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EXECUTIVE SUMMARY 

In order to improve the durability of the transportation infrastructure affected by corrosion in the 

most efficient manner, we proposed to characterize and develop a new material to manage 

corrosion in reinforced concrete (RC) elements. The desirable features of this propose material 

system would include the barrier effect to the corrosion precursors and harsh environment 

hindering the RC elements with time. 

Reinforced Concrete (RC) structures are vital to the US’ infrastructure due to their high durability 

and superior mechanical performance when used as prime materials for bridges, superstructures 

and other civil engineering applications. Despite of such importance, the RC elements have been 

deteriorated rapidly when exposed to corrosive environments.  The deterioration mechanism is 

known to follow the evolution concept under steady state conditions including three different 

stages: I) mass transport of the ionic corrosive precursors (chlorides) within the concrete matrix, 

II) activation of the metallic rebar due to a loss of native passive layer, and III) increase charge 

transfer reaction rate of the rebar which leads to corrosion products at the rebar and possible 

concrete cracking. This could be the cause of the current inadequate performance levels we are 

encountering in our infrastructure elements in region 6. 

Corrosion inhibitors can be utilized to decrease the corrosion kinetics and therefore increase the 

durability of reinforced concrete structures. Recently, a green synthesized organic compound, 1-

benzyl-4-phenyl-1H-1,2,3-triazole (BPT), was shown to be a successful green organic corrosion 

inhibitor for mild steel. Studies suggested that the BPT adsorbs chemically onto the steel and acts 

as a mixed inhibitor, suppressing both the anodic and cathodic corrosion kinetics of steel. In 

addition, microcapsules have shown to be an efficient way for a controlled inhibitor release in 

reinforced concrete structures. On the other hand, geopolymers (GPs) comprised of a long range 

of covalently bonded alumino-silicates, with amorphous network structure are generally 

considered as a suitable substitute for OPC for many structural applications due to their high 

strength and durability. The use of recycled waste materials or natural abundant materials for the 

production of GPs have attracted world-wide attention as it presents an environment-friendly 

aspect that may shed light on for replacing traditional OPC by its sustainability. One of the 

advantages of GPs is the significant reduce to CO2 emission due to the energy consumption, the 

geopolymers utilize materials such as fly-ash, which is a byproduct of coal combustion, or natural 

precursor materials (clays, basalt rocks, etc.) and their derives (metakaolin), which does not 

produce net CO2 emission.  Recent studies have shown that GPs based cements can hinder the 

corrosion of reinforcement steel in concrete structures when compared to OPC, mostly because of 

lower chloride ingress (due to barrier protective capabilities) and the highly alkaline pH nature of 

geopolymer cements.  

The expected deliverable from this project is a technical report summarizing all tasks and findings 

including necessary design guidelines of durable reinforced GPC concrete structures. The team 

also anticipates publishing high-impact research publications including journal and conference 

articles.  
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1. INTRODUCTION  

Corrosion inhibitors can be utilized to decrease the corrosion kinetics and therefore increase the 

durability of reinforced concrete metallic materials. Inhibitors are widely used in corrosion 

technology, but their use as control action for steel corrosion in concrete has been limited. Different 

studies that have been suggesting the positive effect of different inhibitors applied to reinforced 

concrete system, but several disadvantages of applying such technology have been noticed. Some 

of them include the release of some chemicals to the environment resulting in environmental 

contamination, or the negative influence of the reinforced concrete physico-chemical properties (1, 

2), and others can lead to health conditions as for the case of calcium nitrite compounds (3).  

Among different inhibiting substances evaluated that are appropriate for the alkaline medium in 

concrete, calcium nitrite has provided successful results, even for cracked concrete [4]. Therefore, 

it has been used commercially with some relative success. However, some disadvantages and 

issues for this chemical due to carcinogenic and toxic properties have been raised [3], also the cost 

and scarcity in some countries for related compounds. Other routes have been taken to overcome 

the previous issues, some additives have been studied in an effort to use a more sustainable 

replacement by eliminating or decreasing the use of calcium nitrite. It has been found that 

Ca(NO2)2 improves the corrosion resistance of steel to chloride-ion attacks for w/c ratios lower 

than 0.5. Troconis de Rincon et.al. (2, 5-8), studied the use of ZnO and its mixture with Ca(NO2)2.  

It was found that when using 2%wt Ca(NO2)2 the metal lost its passivity following 400 days of 

exposure (8). But, when ZnO was added, at equal proportions, the steel remained in its passive 

state, reducing Cl- diffusion to the reinforcement, which allows Ca(NO2)2 to act efficiently on the 

reinforcement by maintaining its passivity [9]. The best results were found when equal proportions 

of the two inhibitors were used (ZnO/Ca(NO2)2 at 2%wt. Different approaches, have been targeting 

for nitrite replacement (10) by using different compounds (gluconate, phosphate, urotropine, 

chromates, resorcinol, fluoroglucinol, and zinc oxide) with not success.  

Other investigations (11) developed rehabilitation processes for reinforced concrete structures by 

using four inhibitor formulations: (i) organic inhibitor; (ii) mixture of surfactant and amino salts 

in water, or volatile corrosion inhibitor; (iii) alcanolamine additive; and (iv) Ca(NO2)2. The four 

inhibitors were applied in presence of chloride-contaminated concrete and pre-corroded 

reinforcements, the results indicated that the use of (ii) and (iii) resulted in a significant reduction 

in corrosion rate, contrary the others (i) and (iv) produced a substantial increase in corrosion.  

More recently, Sousa Rivetti M et al. (12) and Han-Seung Lee et. al. (13) published a review on 

the recent trends in corrosion inhibitors for reinforced concrete and their application in the 

laboratory and field conditions. They found that there are several organic and inorganic inhibitors 

available to control the corrosion of the steel rebar, however most of them are synthetic in nature 

and are prone to release environmentally hazard chemicals. 

 

Geopolymers as “a class of totally inorganic, alumino-silicate based ceramics that are charge 

balanced by group I oxides. They are rigid gels, which are made under relatively ambient 

temperature and pressure into net shape bodies” (14). In the last 40 years, Geopolymers have been 

extensively studied as cementitious materials for concrete structures and soil stabilization (15-17), 

fire resistant and thermal insulating coatings (18, 19), materials for encapsulation of radioactive 
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waste (20), and corrosion resistant coatings and adhesives (21-23), etc. The chemistry of 

geopolymers can described with chemical formula Mn[-(SiO2)z – AlO2-]n·wH2O  where M is the 

alkali metal cation, n is the degree of polymerization, z is the Si/Al  ratio (usually 1, 2, 3…), and 

w is the molar water quantity. It is worth noting here, that the activating metal cation M (usually 

Na+, K+,etc.) is believed to stay in the geopolymer framework cavities close to Al and balance the 

negative charge of the IV-coordinated [-AlO2-]- (21). Geopolymers are usually prepared with a 

Si/Al ratio of 1.8-2.2, an H2O/(Al2O3 +SiO2) ratio of 2.0-5.0, and a M/Al ratio of 0.9-1.2 (where 

M is Na or K). 

Tran-SET project No. 19CTAM02 has been focused on developing environment friendly 

geopolymers as a cementitious material for reinforced concrete to increase the durability of RC 

structures. The project includes the study of reinforced GP concrete samples exposed to the 

corrosive conditions at laboratory scale. This study revels fundamental mechanism(s) of rebar 

corrosion in reinforced GP concrete and understanding of the role that GPs have on in corrosion 

control.  The results of current and previous research will provide enormous leverage for a more 

efficient corrosion management system based on corrosion mechanisms and control conditions. 
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2. OBJECTIVES 

The main objective of this study is to develop an innovative, sustainable, and eco-friendly 

multifunctional corrosion control technology, based on geo-polymer binders with BPT (a green 

synthesized organic compound) additions that will have a simultaneous dual action. That is to 

provide a barrier to corrosion species, while inhibiting the corrosion of the reinforcing steel. It is 

expected that this research project will contribute to the infrastructure integrity, durability and 

sustainability by implementing a new sustainable multifunctional corrosion control system to the 

concrete field to achieve high corrosion resistance and enhanced durability with alleviated 

environmental contamination. 

More specific objectives of the proposed projects are: 

• Conduct electrochemical testing of either BPT, GPC or a combination of both control 

actions concrete reinforced with steel rebar in simulated corrosive environment using 

both AC and DC methods. 

• Determine corrosion mechanism and kinetics of the reinforcement steel in BPT integrated 

in concrete. 

