
Fig. 5. CSs of concrete mixtures exposed to Ca(OH)2 for 2500 days [21] and to the Cl- 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, T0 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 T0 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 T0 (p<<0.05 and p=0.009 for T1 and T2, respectively). This behavior can be 

due to a lower Cl- 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 Cl- 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]. 

 

 
Fig. 6. (a) Electrical resistivities of the concrete mixtures exposed to the Cl- 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 Cl- 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 T0 contributed to reducing 

the Dc 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 Cl- 

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 Cl-, which is discussed next.   
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Fig. 7. a) Diffusion coefficients of concrete mixtures and b) PV, ER, and DC of the concrete 

mixtures exposed to the Cl- solution for 3000 days. 

 

Fig 8a illustrates the regression analyses performed to obtain the relationships between the 

free (Cƒ) and total (Ct) chlorides of the concrete mixtures under study that were exposed to 

the Cl- solution for 3000 days. In general, all concretes show a linear relationship between Cf 

and Ct with R2 = 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 Ct content 

of mixtures T1 and T2 with respect to the control, which is a consequence of the lowest Cl- 

diffusivity shown by the UtSCBA-ternary concretes during the 3000 days of exposure. 

Second, in terms of the Ct content, the Cf 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 Ct content but also increases the chloride binding capacity. For example, in Fig. 8a the 

Cf for mixture C correlates well to Ct by the expression Cƒ = (0.7438)Ct, and by substituting 

this Cƒ  in Eq. 3 the Pb of this mixture was estimated as 25.62%. Similarly, the Pb values of 

28.99, 37.74 and 38.36% for T0, T1, and T2 were respectively estimated and are shown in 

Fig 8b. The results show that the Pbs 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 Pb 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 Pb 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 Cl-. Nonetheless, Fig 8b shows that the addition of 20%FA slightly increases 

the Pb of mixture T0 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: (I) chemical reactions 

and (II) 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, Cl- 
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present in the C–S–H interlayer spaces, and Cl- 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 Cl-. Other compounds that can physically interact 

with Cl- are the carbon particles in the UtSCBA. Such particles can work as an absorbent 

media for the Cl- [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 Cl- 

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 Cl-, indicating a lower free-Cl- 

content in their cementitious matrix available to corrode the reinforcing steel.  
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Fig 8. a) Relationship between the free and total Cl- contents, b) Chloride binding capacity and,  

c) Relationship between Pb and CS of the concrete mixtures exposed to the Cl- solution for 3000 

days 

 

Conclusions  

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

can be drawn: 
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1. 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. 

2. The long-term exposure to the Cl- solution did not result into the phenomena of 

dissolution of Ca(OH)2 and decalcification of C-S-H in the concretes studied.  

3. 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. 

4. Free and total chloride contents are linearly correlated in the studied concretes which 

were exposed to a Cl- solution for 3000 days.  

5. 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 Cl- 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 Cl- diffusion of mortars and concretes [4]. The enhancement of these 

properties reduces significantly the Cl- 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 µm 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 Cl- 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 Cl- 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 Cl- 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. Fernández 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 François [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 



122 

 

 

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 

Type  

of mixture 

C 

 

T0 

 

T1 

 

T2 

100%PC 

 

80%PC+20%FA 

 

70%PC+20%FA+10%UtSCBA 

 

60%PC+20%FA+20%UtSCBA 

Real mass loss (RML) 

Yield stress (fy) 

Ultimate stress (fu) 

Fracture load (Fl) 

Ductility (µ) 
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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-μm 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, Al2O3, and Fe2O3) 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 (CaCO3) 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/cm3, 2.78, and 1.74%, and 1624 kg/cm3, 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 4000TM were used to prepare the 

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

Material Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 TiO2 SO3 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 oC for the CPC and at 750 oC 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 25±8 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/m3) [13] 

Mixture CPC FA UtSCBA 
Fine 

aggregate 

Coarse 

aggregate 
Water SP Slump 

CS at 28 

days 

C 410 -- -- 727 1015 205 2.7 78 31 ± 2.2 

T0 328 82 -- 727 1015 205 1.6 79 32 + 2.1 

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 cm2. 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). 