• Optimize the corrosion control action composition for maximum corrosion protection of 

reinforcing steel rebar. 
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3. LITERATURE REVIEW 

3.1. Geopolymer-based Cement Concrete 

Geopolymer concrete (GPC) has been of interest since the early 2000s and achieved strength that 

is on par with OPC concrete (22-24). However, as of 2016, most of the studies focuses on 

optimizing FA-based GPC concrete while curing them under elevated temperature, which is not 

ideal for implementation (25). The main shortcoming with studies that utilize FA is that FA does 

not have a consistent composition and it can vary a lot depending on the location that it is sourced 

from. This means that it is usually difficult to reproduce the studies, in addition, the price of FA 

has been surging lately with the increase in demand from the concrete industry and the shift of 

energy production from coal plants. MK-based GPC has been more extensively studied in the past 

few decades for a more fundamental understanding on GPC since it is a pure aluminosilicate source 

that is reactive and more consistent regardless of the source. Some of the examples are physical 

evolution with temperature (26-28), formation of crystalline phase [29,30], structural studies using 

nuclear magnetic resonance (NMR) spectroscopy (31). However, there are only a few studies on 

mechanical properties and long-term durability (32-38). One of the main issues with the durability 

of concrete structure is the corrosion of steel rebar reinforcement, which is an extensive field of 

interest in the OPC community (39), but not a lot of research has been done for reinforced GPC 

concrete. Many researchers have claimed GPC to be better than OPC when it comes to inhibiting 

corrosion (40,41), however, there are only about half a dozen of papers available in the public 

domain, and they have conflicting conclusions on the corrosion inhibiting performance of GPC 

(42-48). One of the main reasons for the conflicting results is because all of the research except 

for part of one use FA, and as mentioned before, FA can produce different results due to varied 

composition from different sources. Another issue that makes it difficult to compare between the 

studies is that all the conclusions were drawn without any sort of systematic parametric testing, in 

order words, none of the studies provide any guidance towards producing better GP to inhibit rebar 

corrosion. Instead, the studies synthesized a couple of GP compositions and draws the conclusion 

from there. The rest of the section will do an in-depth review on the available literature that 

investigated the chloride-induced corrosion inhibiting performance of GPC in chronological order. 

Miranda et al. (42) is one of the earliest study on the chloride-induced corrosion resistant 

performance of GPC. Miranda et al. compared OPC mortar with two types of FA-based GPC 

mortars where one was activated with sodium hydroxide while the other was activated with a 

mixture of sodium hydroxide and sodium silicate. The samples were cured in elevated temperature 

and designed in a way that there’s a 7 mm penetration depth between the surface and the steel 

rebar, but the detailed condition on the corrosive environment were not reported in the paper. 

Through electrochemical measurements, it was shown in the study that FA-based GPC achieves a 

better early protection than OPC, but the degree of protection decreases gradually for FA-based 

GPC while it improves for OPC during the 3-month testing period. This is most likely because 

fresh GPC paste already has a high pH because of the activating solution, while OPC becomes 

more alkaline with time as more and more of the components dissolve. Overall, this study showed 

that FA-based GPC is not as effective as OPC to protect steel rebar from chloride-induced 

corrosion in the long term. 
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Reddy et al. (43) compared OPC concrete with two types of FA-based GPC concrete, where one 

was synthesized with 8M sodium hydroxide-sodium silicate blend while the other was synthesized 

with 14M sodium hydroxide-sodium silicate blend. The OPC concrete specimens were cured in 

ambient condition while the GPC concrete specimens were cured in elevated condition. The 

specimens partially immersed in seawater solution for 21 days before testing, then a DC current is 

applied to accelerate the corrosion. This study clearly showed that GPC concrete is vastly superior 

over OPC concrete with corrosion current measurement and weight loss measurement of the rebar. 

Particularly for the weight loss measurement of rebar, the 3 rebars in OPC loss between 50-75% 

of the weight while all 6 rebars in GPC showed no significant weight loss. Even though GPC 

showed significantly better performance over OPC, the result should still be taken with a grain of 

salt since GPC specimens are cured under elevated conditions while OPC specimens weren’t. 

Another factor that could have affected the study is the difference in water content and 

superplasticizer between GPC and OPC specimens since the GPC specimens had superplasticizer 

and significantly less water than the OPC specimens. 

In Shaikh’s work (44), 7 mixes were made with OPC as the control mix and the rest are GPC with 

either 14M or 16M NaOH and ratio of sodium silicate to sodium hydroxide between 2.5-3.5. The 

samples were made so that there is a 42 mm of penetration depth from the surface to the rebar. The 

concrete samples were subjected to 8 wet/dry cycles with 4 days in 3.5 wt% sodium chloride 

solution and 3 days of drying. Shaikh reported that GPC samples overall performed better than 

OPC samples in terms of rebar mass loss, chloride penetration, and open-circuit potential (OCP). 

From the mass loss measurement, it was observed that OPC did not have good adhesion to rebar 

while GPC did, and the rebars in OPC loss about 0.5% of mass while no significant mass loss can 

be measured from rebars in GPC samples. It was also observed from chloride penetration and OCP 

test that GPC with higher concentrated sodium hydroxide and more sodium silicate performed 

better. A potential explanation for these results is that the more concentrated sodium hydroxide 

solution is able to dissolve the FA better and higher content of sodium silicate provides more 

dissolved silica for geopolymerization. 

Chindaprasirt et al. (45) prepared 6 different mixes of GPC using varied concentration of sodium 

hydroxide ranging from 8 to 18M with class C FA. The samples were made so that there’s a 94 

mm of penetration depth between the surface and the rebar. The samples are cured for 28 days in 

ambient condition and then exposed to marine environment for 3 years. The study shows that the 

FA-based GPC can effectively inhibit the diffusion of chloride ions when the activator solution 

(sodium hydroxide) is more than 14M. The weight loss measurement of rebar also observes the 

same result from the chloride diffusion test. This study showed that class C FA-based GPC 

concrete in real marine environment has some promising potentials, however, it did not show how 

OPC would perform under the same condition. In addition, the parametric test done in this study 

simply showed that well-reacted GPC can inhibit the diffusion of chloride better and does not 

provide any further insights. 

Babaee et al. (46) investigated the performance of 1 GPC composition using a blend of FA, ultra-

fine FA, and ground granulated blast-furnace slag activated by a mixture of 12M sodium hydroxide 

and sodium silicate. The samples are made so that there’s a penetration depth of 73 mm, and then 

cured under elevated temperature. For testing, the samples are subjected to 1 week of immersion 

in 3.5 wt% sodium chloride solution, then exposed to ambient condition for 2 weeks for a total of 

11 cycles. From OCP and linear polarization resistance measurements, it was found that the GPC 

samples has comparable performance with the results on OPC from one of their previous studies 
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(49). This study has done a very thorough investigation on the chloride-induced corrosion 

performance of GPC, the only shortcoming would be the lack parametric study and the usage of 

local materials, which does not give much guidance to other researchers who would want to further 

the study. 

Tennakoon et al. (47) compared OPC with 3 different mixes of GPC that used different FA to slag 

ratios. The FA and slag are activated with sodium silicate, and the samples are cured in ambient 

condition for 28 days. The samples were prepared so that there’s a penetration depth of 465 mm, 

and then they were immersed in either 2.83M (16.5 wt%) or 0.6M (3.5 wt%) NaCl solutions. From 

OCP measurements alone, GPC seems to be inferior when compared to OPC, however, GPC 

showed better results when looking chloride penetration and visual inspection of the corrosion 

product on the rebar. Between the 3 GPC compositions, the composition with more slag 

outperforms the ones with less slag. Overall, this study showed some very interesting results, and 

the disconnect between electrochemical results and corrosion activity would need further 

investigations. 

Gunasekara et al. (48) compared OPC with GPC made from 3 different FAs. The FAs were 

activated with a mixture of 15M sodium hydroxide and sodium silicate. The samples were made 

so that there’s a 70 mm penetration depth and then cured in elevated temperature condition. After 

curing, the samples are exposed to 3% sodium chloride solution for a week then ambient condition 

for 2 weeks, and the cycled for 540 days. Overall, GPC shows similar performance compared to 

OPC unless chloride is added into the concrete mix, then in that case OPC outperforms GPC 

significantly. This study also showed that different FA can have significantly varied performance, 

depending on its composition and reactivity.  

3.2. BPT and Inhibitors 

Admixtures can be added to concrete to modify many of the material properties of concrete to 

make it more workable, allow it to set faster and reach full-strength sooner (50). Certain types of 

admixtures can be added to the concrete mix that can prevent or inhibit corrosion of the embedded 

reinforcement. These admixtures are known as corrosion inhibitors and they can be classified as 

either organic or inorganic, as well as anodic, cathodic, or mixed where the inhibitor suppresses 

both the anodic and cathodic reactions. An inhibitor may reduce corrosion in reinforced concrete 

by reacting with the chlorides and reducing the ingress of the ions or raising the threshold needed 

to break the passivation layer, or by reducing the corrosion rate once initiated (51). Some inorganic 

anodic inhibitors perform this by self-passivating, while some cathodic inhibitors form protective 

surface deposits (52). Organic inhibitors work to inhibit corrosion by chemisorption onto the 

surface of the metal, which then promotes growth and maintenance of the intrinsic passive film. 

As of now, the only corrosion inhibitor commercially used in reinforced concrete is calcium nitrite 

(Ca(NO2)2) and has been reported to have relative success in inhibiting corrosion (51,53). 

Ca(NO2)2 is classified as an anodic inhibitor and is typically added to the cement mix as calcium 

salt. The inhibitor reacts with Cl-, reducing the chloride concentration and releasing nitrite ions 

(NO2).  The NO2 then oxidizes the Fe++ ions to produce Fe3+ ions, which will precipitate in the 

concrete and on the steel surface aiding in the passivation of the rebar. This effect has been noted 

to only work in concentration ratios of [NO2]/[Cl-] greater than 0.7 to 1.0, depending on different 

material and environmental factors. If insufficient quantities are reached, the anodic nature of the 

inhibitor, as well as any other anodic inhibitor, may aggravate the corrosion, leading to pitting (52). 
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Additionally, since the inhibitor is soluble, there is a possibility of it leaching from the concrete 

and severely reducing the corrosion inhibition effectiveness. In addition, its use results in concern 

related to its toxicity and possible environmental damage as nitrite is known to cause health 

problems (53,54). 

In the interest of health and environmental safety, green organic corrosion inhibitors are a great 

option for inhibiting corrosion in reinforced concrete. The difference between these options of 

non-green and green organic corrosion inhibitors is that the latter considers the reduction of 

harmful additives that can be toxic to users and the environment both during the synthesis and the 

use of the product (55). Common green inhibitors are synthesized from plant extracts and are 

biodegradable (56,57). 

A green synthesized organic compound, 1-Benzyl-4 Phenyl-1H-1,2,3-Triazole (BPT) was 

proposed to be used as a corrosion inhibitor in reinforced concrete. Fernandes, M.C. et al (55) 

reported the use of BPT as a successful corrosion inhibitor of mild A36 steel in an acidic 

environment (1 M HCl). The synthesis of the BPT involved in this project removes long synthetic 

procedures and the production of toxic additives that allows it to be considered green. Additionally, 

these 1,2,3-Triazole compounds have been noted to be found as biologically active compounds, 

commonly used in the medicinal industry. As BPT is an organic compound, its suspected method 

to inhibit corrosion is by chemisorption onto the surface of the steel and then promote growth and 

maintenance of the protective oxide films. Furthermore, the Tafel polarization curves produced 

from the work in mild steel classified the inhibitor as a mixed inhibitor, affecting both the anodic 

and cathodic reactions. 
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4. METHODOLOGY 

4.1. Geopolymer Synthesis 

The GPs used in this research were synthesized by researchers using sodium or potassium 

hydroxide (Noah Technologies, TX), amorphous fumed silicon (IV) oxide (Alfa Aesar, MA) with 

350- 410 m2/g specific surface area, MetaMax® (BASF Catalysts LLC, NJ) metakaolin, and 

deionized water. Metakaolin is a purer aluminosilicate source than the more commonly used fly 

ash with higher impurities and was therefore used as a precursor for GP synthesis in this research. 

The potassium hydroxide was dissolved in deionized water to create a highly alkaline solution to 

process the alkali metal cations. The amorphous fumed silicon oxide was then added to adjust the 

SiO2/Al2O3 ratio of the final product as desired, to create the activating solution for the synthesis 

of geopolymer. The activating solution was then mixed with metakaolin, which is a high-purity 

activating aluminosilicate source in a high-sheared mixer for 6 minutes at 400 revolutions per 

minute (RPM) to create a homogenized mixture, known as GP. The general procedure for 

geopolymer synthesis is shown in Figure 1. 

 

Figure 1. Procedures for geopolymer synthesis. 
 

4.2. Selection of Geopolymer Compositions 

Since GPC has 4 chemical parameters, the number of possible compositions is endless and was 

narrowed down to a few compositions, while still having enough variation to efficiently test the 

effect for each of the parameters. Based on the work done within Tran-SET project #19CLSU04, 

several preliminary compositions were chosen because of their good compressive strengths, then 

the compositions were adjusted so that there is enough number of tests done on each of the 4 

parameters. The previous study had 2 phases – during the first phase, 10 compositions were cured 

for 14 days, then during the second phase, the compositions were narrowed down to 4 based on 

the results from the first phase for further testing after curing for 28 days. According to the results 

obtained from the previous #19CLSU04 study, the promising GP conditions were selected as 
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shown in Table 1. Note that all GPC samples with different compositions are labeled as KXYZ, 

where the XYZ numbers denote SiO2/Al2O3 ratio, water to solid ratio used to prepare GPC, and 

K/Al ratio respectively. For example, GPC sample K421 is sample prepared with K-activator, and 

SiO2/Al2O3=4, water/solid ratio=2, and K/Al=1. To compare the anti-corrosion performance with 

the OPC concrete samples, the water/cement ratio (or water/binder ratio in the case of GP samples) 

were calculated for each GP composition.  

Table 1. List of GP compositions. 

Test Set K-GP Water/Binder Ratio 

Set 1 K 33(1.2) 0.45 

Set 1 K 3(4.3)(1.2) 0.65 

4.3. BPT Inhibitor Evaluation 

4.3.1. Selection of Optimal BPT Concentration  

To select the optimal BPT concentration to be used in mortar specimens, the BPT inhibitor was 

evaluated in a synthetic pore solution (SPS). The electrochemical experiments followed 

procedures based in ASTM G59 and ASTM G61. The SPS was prepared with 8.33 g/L NaOH + 

23.3 g/L KOH + 2.0 g/L Ca(OH)2 (pH = ~13.51), and deionized water from a Milli-Q® Water 

Purification System (resistivity: 18.2-18.7 MΩ.cm) and analytical pure grade reagents. The BPT 

is not very soluble in water, therefore N-methyl-2-pyrrolidone (NMP) was used as a co-dissolver 

to allow the BPT to dissolve in the SPS. A mother solution with a BPT concentration of 

approximately 2.35mg/mL in NMP was prepared. Aliquots of this mother solution were used to 

prepare the test solutions. 

The electrochemical tests were performed using a Gamry Reference 600+ Potentiostat. The test 

cell was a three-electrode setup composed of a platinum mesh as counter electrode (CE), a 

Saturated Calomel Electrode (SCE) for solutions with chloride or a Mercury Mercurous Sulfate 

Electrode (MSE) for solutions without chloride as reference electrodes (RE), and a #3 carbon steel 

reinforcing bar (C 0.41%, Mn 0.57%, P 0.013%, S 0.051%, Si 0.16%, Cu 0.35%, Cr 0.19%, Ni 

0.22%, Mo 0.092%, V 0.003%, Cb 0.000%, Sn, 0.012%, Al 0.000%, per the mill report) as the 

working electrode (WE). 

A cylindrical WE with a length of 10cm was used. Both ends were covered with a coating leaving 

an exposed area of 4.2cm2 (Figure 2). Different masking materials were tested (lacquer, paint, 

epoxy), trying to exclude crevice corrosion on the rebar. In addition, a 1018 carbon steel sample, 

½” in length with a 3/8” diameter, provided in a Gamry EuroCell Kit, was also used as WE in 2 of 

these experiments. The WEs were prepared by polishing with a series of 120-600 grit SiC paper 

and then submerged in acetone for 5 minutes prior to being introduced in the SPS. Three different 

electrolytes, shown below, were used in the experiments. The experiments were performed in 550 

mL of solution. 

• SPS. 

• SPS + 0.1 M Cl (5.844g/L NaCl). 

• SPS + 0.6 M Cl (35.064g/L NaCl). 
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The WE was allowed to be submerged in the electrolyte for 24 hours, prior to conducting 

electrochemical measurements, to allow for passivation and/or activation. The Open Circuit 

Potential (OCP) was measured prior to the tests to check if the system was in steady-state 

conditions. The electrochemical measurements performed on the Gamry Potentiostat followed a 

sequence of OCP, Polarization Resistance (PR), OCP, Electrochemical Impedance Spectroscopy 

(EIS), OCP, Anodic Cyclical Polarization (CYP), and OCP. The PR was measured from -30mV 

to +30mV from OCP, with a scan rate of 0.167mV/s, according to ASTM G59. The EIS was 

measured from 105 Hz to 0.001 Hz.  The CYP ran at a scan rate of 0.167mV/s, beginning at 30mV 

more negative than the OCP and with a limiting current density of 1 x 10-3 A/cm2. 

 

 

Figure 2. Specimen schematic 

Further immersion tests in SPS followed a modified version of the ASTM G180 (74). The 

electrolytes used in this procedure were based on SPS instead of a cement slurry. In these 

experiments, the test cell was de-aerated and continuously purged with CO2-free air throughout 

the experiment. The #3 carbon steel reinforcing bar used for the WE was cut into 2 cm long 

specimen and the cross-sectional surface was exposed. These specimens were encased in 

Ultrabond 2 epoxy coating after tapping a copper wire attached to one face to allow a robust 

electrical connection to the Potentiostat, with the opposite specimen face polished, following the 

same procedure mentioned before and leaving an exposed area of 0.498±0.009 cm2. The conditions 

displayed in Table 2 were tested with and without chloride (2 M NaCl). 

Table 2. Immersion test conditions 

Condition 
NaOH 

(g/L) 
KOH (g/L) 

Ca(OH)2  

(g/L) 
BPT (mM) 

NMP 

(mL/L) 
pH (No Cl) pH (w/ Cl) 

SPS1 8.33 23.3 2 - - 13.6 13.3 
SPS2 8.33 23.3 2 - 100.12 13.5 13.3 
SPS3 8.33 23.3 2 - 400.48 14.2 13.6 
SPS4 8.33 23.3 2 1 100.12 13.7 13.3 
SPS5 8.33 23.3 2 2 200.24 13.7 13.3 
SPS6 8.33 23.3 2 3 300.36 13.8 13.4 
SPS7 8.33 23.3 2 4 400.48 14.1 13.6 
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Experiments started by pouring 500 mL of the electrolyte being used, into the test cell. The pH of 

the solution was measured and then the test cell purged with CO2-free air for 5 minutes at 300 

cc/min, per the ASTM G180 standard, prior to the introduction of the WE. The WE was polished 

again with 600 grit and ultrasonically cleaned with hexane for 2 minutes prior to being immersed 

in the electrolyte. The WE was then immersed in the electrolyte for 24 hours while purging the 

cell . After 24 h, chlorides were added to the cell using analytically pure NaCl and stirred for 4 h 

using a magnetic stirrer, while continuing to purge the cell. After stirring, the test cell continued 

to purge for 20 h, prior to the beginning of the electrochemical measurements. If the experiment 

were to not use chlorides, after the immersion of the WE, the test cell purged for 48 hours straight, 

prior to the beginning of the electrochemical measurements. The Gamry Potentiostat followed the 

sequence: OCP, PR, OCP, PR, and then OCP. Each OCP following the steady-state identification 

(first OCP) was measured for 5 minutes, with a sample period of 0.5s to validate the non-

destructive electrochemical techniques performed. Once the electrochemical measurements were 

completed, the WE was removed from the test cell, and the pH of the electrolyte was measured. 