 

                a)                                                                b) 

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 Cl- solution was evaluated by corrosion potentials (Ecorr) and corrosion current density 

(Icorr) in a 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/AgCl 
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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 Icorr values were obtained by the LPR technique using a potentiostat GamryTM series 

G300, an Ag/AgCl 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 AnalystTM version 5.1.3 software to obtain 

the corrosion current intensity (Icorr). 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]. 

 

𝑇𝑀𝐿 =
𝑇𝐼𝐶∙𝑀

(𝐹∙𝑛)(𝑈𝑚)
 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 

CONTROLSTM Model 55-C0210/DZ saw cutting machine (Fig. 2a). As a result, four 

prismatic samples of 20 x 70 x 300 mm3 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, T0, T1 and, T2, respectively.  

 

 
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 

MitutoyoTM 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. 

 

𝑃𝑆𝐶 =  
𝑆𝐴𝐶

𝑂𝑈𝑆
𝑥100%                                                                                                        Eq. (2) 

 

where SAC is the surface area of corrosion (cm2) and OUS (cm2) 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 Cl 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 EmpyreanTM 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 PlusTM 

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 NICOLETTM iN10 MX spectrometer. The FTIR tests 

were performed over the wavenumber range from 2500 to 500 cm-1 and the spectral 

resolution was set to 4 cm-1. 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 Cl- (Cm) was registered using 
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an OHAUSTM analytical balance. The RML due to corrosion of the rebars was determined 

using the following equation 

 

𝑅𝑀𝐿 =
𝑈𝑚−𝐶𝑚

𝑈𝑚
× 100%                                                                                                       (3) 

 

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

exposure to Cl- (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 MATLABTM 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]. 

 

𝜇 =
𝜀𝑓

𝜀𝑌
                                                                                                                                  (4) 

 

where µ is the ductility of the rebar, while εf and εY 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 Ecorr obtained from the mapping (Fig. 3) suggest that the steel rebars 

embedded in the concrete mixtures T0 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 concretesT0 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 T0; 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 Cl-, 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.  

 

 

Fig. 4. Corrosion damage of the rebars extracted from the concrete prisms after exposure to Cl- for 

3000 days (Mixture C = 100%PC, Mixture T0 = 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. 

Surface area  

Mixture-rebar# 

C T0 T1 T1 

7 8 27 28 33 34 77 78 

OUS, cm2 77.60 77.60 77.60 77.60 77.60 77.60 77.60 77.60 

SAC, cm2 20.53 19.06 14.79 20.00 12.89 9.37 11.58 10.18 

Avg. of the PSC, % 25.51 ± 1.35 22.42 ± 4.75 14.35 ± 3.31 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. 5c) 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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a) Akageneite - mixture C, b) Magnetite - mixture T0, c) Bernalite - mixture T1,  

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 

 

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, T0, 

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 Cl- 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 CaCO3 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 Cl- 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 Cl 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 Cl- 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. 6. Elemental mapping of concrete/reinforcing steel interface of the mixture C 

 

Fig. 7. Elemental mapping of concrete/reinforcing steel interface of the mixture T0 
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Fig. 8. Elemental mapping of concrete/reinforcing steel interface of the mixture T1 

 

 
 

 
 
 
 
 
 

 
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 (β-FeOOH), bernalite (Fe(OH)3), lepidocrocite  

(γ-FeOOH), goethite (α-FeOOH), wustite (FeO), magnetite (Fe3O4), maghemite (γ-Fe2O3), 

and β-Fe(OH)3Cl. 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-1 [35], and an absorption peak at 1020 cm-1 for the OH bending of 

lepidocrocite [37]. The absorption peaks due to O-H bending occur at 1400 cm-1 and 1000 

cm-1 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-1 and 566 cm-1 [39], 

while maghemite shows absorption peaks at 630 cm-1 and 550 cm-1 [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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A: Akageneite (β-FeOOH); B: Bernalite (Fe(OH)3); F: Ferrihydrite (Fe2O3ˑ4−5H2O)  