The WE was then rinsed and cleaned with ethanol. 

4.4. Preparation of Reinforced Samples 

4.4.1. Mix Design of Geopolymer-based Cement Mortar Samples  

According to the selected geopolymer compositions, the geopolymer mixture was prepared. Based 

on such geopolymer system, to examine the effect of 1-benzyl-4-phenyl-1H-1,2,3-triazole (BPT) 

as a green corrosion inhibitor equipped with anti-corrosion function, such inhibitor was add-mixed 

into the concrete matrix before curing. Additionally, to address with enhanced dissolve of BPT 

into the synthetic pore solution (SPS), N-methyl-2-pyrrolidone (NMP) was also added into the 

system. The compositions of each concrete system are shown in Table 3. Please notice the amounts 

shown in the Table 3 would be based on the size of each batch used during the preparation of 

mortar samples. 

Table 3. List of GP compositions examined in this study. 

Sample ID NMP (mL) BPT (mM) w/c ratio 

K 33(1.2) + BPT - 4 0.45 

K 33(1.2) + BPT + NMP 957.526 4 0.45 

K 3(4.3)(1.2) + BPT - 4 0.65 

K 3(4.3)(1.2) + BPT + 

NMP 
957.526 4 0.65 

4.4.2. Mix Design of BPT-based Ordinary Portland Cement Samples 

Once the optimal concentration of the BPT inhibitor was determined in the SPS immersion tests, 

mortar specimens were created to perform electrochemical and physic-mechanical tests. Ordinary 

Portland Cement (OPC) mortar specimens used a 0.65 w/c mix and Geopolymer (GP) mortar 

specimens contained both a 0.65 w/c and 0.45 w/c mix. The ACI Standard Practice for Selecting 

Proportions for Normal, Heavyweight, and Mass Concrete (50) was used to design the recipe for 

mortars. The composition of the mortar mixes used for the specimen utilized tap water, OPC type 

I/II low alkali, and all-purpose sand that meets ASTM C33 (58) requirements for preliminary 
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mortar tests and silica sand that meets ASTM C778 (59) for the actual mortar specimens to be used 

as fine aggregate (Table 4). 

Table 4. Composition of the mortar for 1 m3 

Substances Mass (kg) 

Water 222.21 

Cement 341.66 

Sand 796.95 

 

Since the electrochemical tests in SPS solutions indicated that the optimal concentration of the 

inhibitor was between 2-3 mM BPT, the mortars were prepared with concentrations of 2, 2.5 and 

3 mM BPT. These mortars were used to conduct OCP and PR, following ASTM C876 (60) and 

ASTM G59 (61), respectively, after accelerated exposure per modified ISO11474 (62). The 

dimensions of the electrochemical mortar specimen molds were 20.5 cm x 10.5 cm x 8.5 cm, but 

were only filled with mortar mix to a 6 cm height, giving a cover of 3 cm on at least one of the 

faces (the one exposed to 0.6M NaCl). The following conditions were tested once fully cured (28 

days): 

• Control 
• 2mM BPT 

• 2.5mM BPT 

• 3mM BPT 

• 2.5mM BPT + NMP 

• 3mM BPT + NMP 

 

The molds used for the mortar specimens were sprayed with vegetable oil and wiped down to 

gather any excess at least 30 minutes prior to the pouring of the mortar mix, to allow the specimens 

to be easily removed after dry curing. If the condition utilized both BPT and NMP, a mother 

solution was created and allowed to magnetically stir for 1 hour prior to adding to the mix. After 

the sand and cement amounts were weighed out, half the total water volume needed was added to 

the sand and mixed for 1 min to allow the fine aggregate to become moistened. The cement amount 

was then added to the mix. For the control condition, the other half of the water volume was added 

with the cement. For conditions containing BPT only, the inhibitor was added into the cement and 

mixed, prior to being added to the main mix, with the other half of the water volume added soon 

after. For conditions with both, BPT and NMP, the amount of the mother solution created was 

accounted for the total liquid volume, reducing the amount of water in the mix. The BPT and NMP 

solution was added to the main mix after the cement, with water added afterwards to get to the 

total liquid volume. The mortar mix was stirred for 5 minutes, allowing the mixture to become 

homogeneous.  

In addition to the geopolymer-based cement concrete, the mix-design of the BPT-based ordinary 

portland cement concrete samples were also prepared according to Table 5. The targeted water-to-

cement ratio (w/c ratio) was 0.65, which potentially allow early-period corrosion initiation of the 

reinforcing steel, hence the examination of the reinforcing steel with presence or absence of such 

green-corrosion inhibitor could have been performed in a realistic time horizon. Please notice the 
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amounts shown in the Table 5 would be based on the size of each batch used during the preparation 

of mortar samples. 

Table 5. List of OPC compositions examined in this study. 

Sample ID Water (kg) 
Cement 

(kg) 
Sand (kg) NMP (mL) BPT (mM) w/c ratio 

Control 4.52 6.96 16.43 - - 0.65 

2.5 mM  BPT 4.52 6.96 16.43 - 2.5 0.65 

2 mM BPT 4.15 6.96 16.43  2 0.65 

3 mM BPT 4.52 6.96 16.43  3 0.65 

2.5 mM BPT + NMP 3.39 6.96 16.43 1132 2.5 0.65 

3 mM BPT + NMP 3.17 6.96 16.43 1358 3 0.65 

 

4.4.3. Sample Preparation Procedure and Preliminary Results with BPT-added Mortar 

The procedure to make the mortar specimen is as follows: 

 

1. 30 minutes prior to creating the mortar mix, spray the mold with vegetable oil. Wipe down any 

excess. 

 

2. Weigh amount of sand, cement, and water needed. 

 

3. In a mixing bowl, pour the sand and half of the water amount, then mix together for 1 minute 

to allow the sand to become saturated with the water. 

 

4. Pour the cement and half the water amount into the mixing bowl, then mix together for 5 

minutes or until the mix is homogeneous. 

 

a. If evaluating BPT only, introduce BPT amount with cement amount. Mix into cement prior to 

introduction. 

b. If evaluating BPT + NMP, create solution prior to introduction and introduce with half of water 

for cement. Account for water added by subtracting regular volume amount presented in table, 

by the BPT + NMP solution volume.  

 

5. Pour mortar mix, once homogeneous, into the mold. Pack the mortar into the mold, then 

cover with moist paper to avoid evaporation of liquid in the mix.  

 

6. After 24 hours, remove paper from mold. If specimen is not fully cured yet (case of the mortar 

with NMP), cover surface with a moist paper for an additional 24 hours. Disassemble mold to 

remove mortar specimen, then immerse specimen in water until ready for experiments. 
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To understand the effect that the BPT inhibitor and the co-dissolver NMP have on the physic-

mechanical properties of mortar specimens and improve the mortar preparation process prior 

creation of the main specimens, preliminary tests were conducted. The samples were 2 in. mortar 

cubes prepared following ASTM C109 (63), to observe flow, setting time, and compressive 

strength. A concentration of 3mM BPT was chosen for evaluation in the mortar cubes as it showed 

the most optimal performance in the SPS tests. The BPT was evaluated by itself, with the amount 

of BPT added with respect to the amount of OPC present in the mix, and with NMP, with the 

amount of BPT and NMP added in respect to the water amount present in the mix. The amount 

prepared for the mix was enough to create a batch of 6 mortar cubes, plus 20% to account for any 

errors in the preparation process. Each batch was hand mixed and prepared prior to the afternoon, 

or late in the afternoon to avoid high temperatures and reduce the evaporation of the water content. 

The following conditions were tested: 

• Control 

• BPT 

• BPT + NMP 

The mortar mix prepared was used to create 3 cubes, with leftover mix to be used for a slump test. 

The slump test is defined in ASTM C1437, which describes the process to determine the flow of 

hydraulic cement mortar (64). The test was performed using a flow mold, shaped like a cone, to 

contain the mortar mix. This mold was placed on top of a flow table, following ASTM C230 [65], 

and once the mold was full of mortar mix, the mold was removed, and the table was tapped 25 

times, allowing the mortar mix to flow and expand. After tapping the table, the diameter of the 

resulting shape is measured in 4 different directions and recorded. Due to the absence of a flow 

table, a modified version of the slump test procedure was used. To perform this modified version, 

a plastic cone with similar dimensions that the one specified in the standard was used and the test 

was run on a fixed table to make the 25 taps recommended by the standard, before letting the 

mortar go out of the cone. 

The 3 mortar cubes that were prepared, stayed in the mold for 24 hours, or 48 hours if the cubes 

did not fully solidified yet, while covered with a damp cloth to prevent the evaporation of the 

liquids. After the cubes were removed from the molds, they were placed in a container filled with 

tap water to cure. While ASTM C109 (63) recommends compression testing at 28 days, due to the 

availability of testing materials, these cubes were tested after being immersed for 38 days. To 

perform the compressive tests on these preliminary cubes, a Gilson MC-250CS load frame with a 

max capacity of 10000 psi, was used. 

The designs of the testing specimens are shown in Figures 3 and 4. For the corrosion testing, the 

concrete sample contained two #3 reinforcing steels with exposed area of 31.35 cm2, and the size 

of the concrete specimen was 20.5 cm length, 10.5 cm width, and 6 cm height. The area for the 

water entrance was designed as 4 inch (~10 cm) by 2 inch (~5 cm). For the mechanical properties 

of each mortar composition, 2 inch cube samples were also prepared. Furthermore, to measure the 

porosity throughout the concrete matrix, the cylindrical shaped specimens were also prepared with 

their dimension of 10 cm diameter and 3 cm height. For the corrosion testing specimens, the mix 

was poured into the mortar molds containing 2 #3 carbon steel rebars which have mill 

specifications listed in Table 6. The rebars were shear cut into 10 in. long specimen. Once cut, 

copper wires were soldered onto each end of the rebar specimen. The rebars were then sandblasted 

using glass bead abrasive media with a 120-150 grit, then degreased with acetone. An exposed 
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section with a 10 cm length was masked using Macropoxy 646. The epoxy was applied to the ends 

of the rebar, then cured for 3 days at room temperature. Prior to insertion to the electrochemical 

molds (Figure 3), the exposed area was degreased with acetone. 

Once casted, the mortar mixes stayed in their molds for at least 24 h, or 48 h depending on if the 

sample has not set, while covered with a damp cloth. Once solidified, the specimens were carefully 

removed from the molds to begin the curing process. 

Table 6. Chemical composition of rebars used in electrochemical test mortar specimen 

  % 

Element C Mn P S Si Cu Cr Ni Mo V Cb Sn Al 

Batch 1 0.41 0.57 0.013 0.051 0.16 0.35 0.19 0.22 0.092 0.003 0.000 0.012 0.000 

Batch 2 0.44 0.64 0.009 0.041 0.17 0.33 0.07 0.12 0.039 0.000 0.000 0.012 0.001 

4.4.4. Electro-Chemical and Physical-Mechanical Characterization of the Mortar 

Following the same mortar preparation in section 4.4.4, the sample conditions were also prepared 

in molds of different dimension depending on the type of test to be performed as specified below. 

In terms of the curing procedure, the OPC cubes were placed in a tub and immersed in water, while 

the GP cubes were wrapped in a moist cloth to cure until ready for testing. 

 

 
Figure 3. Mortar electrochemical molds. 
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Figure 4. Schematics of samples tested. 

 

4.4.4.1. Compressive testing 

These 2 inch mortar cubes followed ASTM C109 standard (63) to determine the compressive 

strength of each of the sample conditions. A Gilson MC-250CS load frame and a MTS 

311.31/311.31 load frame were used for the preliminary and actual tests, respectively. The cubes 

were tested at 31 days. 

4.4.4.2. Electrical resistivity 

To determine the resistivity of the mortar specimens (10-cm diameter cylinders) to the flow of 

chloride ions, an electrical resistivity test could was performed (66). These mortar cubes were 

poured to a height of 3 cm to follow the DURAR manual (67) to determine the electrical resistivity 

of each of the conditions. Once cured to the specified day, a MC Miller 400A soil resistivity meter 

was utilized to conduct the measurements immediately once the specimens were removed from 

the curing container.  

4.4.4.3. Capillary absorption 

The 10-cm diameter mortar cubes were poured to a height of 3 cm to follow the DURAR manual 

(67) to determine the absorption for each of the conditions. These specimens were the same used 

in the electrical resistivity tests in section 4.2.4b. After the resistivity tests were performed, the 

specimens were placed in an oven set to 50°C to dry for at least 48 hours and then removed once 
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weight measurements were consistent between 1-hour readings. The curved surface of the 

specimen was coated in candle wax to avoid evaporation. The specimens were then weighed and 

placed on sponges immersed in a tub of water. The water was kept at a level 3 mm above the 

submerged face of the specimen and the weight of the specimen was recorded at 1/10, 1/6, 1/4, 

1/2, 1, 2, 3, 4, 6 h points and then at 24 h points until mass consistency was reached (0.1% 

difference between consecutive 24h readings). After this test, another resistivity test was 

performed the curing container.  

4.4.4.4. Electrochemical corrosion tests 

Modified ISO 11474 Standard (62) was used, as an accelerated test, to evaluate the effect of BPT 

in mortar, with and without GP. For both the OPC and GP electrochemical test specimen, the 

exposed rebar on each side of the specimen was wrapped in electrical tape. Then, the specimen 

was wrapped in a damp paper towel and placed in a plastic bag to cure until ready for 

environmental exposure per ISO11474 and electrochemical tests (62). The paper towels were 

kept continuously damp during the curing process and were replaced along with the plastic bags 

once a week to prevent the growth of microorganisms. 

The 0.65 w/c OPC and GP mortar specimens were cured for 28 days, while the 0.45 w/c GP mortar 

specimens were cured for 7 days prior to exposure and electrochemical testing. Measurements 

were performed with a Copper/Copper Sulfate (CCS) RE and a Fluke multimeter for OCP 

measurements to check for stability and a Gamry Potentiostat for LPR tests. These specimens were 

sprayed, periodically, with a 3.5 wt% NaCl solution once OCP measurements were stable. EIS 

measurements were also run, using the same procedure indicated in SPS evaluation. 

The geopolymer concrete (GPC) samples were prepared according to the results obtained from 

previous TranSET project No. 19CTAM02, which showed the superior anti-corrosion 

performance from the composition named K3(2.5)(1.2). Such name represents the cementious 

geopolymer composition was based on potassium, and the ratio used were SiO2/Al2O3 = 3, 

water/solid = 2.5, and K/Al, respectively. To properly perform the immersion testing of the 

concrete specimens, the specimens were mounted with dam to contain the electrolyte as shown in 

Figure 5, according to ASTM G 109. The mounting of the dam was performed after the curing 

process. The specification of the dam area was 2” x 2” mounted with epoxy resin. The mounted 

dam was filled with 200 mL 3.5 wt.% NaCl electrolyte to simulate the sea water condition. More 

detailed experimental set-up can be found in the project report No. 19CTAM02. 

It is important to mention that, although these specimens were prepared according to ASTM G 

109, a different electrochemical evaluation was carried out, using the EIS technique, which gives 
more information about the mechanism than the techniques indicated in that standard. Then, the 

corrosion performance of the produced GPC samples was characterized by electrochemical 

impedance spectroscopy (EIS) at room temperature with applied electrolyte. The EIS is a powerful 

non-destructive technique that allows the user to monitor, characterize, and determine the 

performance of the RC system and efficiency in different environments. A large number of 

corrosion results under immersed concrete tests have been analyzed on visual inspection, which is 

dependent on one’s individual viewpoint and could not be explained quantitatively. To overcome 

the qualitative weakness of visual inspection EIS is utilized to quantitatively monitor the 

electrochemical processes of the system while it is under constant immersion condition. A 

schematic illustration of EIS is shown in Figure 6. 
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Figure 5. Schematics of the electrochemical testing. 

 

 

Figure 6. Conventional three-electrode system. 
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The constant immersion testing was performed using the aforementioned dam filled with 200 mL 

of 3.5 wt% NaCl electrolyte with an exposed area of 24.55 cm2 using the Gamry 1000E 

Potentiostat/Galvanostat. The rebar substrates which were samples of interest, were used as the 

working electrodes (WE), while graphite rod which was an inert electrode was used for passage of 

current worked as a counter electrode (CE). A saturated calomel electrode (SCE) was used as a 

reference electrode (RE) to measure the potential. The test sequence involved 20 minutes of open 

circuit potential (OCP) followed by EIS at frequencies of 100 kHz to 0.03 Hz with 10 points per 

decade and an amplitude of 10 mV rms. 

4.4.4.5. Fog Chamber Testing 

The samples were also tested with ASTM B117 that illustrates the accelerated water uptake 

through fog-chamber testing. To perform the test, the design of the reinforced concrete specimen 

was adapted as shown in the previous figure. In addition to such specimen, the specimen was also 

covered by epoxy coating except the water entrance area, which have allowed to assume that the 

water with aggressive chloride ion only have penetrated through the entrance without multi-

directional chloride uptake. As such assumption was possible, we also could have applied the 

Fick’s first law to describe the diffusional behavior of the chloride ions upon the specimen was 

exposed to electrolytes that contains aggressive ions, such as chloride ions. Such experimental set-

up is illustrated in Figures 7 and 8. The ASTM B117 test was performed at 35 Celsius with 25 psi 

pressure for 720 hours. 

 

    

 

Figure 7. Schematics for fog-chamber testing under ASTM B117. 
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Figure 8. Fog-chamber testing under ASTM B117. 
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5. ANALYSIS AND FINDINGS 

5.1. Corrosion Behavior of the Geopolymer-based Cement Concrete Samples 

5.1.1. Open-Circuit Potential 

Figure 9 depicts the open circuit potential (OCP) trends over the testing period for the geopolymer 

sample with the selected composition. The results from OCP can provide a qualitative indication 

of the embedded rebar’s corrosion activity. The potential difference between the standard reference 

electrode and the steel rebar as working electrode was used to assess the corrosion of the sample. 