Fxh: Feroxyhyte (δ-FeOOH) L:Lepidocrocite (γ-FeOOH); G: Goethite (α-FeOOH);  

Mgn: Magnetite (Fe3O4); Mgh: Maghemite (γ-Fe2O3); C: β-Fe(OH)3Cl; W: Wuestite (FeO) 

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 (δ-FeOOH) 

shows absorption peaks between 1602 cm-1 and 750 cm-1 [33, 36]. In this research, absorption 

peaks at 880 cm-1 and 798 cm-1, assigned to the OH bending, were identified for feroxyhyte. 

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

absorption peak at 539 cm-1 assigned to the Fe-O stretching [40]. In the case of ferrihydrite 

(Fe2O3ˑ4−5H2O), its identified absorption peaks were at 975 cm-1 and 989 cm-1 [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 

T0. On the contrary, rebars extracted from T1 y T2 experienced lower mass losses than the 

rebars from both mixture C and T0. Results from the SAC suggest that the damage of rebars 

extracted from concretes C and T0 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)2 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 Cl--

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 Cl- [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-. 

Mixture Rebar 

Uncorroded 

rebars mass 

(g) 

Corroded 

rebars 

mass 

(g) 

RML 

(%) 

Avg. RML 

(%) 

TML loss 

(%) 

Avg. TML 

(%) 

Difference 

between RML 

and TML 

(%) 

C 
7 171.31 168.20 1.82 

2.19 ± 0.38 
1.70 

2.27 ± 0.58 3.65 
8 169.48 165.12 2.57 2.84 

T0 
27 171.07 169.64 0.84 

0.93 ± 0.10 
0.80 

0.87 ± 0.07 6.45 
28 171.30 169.53 1.03 0.93 

T1 
33 170.05 169.01 0.61 

0.62 ± 0.01 
0.59 

0.60 ± 0.01 3.22 
34 169.46 168.38 0.64 0.62 

T2 
77 172.02 170.98 0.60 

0.68 ± 0.08 
0.61 

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 (Fl) 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 T0 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 Cl- did not affect the EM and fY of all 

studied rebars; however, their fU and Fl are negatively affected by damage due to Cl-. The 

non-negative effect of the corrosion by Cl- 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 fU of rebars 

grade 60 corroded by an impressed current. On the other hand, Du et al. [60] reported that 

the fY and fU 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  = -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  is much more significant than on fU and Fl. 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 Cl- contaminated environment. 

µ = -2.1274RML+6.9765 

R=0.96 
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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 T0). 

 

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 T0. 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 Cl- diffusion into 

the ternary concretes. Similar results have also reported in the literature [3, 4]. The low  

Cl- 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 Cl- 

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 Cl- [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 Cl- 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 Cl- 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: (I) less porosity, (II) more 

complexity, (III) 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 (Fl), 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 (αss), temporal attenuation 

(αts), and energy (ƐS), 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 Cl--diffusivity than concretes containing 

only 20%FA and only PC, respectively. The 90-day Cl- 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 Cl- 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 Cl- 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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Ecorr of -300 mV, whereas, Ecorrs of -420 and -470 mV were measured for the 20%FA 

and only PC concretes, respectively. 

7. 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 icorr values lower than 0.5 µA/cm2; whereas, Icorrs of 0.7 

and 2.0 µA/cm2  are measured for only 20%FA and only PC concretes, respectively. 

8. The long-term immersion in a chloride solution does not negatively affect the 

compressive strength of the ternary concretes.  

9. 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. 

10. 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. 

11. 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. 

12. 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.  

13. All in all, ternary concretes manufactured with 70%PC+20%FA+10%UtSCBA and 

60%PC+20%FA+20%UtSCBA outperformed concretes prepared with 



158 

 

 

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 αS, αt, 

and ε 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 Cl- [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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