In this experiment, the criterion suggested previously was applied to understand the regime that 

the rebar experience. From such figure, it can be observed that the OCP of the K 33(1.2) sample 

has a constant and repeatable trend around the low to intermediate corrosion risk until the 75 days 

of immersion in 3.5 wt.% NaCl electrolyte, and in the case of epoxy coated sample a longer period 

of rebar protection was observed. This is indicative that the sample matrix formed with such binder 

can effectively delay the water uptake which contains corrosive species, such as chloride ions. By 

providing such barrier effect, the rebar embedded within the sample could have been well-

protected up around two months without proceeding to the severe corrosion regime. 

 

 
 

Figure 9. OCP trend of the K 33(1.2) geopolymer samples. 

However, we can also observe the earlier breakdown of the reinforcing rebar in case of that there 

is no epoxy coating around the concrete sample. This can be owing to the evaporation of the 

electrolyte at the exposed surface of concrete. Specifically, once the electrolyte penetrates 

throughout the concrete matrix, and reach to any certain concrete surface that is exposed to the 

environment with air, such electrolyte evaporated and caused enhanced penetration of electrolyte 
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into the concrete system. As such enhanced penetration of electrolyte also have brought the more 

of corrosive ions, e.g. chloride ions, into the concrete system, it is reasonable to estimate that the 

critical chloride ion concentration could have met in an earlier manner, which may have caused 

the corrosion initiation of reinforcing steel in an earlier manner. Such early degrading trend of the 

reinforcing steel is well-illustrated in the OCP trend following the ASTM corrosion criteria for 

reinforced concrete system shown in Figure 10, and due to the introduction of high chloride ion 

concentration we can observe the earlier entrance of the OCP values into the severe corrosion 

range in case of the absence of epoxy coating layer on top of the concrete sample. 

 

Figure 10. ASTM corrosion criteria for reinforced concrete (15). 

5.1.2. Electrochemical Impedance Spectroscopy 

Figure 11 represents the Nyquist plots of the tested samples obtained by EIS testing for the K 

33(1.2) sample. It is observable that the Nyquist plots over the immersion period have similar 

shape as the typical impedance plots for the concrete samples. Additionally, such plots shown are 

in a good agreement with the previously shown OCP trend. Specifically, there is no noticeable 

change with the tail part of the impedance plot, which potentially indicative that the there was no 

distinctive degradation of the embedded rebar part. Such intact trend was lasted until day 70. After 

that point, the epoxy-coated K 33(1.2) sample also revealed gradual degradation of its reinforcing 

steel, indicative that the electrolyte finally uptaked throughout the concrete matrix then reached to 

the depth of reinforcing steel. Thus, the OCP value which was still maintained at a relatively 

positive side finally tended to decrease towards more negative sides then entering to the severe 

corrosion regime. 

Meanwhile, it is also observable that the Nyquist plots get shifted over the prolonged immersion 

period. This is more dominant especially in the early immersion period, and this would be 

attributed to the slight segregation of the geopolymer towards the surface which is occurred with 

the unavoidable sinking of the aggregates, Nevertheless, it is also observable that such rapid 

electrolyte uptake has been relieved as the uptaking electrolyte reaches to the zone with the 

aggregate, which follows the designed aggregate/binder ratio. Meanwhile there is still a gradual 

decrease of the impedance values, especially in the real impedance value, and this suggests that 

the samples’ matrix has been gradually penetrated by the electrolyte with the corrosive species, 

such as chloride ion and oxygen. However, as the tail part of such plot did not show the decreasing 

regime until around day 90, which allows estimating that such electrolyte penetrating path may 

have not reached to the depth that rebar is embedded. 
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However, when the immersion test was prolonged over 70 days, it was observable that the tail part 

of the Nyquist plot also tended to be decreased. Such trend is indicative of the electrochemical 

reactions at the interface between electrolyte and the reinforcing steel, which have caused 

continuous loss of the corrosion resistance of the steel that also includes the dissolution of metal. 

Due to the high chloride concentration, it is estimated that the native passive layer of the 

reinforcing steel may not have provided noticeable barrier protection. In case of the sample without 

the epoxy coating, the Nyquist plot trend also shows an earlier degradation of metal, which is in a 

good agreement with the previous OCP trend. Specifically, it is observable that the tail part of the 

Nyquist plot dramatically decreased at around day 50, and a similar trend is observable until day 

65, and both are representing there was an active corrosion regime without any noticeable 

protection mechanism.  

 

Figure 11. Nyquist plot of trend of the K 33(1.2) geopolymer samples (left-with epoxy coating, right-without epoxy 

coating). 

5.1.3. Deterministic Modeling 

Following the electrochemical results, we were able to propose a mechanism base on the dynamics 

of the interface. The interfacial reactions of the electrolyte up-taking the geopolymer matrix are 

characterized by EIS. Due to the number of experiments and parameters involved the variability 

is not considered for this effort. The probabilistic approach is not performed due to the nature of 

the mechanism. Deterministic approach was implemented based on the elements of the 

electrochemical system (aqueous electrolyte, solid electrolyte-geopolymer- and rebar) could be 

studied by deterministic modeling. The theoretical modeling with RC elements and electrolyte 

characteristics, as well as their validation with electrochemical and concrete testing, allows 

quantitative approach in regards of the concrete degradation. A simple model based on 

rebar/concrete interface analysis and real-time monitoring characterization in corrosive 

environment helped to develop a deterministic approach, as illustrated in this section. Considering 

the previous EIS results that revealed the general Nyquist plot shape which is also illustrated in 

Figure 12, we could have addressed the contribution of each element within the concrete system 
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by identifying them as concrete bulk, bulk-electrode hybrid, and electrode interface, and also able 

to quantifying the effect of each operator in such electrochemical system.  Due to the relatively 

fast material degradation of the GPC compared to that of conventional OPC, the merit that comes 

from the probabilistic modeling is not considerable as much as the one from the deterministic 

modeling, therefore only the deterministic modeling has been studied to better understand the 

concrete degradation in a quantitative manner. 

 

Figure 12. Nyquist plot of carbon steel electrodes in (a) ordinary portland cement and (b) synthetic pore solution [68]. 

Based on this conceptual understanding of the electrochemical system composition, an electrical 

equivalent circuit (EEC) model is suggested as shown in Figure 13 to provide effective parameters 

quantitatively in the corroding system. The impedance spectra that included the concrete bulk, 

bulk-electrode hybrid, and electrode interface are allocated for each segment of the equivalent 

circuit component, respectively. 

 

 

Figure 13. Electrical equivalent circuit for the concrete system. 

 

The ECs included elements, namely, the solution resistance (Rs), concrete bulk resistance (Rc), 

bulk-electrode resistance (Rbe), charge-transfer resistance (Rct), capacitance in terms of the 

constant phase element (CPE), concrete bulk pore capacitance (Qc), bulk-electrode capacitance 

(Qbe), and double-layer capacitance (Qdl). The CPE concept was introduced to represent the 

depressed impedance semicircles, which is known to be occurred from the various physical 

properties of the concrete resulting in the time constants distributions [69,70]. The CPE 

capacitance can be described as below 

𝐶 = 𝑌0(𝜔”𝑚𝑎𝑥)𝑛−1 

 



25 

where Y0 and 0 < 𝑛 ≤ 1 are the model parameters, and 𝜔”𝑚𝑎𝑥  is the angular frequency at the 

maximum imaginary impedance 𝑍”. 

The quantified impedance parameters obtained from the aforementioned ECs are summarized in 

Table 7. During the immersion period, the K 33(1.2)-epoxy coated sample revealed the gradual 

decrease of both concrete bulk resistance (Rc) and bulk-electrode resistance (Rbe), and this can be 

due to the water uptake throughout the concrete matrix including the partially segregated 

geopolymer cement layer. It is also noticeable that the charge-transfer resistance (Rct) does not 

change until the immersion day of 70, which is indicative that the reinforcing itself was 

successfully protected from corrosion reactions from the corrosive electrolyte by the presence of 

geopolymer concrete matrix. Nevertheless, it is also observable the decrease of Rct after day 70, 

and such also have caused the increase of double-layer capacitance (Qdl). These trends are 

illustrative of the degradation of the reinforced steel in terms of electrochemically activated regime. 

This could have caused by the penetration of the corrosive electrolyte throughout the concrete 

matrix that finally reached to the rebar interface, then started the electrochemical reactions at the 

electrolyte/metal interface. Due to the extensive charge transfer reactions, the interface 

continuously loses semi-capacitive behavior while revealing the charged double layer features. 

In case of the K 33(1.2)-no epoxy coated sample also represented a similar trend. However, 

somewhat accelerated degradation of the concrete system was observable represented by the fitting 

results including the decreased Rc and Rbe in the relatively earlier period. Such could have occurred 

by the enhanced water uptake as the electrolytes reached to the concrete surface level could have 

been evaporated by the surrounding environment which also may have triggered the faster 

accumulation of chloride ions within the concrete system. Therefore, the decrease of the Rct along 

with the increase of Qdl was observed from earlier period, such as day 50 of immersion. It is also 

estimated the higher chloride ion due to the accumulation during immersion test that has occurred 

within the concrete matrix of the K 33(1.2)-no epoxy coated sample may also have caused a 

relatively faster degradation of the reinforcing steel represented by the value of polarization 

resistance, Rp = Rc + Rbe + Rct, which was lower than the case of K 33(1.2)-epoxy coated sample.  

Table 7. Impedance parameters for the GPC samples immersed in 3.5 wt.% NaCl electrolyte. 

Time 

(day) 

𝑅𝑐 

(Ω 𝑐𝑚2) 

𝑄𝑐 

(𝐹 𝑐𝑚−2 𝑠𝑛−1) 
𝑛𝑐 

𝑅𝑏𝑒 

(Ω 𝑐𝑚2) 

𝑄𝑏𝑒 

(𝐹 𝑐𝑚−2 𝑠𝑛−1) 
𝑛𝑏𝑒  

𝑅𝑐𝑡 

(Ω 𝑐𝑚2) 

𝑄𝑑𝑙 

(𝐹 𝑐𝑚−2 𝑠𝑛−1) 
𝑛𝑑𝑙  

𝑅𝑝 

(Ω 𝑐𝑚2) 

K 33(1.2)-Epoxy Coated         

1 6.1 × 103 6.4 × 10-10 0.99 6.0 × 103 9.9 × 10-4 0.59 1.2 × 105 8.1 × 10-4 1 1.3 × 105 

2 4.7 × 103 8.3 × 10-11 0.92 4.6 × 103 9.9 × 10-4 0.53 1.2 × 105 7.4 × 10-4 0.98 1.3 × 105 

5 3.8 × 103 1.7 × 10-9 0.57 4.5 × 103 9.9 × 10-4 0.56 1.2 × 105 7.7 × 10-4 0.99 1.3 × 105 

10 3.3 × 103 2.0 × 10-10 0.81 4.2 × 103 1.1 × 10-3 0.54 1.2 × 105 7.5 × 10-4 0.98 1.3 × 105 

15 3.0 × 103 2.7 × 10-10 0.78 3.9 × 103 1.1 × 10-3 0.54 1.2 × 105 7.2 × 10-4 0.97 1.3 × 105 

20 2.8 × 103 6.2 × 10-10 0.71 3.7 × 103 1.3 × 10-3 0.56 1.2 × 105 7.2 × 10-4 0.96 1.3 × 105 

35 2.6 × 103 1.9 × 10-10 0.84 3.6 × 103 1.3 × 10-3 0.57 1.2 × 105 7.2 × 10-4 0.96 1.3 × 105 

50 2.4 × 103 3.0 × 10-10 0.79 3.5 × 103 1.3 × 10-3 0.58 1.2 × 105 7.3 × 10-4 0.96 1.3 × 105 

60 2.4 × 103 5.0 × 10-10 0.71 3.5 × 103 1.2 × 10-3 0.59 1.2 × 105 7.2 × 10-4 0.96 1.3 × 105 

70 2.3 × 103 8.0 × 10-10 0.69 2.3 × 103 1.2 × 10-3 0.59 1.2 × 105 7.1 × 10-4 0.96 1.2 × 105 

90 2.4 × 103 7.9 × 10-10 0.70 2.4 × 103 1.7 × 10-3 0.62 2.1 × 104 1.4 × 10-3 0.95 2.6 × 104 

105 2.2 × 103 7.0 × 10-10 0.70 2.2 × 103 1.5 × 10-3 0.62 3.0 × 104 1.1 × 10-3 0.94 3.4 × 104 

Time 

(day) 

𝑅𝑐 

(Ω 𝑐𝑚2) 

𝑄𝑐 

(𝐹 𝑐𝑚−2 𝑠𝑛−1) 
𝑛𝑐 

𝑅𝑏𝑒 

(Ω 𝑐𝑚2) 

𝑄𝑏𝑒 

(𝐹 𝑐𝑚−2 𝑠𝑛−1) 
𝑛𝑏𝑒  

𝑅𝑐𝑡 

(Ω 𝑐𝑚2) 

𝑄𝑑𝑙 

(𝐹 𝑐𝑚−2 𝑠𝑛−1) 
𝑛𝑑𝑙 

𝑅𝑝 

(Ω 𝑐𝑚2) 



26 

 

5.2. Evaluating BPT Effect 

5.2.1. Electrochemical Evaluation in SPS 

The polarization resistance, Rp, values measured from the different conditions are presented in 

Figure 14. The Rp values were taken from the resulting PR plot as the slope at the value at which 

i = 0 A/cm2, following ASTM G102 (71). The corrosion rate of the metal can be taken from the 

Rp using the Stern-Geary equation (61). This equation [1] calculates the corrosion current density, 

icorr, as shown: 

                        [1] 

The parameters of βa and βc represent the anodic and cathodic Tafel slopes, respectively. These 

are both taken equal to 0.12 V, resulting in a Stern-Geary coefficient, B = 0.026 V (67). It is well 

known that for active conditions, B has a value in the order of 26mV and for passive conditions, a 

value in the order of 52mV, which means 26mV is a good value to use for all the conditions. It is 

also the value used in the commercial equipment to evaluate corrosion rate of reinforcement. The 

units of Rp are ohm-cm2 and following the necessary conversions to present icorr in units of µA/cm2, 

the corrosion rate (CR) of the carbon steel rebar was determined using the following equation [2]: 

         [2] 

The coefficients EW and ρ represent the equivalent weight and density of the corroding species, 

which in the case of carbon steel was taken as EW = 27.92 g and ρ = 7.87 g/cm3 (71). The resulting 

CR is presented in mm/year in Figure 15. 

K 33(1.2)-No Epoxy Coated         

1 3.9 × 103 2.1 × 10-10 0.77 4.4 × 103 1.1 × 10-3 0.57 1.2 × 105 7.5 × 10-4 1 1.3 × 105 

7 3.0 × 103 7.0 × 10-10 0.70 3.5 × 103 9.2 × 10-4 0.57 1.2 × 105 7.6 × 10-4 1 1.3 × 105 

14 3.0 × 103 9.9 × 10-10 0.66 3.5 × 103 9.2 × 10-4 0.58 1.2 × 105 7.4 × 10-4 1 1.3 × 105 

21 2.8 × 103 1.1 × 10-9 0.66 3.4 × 103 9.7 × 10-4 0.58 1.2 × 105 7.5 × 10-4 1 1.3 × 105 

28 2.8 × 103 7.4 × 10-10 0.68 3.4 × 103 1.0 × 10-3 0.57 1.2 × 105 7.2 × 10-4 0.99 1.3 × 105 

35 3.0 × 103 2.3 × 10-9 0.59 3.7 × 103 9.9 × 10-4 0.58 1.2 × 105 7.4 × 10-4 1 1.3 × 105 

42 3.2 × 103 2.7 × 10-9 0.57 3.7 × 103 1.0 × 10-3 0.55 1.2 × 105 7.0 × 10-4 0.99 1.3 × 105 

50 3.2 × 103 2.9 × 10-9 0.59 2.6 × 103 2.5 × 10-3 0.56 4.3 × 103 1.6 × 10-3 0.83 1.0 × 104 

65 3.1 × 103 2.1 × 10-9 0.61 2.2 × 103 2.4 × 10-3 0.53 4.2 × 103 1.6 × 10-3 0.83 9.5 × 103 



27 

 

Figure 14. Polarization resistance values from SPS immersion tests seen in Table 2 (SPS1 = SPS, SPS2 = SPS + 100 mL 

NMP, SPS3 = SPS + 400 mL NMP, SPS4 = SPS + 1 mM BPT + 100 mL NMP, SPS5 = SPS + 2 mM BPT + 200 mL 

NMP, SPS6 = SPS + 3 mM BPT + 300 mL NMP, SPS7 = SPS + 4 mM BPT + 400 mL NMP) 

 

 

Figure 15. Corrosion rate values from SPS immersion tests seen in Table 2 (SPS1 = SPS, SPS2 = SPS + 100 mL NMP, 

SPS3 = SPS + 400 mL NMP, SPS4 = SPS + 1 mM BPT + 100 mL NMP, SPS5 = SPS + 2 mM BPT + 200 mL NMP, 

SPS6 = SPS + 3 mM BPT + 300 mL NMP, SPS7 = SPS + 4 mM BPT + 400 mL NMP 
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For conditions containing 2mM of BPT, the corrosion rate decreased. The high values for 

condition SPS3 (higher amount of NMP) can be attributed to the high pH value (pH > 14), where 

higher values of pH require more chlorides to break the passive film. In Figure 14 there is a dashed 

red line in which points above show evidence of a passive film formed on the carbon steel rebar 

surface, protecting it in the SPS solutions (corrosion rate lower than 0.1 µA/cm2 or1.1 µm/y) (67); 

which is also shown in Figure 15. At concentrations above 3mM, a decrease in effectiveness is 

seen, leading to the assumption that the optimal concentration lies somewhere between 2 and 3mM 

BPT. 

The effectiveness of BPT is also confirmed in subsequent EIS tests where the Nyquist plots show 

greater half-circle diameters as the concentration of the BPT increases, showing better protection 

of the rebar surface (Figure 16). The effect is continued with the SPS3 condition, again due to the 

high pH of the solution, creating a stronger passive film on the rebar. 

 
Figure 16. Nyquist plot of SPS with 2 M Cl immersion tests (SPS1 = SPS, SPS2 = SPS + 100 mL NMP, SPS3 = SPS + 

400 mL NMP, SPS4 = SPS + 1 mM BPT + 100 mL NMP, SPS5 = SPS + 2 mM BPT + 200 mL NMP, SPS6 = SPS + 3 

mM BPT + 300 mL NMP, SPS7 = SPS + 4 mM BPT + 400 mL NMP 

Following the LPR and EIS tests, anodic cyclical potentiodynamic polarization measurements 

were made. As can be seen in Figure 17, the pitting potentials increased with increasing BPT 

concentrations. The final range of potential was increased to see if the carbon steel rebar specimens 

could produce a repassivation potential, but no condition was able to repassivate prior to reaching 

OCP. 
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Figure 17. Anodic cyclical potentiodynamic polarization tests in SPS solutions containing 2 M Cl (SPS1 = SPS, SPS2 = 

SPS + 100 mL NMP, SPS3 = SPS + 400 mL NMP, SPS4 = SPS + 1 mM BPT + 100 mL NMP, SPS5 = SPS + 2 mM BPT 

+ 200 mL NMP, SPS6 = SPS + 3 mM BPT + 300 mL NMP) 

5.2.2. Preliminary Results 

Results of the compressive and flow table tests are presented in Table 8. Due to the imprecise 

nature of the load frame used for the preliminary testing (load rate controlled by a valve) several 

specimens were improperly loaded and lost. These specimens are highlighted in red in the table. 

Nevertheless, a trend based on single values for each condition showed decreasing strength with 

conditions containing NMP. The results of the flow table tests showed decreased flow percentage 

with the addition of NMP, where it possibly affected the w/c ratio, and in turn the workability, of 

the mix as a reduction of water was needed to keep a consistent liquid volume. This is the case 

with BPT + NMP 1 condition, where the total liquid volume used in the specimens was exceeded 

since the total NMP volume was added to the total water volume and this increased the flow  

percentage. A leaching test performed using high performance liquid chromatography (HPLC) 

was performed and found no BPT or NMP in the curing water samples tested. Using this 
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knowledge, the mortar specimens produced for the further physico-mechanical and 

electrochemical tests were able to be mixed and prepared appropriately, allowing a more efficient 

use of material and proper preparation. 

Table 8. Preliminary mortar specimen compression and slump test results 

 Compressive Strength (MPa)  

Mortar 

Specimen 

Measurement 

1 

Measurement 

2 

Measurement 

3 
AVG Flow (%) 

Control 1 36.2 29.0 11.8 29.0 N/A 

Control 2 N/A 13.9 N/A 13.9 76.3 

BPT 32.4 16.4 24.2 24.3 131.6 

BPT + NMP 

1 
12.6 11.8 12.1 12.1 136.8 

BPT + NMP 

2 
6.5 16.0 14.6 15.3 71.1 

 

5.2.3. Mortar Specimens- BPT and Hybrid BPT/GP Effect 

5.2.3.1. Physical-Mechanical Characterization of the Mortar 

Compression Testing. Figure 18 shows the results of the compressive resistance, after 31 days of 

curing. As expected from the design, the compression resistance of the mortar is low and it is 

comparable to other concrete specimens of the same w/c ratio (72). The 2.5mM BPT concentration 

(added with the cement), showed the best compression resistance out of all the conditions tested. 

The specimens prepared with NMP showed the worst compression resistance. The GP mortar 

cubes, at both 0.45 and 0.65 w/c, showed similar values, both above the control condition. 

However, during the test, once the ultimate strength was achieved, the GP cubes had a very brittle 

failure mode, destroying the outer layers of the cube. This is in contrast with the OCP mortar 

specimens, which failed alongside the exposed face (the face of the cube not placed against a wall 

of the mold). This leads to a concern with the GP specimens where delamination of the cover can 

occur once a sufficient load is reached. Images after failure of an OPC mortar cube and a GP 

mortar cube can be seen in Figure 19. 

 
Figure 18. Mortar cube compression test results after 31 days of curing 
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a) OPC mortar specimen b) GP mortar specimen 

Figure 19. Mortar specimen after compressive testing 

Resistivity Testing.  The results of the resistivity tests following the DURAR manual (67) are 

seen in Figure 20. Once the electrical resistance, Re, was determined, the electrical resistivity is 

given by equation [3]: 

p = Re (A/L) (ohm.cm)  [3] 

The same trend was found when the resistivity was measured in the different specimens, after 

curing (31 days) and after evaluating the effective porosity of the mortar (36 days). As with the 

compression tests, the 2.5mM BPT displayed the best results (highest compressive strength).  The 

inclusion of BPT increased the resistivity of the specimens, which indicates a less aggressive 

mortar for the reinforcement.  

Porosity Testing. The results of the 31-day capillary absorption tests following the DURAR 

manual are shown in Figure 21. The capillary absorption test concerns the interconnectedness of 

the capillary pores present in the mortar or concrete as these pores affect the strength and 

accessibility of water or corrosive species (durability) to the rebar. The conditions show similar 

results for 0.65 w/c concrete specimens (72), although they showed lower water absorption. This 

is possibly due to the different aggregates size in the concrete, creating larger voids, while the 

mortar specimens use a more homogeneous aggregate, leading to smaller pores. In principle pastes 

and mortars should be more compact when compared to concrete due to the formation of the 

Interfacial Transition Zone (ITZ) at the interface with the larger aggregate particles of concrete. 

Therefore, the permeability of concrete should consequently be higher than that for mortar 

specimens. The NMP conditions show a clearer linear region compared to the non-NMP conditions 

(Figure 21), showing a significantly higher absorption rate. 

 

 



32 

 
Figure 20. Mortar specimen resistivity tests, after 31 days of curing and after the water absorption test (36 days). 

 
Figure 21. Mortar specimen 31 day capillary absorption tests  

The method produces three coefficients: the mortar specimen’s resistance to water penetration, m, 

the capillary absorption coefficient, k, and the effective porosity, εe (67). These are used to 

describe the kinetics of mortar capillary absorption and are calculated using the following formulas: 
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The coefficients Wt and Wo represent the weight value taken at the time of weighing and prior to 

the immersion of the specimen into the water tub, respectively. The dimensional qualities of the 

specimen were taken as area, A = 7.85x10-3 m2 and height, z = 0.03488 ± 0.002 m2. The 

coefficient k was calculated from the measurements recorded in the first 6 h measurement intervals. 

The values produced by these equations are used to calculate another coefficient, S, which is the 

capillary sorption coefficient, and is given by: 

 

Both the S and εe coefficients are presented in Figure 22.  

The results showed that, again, that 2.5 mM BPT, without NMP, improved the quality of the 

specimen from the point of view of durability, which is represented by a decrease in the average 

capillary sorption and effective porosity of the mortar. It is important to note that there is no 

statistically difference between the parameters for 2.5 mM BPT and 3 mM BPT. 

When comparing all the physical-mechanical properties of the different mortars evaluated, it can 

be indicated that 2.5 mM BPT appears to be an optimal concentration in the mortar/concrete since 

there is no detrimental effect on these properties. However, it is necessary to perform another 

evaluation after 90 days of curing to determine the behavior of the NMP in the long term. 

Regarding the hybrid corrosion control system (BPT + GP), it is also necessary to wait until the 

90-days of curing to have the results of water absorption tests; but the compression resistance 

increased after 31-days of curing. 

 
Figure 22. Mortar specimen capillary absorption tests at 31 days 
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5.2.3.2. Electrochemical Testing 

The electrochemical tests performed up to date on samples sprays with salt following the modified 

ISP 11474 standard show promising results. After 20 days of exposure, results of the OCP 

measurements have shown values becoming more noble over time (Figure 23), showing the 

passivation of the embedded reinforcement as the specimen cured overtime. Initial Rp 

measurements of specimens containing only BPT, where they increase over time, more than the 

control and BPT + NMP counterparts (Figure 24). 

 
a) Rebar A 

 
b) Rebar B 

Figure 23. Mortar specimen OCP measurements during ISO11474 exposure 
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a) Rebar A 

 

 
b) Rebar B 

Figure 24. Mortar specimen Rp measurements during ISO11474 exposure 
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6. CONCLUSIONS 

The durability of reinforced Geopolymer-based Concrete in the corrosive environment has been 

characterized with promising results from the mass transport process mechanism or physical 

barrier blocking mechanism. 

The electrochemical results suggest physical barrier mechanism blocking the chloride when the 

GPC materials are formed, where the mass transport process dominates and the physical results. 

Overall, the potassium-based geopolymer could have protected the reinforcing steel from 

corrosion for over 60 days when the sample is exposed to the high concentration of chloride 

containing electrolytes. 

With the presence of BPT and NMP as co-dissolver, it was found that their presence can help with 

enhancing the anti-corrosion property of the reinforcing steel according to the experiments with 

the simulated pore solution. The optical BPT concentration was found in between 2 to 2.5 mM for 

the best anti-corrosion performance. The physical-mechanical testing results are also indicative 

that the BPT can potentially be beneficial for the mortar’s mechanical properties. However, the 

presence of NMP decreased such mechanical properties which may owing to the increased w/c 

ratio of the mortar system. Additionally, relatively higher mortar matrix porosity values were 

observed from the NMP-containing samples, which can negatively affect the barrier performance 

of the mortar matrix. 

It was also found that the presence of chloride ions can decrease the inhibition efficiency according 

to both the polarization resistance range and calculated corrosion rate. According to the corrosion 

testings of the reinforced mortar samples following ISO11474, considerably higher anti-corrosion 

performance was observed in both 2 and 2.5mM BPT samples, and such substrate protection was 

prolonged over 50 days of immersion period. Meanwhile, it was also found that the higher BPT 

and NMP concentrations are not necessarily beneficial for the inhibiting performance, as the higher 

concentration of such compounds tended to decrease the barrier performance. 

 

  



37 

REFERENCES 

1.   Troconis de Rincon, O. Uso de los Inhibidores para el Control de la Corrosión del Acero de 

Refuerzo del Concreto. Presented at VIII Reunión Latinoamericana 

de Electroquímica y Corrosión, Barcelona, Argentina, 1988: pp. 444-446.  
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