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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.

The proposed study for the geopolymer based cements (GPC) show good mechanical and chemical
results for some mixtures and the corrosion resistance properties, as it provides new approach for
eco-friendly components. The current research with reinforced GPC concrete, provides sustainable
greener alternative for the existing reinforced concrete infrastructure and a potential to have one
or two control mechanisms for corrosion control (barrier and inhibition effect) in durable system.
The methodology developed was optimized following new processing routes, the physical
properties and electrochemical results are pointing in the direction to improve the RC systems. The
equivalent circuit analogs characterized quantitatively the parameters for the GPC system prone
to have more durability.

Based on the experimental findings, GPC showed better corrosion inhibiting performance when it
is sodium-based, the SiO> = 3 instead of 4, lower water/solids ratio, and higher alkali/aluminum
ratio. Out of all the parameter, the alkali cation seems to have the most impact on the corrosion
inhibiting performance. Optical microscopy showed that the rebar and GPC still form a good
interface even after electrochemical tests indicating severe corrosion in the rebar.

The analysis included deterministic modeling in order to characterize the mechanisms occurring
at the interface rebar-geopolymer system, the experimental data available permitted to
quantitatively characterize the geopolymer system without considering the probabilistic approach.
The electrochemical parameters based on the equivalent circuit analysis were able to characterize
and quantify the performance of the different compositions proposed in the geopolymer based
material.

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.



1. INTRODUCTION

Reinforced concrete (RC) is a ubiquitous choice of material for transportation infrastructure due
to its low-cost, high compressive strength, and ease of use. The most common combination usually
is ordinary Portland cement (OPC) binder with steel rebar. Since OPC creates a highly alkaline
environment (pH > 12), the steel rebar is able to form a passive layer to minimize the corrosion
rate and prolong the its integrity (/). However, there are various common aggressive agents (e.g.,
chloride ions, sulfate ions) that can breakdown the passive layer and/or reduce the pH of OPC,
which then causes corrosion in the steel rebar. The formation of the corrosion product would then
induce tensile stresses in the concrete and further compromises the integrity of the structure
through cracking and delamination (2). To counteract this problem, various approaches have been
taken to prolong the durability of RC. One of these approaches is to modify the rebar with coatings
acting as either a dense barrier (e.g., epoxy) (3) or a sacrificial barrier (galvanize with Zn) (4, 5)
to further reduce the rate for the aggressive agents to reach the steel. Another common approach
is to add corrosion inhibiting agents such as calcium nitrate into the cement mix to slow down the
diffusion rate of the aggressive agents (2). All of these methods have proven to be effective to a
certain degree, however, corrosion is a persisting problem with steel and researchers are always
looking for more effective and innovative ways to prolong its service life.

Another issue with OPC is its impact on the environment during the production process. OPC is
the most produced man-made material (3.5 billion tones in 2015), and it is estimated that 5-6% of
the anthropological CO2 emission is due to OPC production (6). The production of OPC is an
energy-intensive process that requires high temperature for the clay and calcium carbonate to react,
in addition, the reaction also releases a large amount of CO> (7). Recently, a new class of
aluminosilicate polymers known as geopolymers (GPs) have received much attention as an eco-
friendly and sustainable alternative to OPC in various transportation infrastructure applications
(8). Geopolymer-based cement (GPC) is a family of materials that consists of three-dimensional
non-crystalline aluminosilicates network stabilized with alkali cations (9). The main attraction
with GPC is that it can be processed with waste materials (e.g., fly ash, steel slag) and/or natural
resources (e.g., calcined clay), which are inexpensive and abundant, at room temperature while
still have properties such as compressive strength similar to that of OPC (/0-12). More
importantly, studies have shown that the use of GPC can reduce CO; emission up to 44-64% when
compared to the use of OPC (/3).

This report covers the work on the durability of reinforced GPC concrete when exposed to
simulated corrosive marine environment. This would provide an insight to the applicability of this
new class of sustainable and eco-friendly material for the transportation infrastructure in the
coastal area of Region 6.



2. OBJECTIVES

The overall objective of this project is to develop an innovative, sustainable, eco-friendly, and
durable GPC for reinforced concrete infrastructure in Region 6, using natural and waste materials
that are abundant in the region. This research should bring major benefits in the design of durable
infrastructure in problematic conditions that prevail Region 6.

More specific objectives of the proposed projects are:

e Conduct electrochemical testing of GPC concrete reinforced with steel rebar in simulated
corrosive marine environment using both AC and DC methods;

e Determine corrosion mechanism and kinetics of the reinforcement steel in GPC concrete;

¢ Optimize GPC composition for maximum corrosion protection of reinforcing steel rebar;

¢ Provide guidance for the industry on optimizing GPC composition for maximum corrosion
protection and disseminate that guidance to the industry of interest; and

e Develop corrosion management system that would include the methods for preliminary
corrosion condition evaluation and in-depth corrosion condition evaluation, the methods
for assessing the structure condition rating and monitoring, methodology for selecting best
corrosion prevention and controls, reliability model, and procedure for tracking repair or
design performance in GPCs.



3. LITERATURE REVIEW

3.1. Geopolymers

Geopolymers (GPs) are a class of amorphous inorganic aluminosilicates that is charged balanced
by alkali metal cations. Since its first development by Joseph Davidovits in the 1970s (14, 15),
GPs have been studied for numerous applications such as thermal insulating and fire-resistant
coating (/6), encapsulation of radioactive waste (/7), water purification filter (/8) , and most
extensively as cementitious material alternative to OPC (8). The chemistry of GPs can be describe
with the formula My[-(SiO2),-AlO2-]'wH20 where M is the alkali metal cation (usually Na" or
K"), n is the degree of polymerization or molar ratio of M/Al, z is the molar ratio of Si/Al, and w
is the molar water quantity. It is worth noting that GPs are usually prepared with a Si/Al ratio of
1.8-2.2, a H2O/(Al,O3+Si0y) ratio of 2.0-5.0, and a M/Al ratio of 0.9-1.2 (9). GPC has been most
extensively studied as an alternative to OPC because it can be processed from waste material (e.g.
fly ash, steel slag) (10, 11) and natural material (e.g. calcine clay, rice husk ash, volcanic ash) (/9-
21) at near ambient condition while having a much lower carbon footprint. All of the precursor
materials for the synthesis of GP are rich in aluminosilicate that dissolves into [(SiO)OHs3],
[(Si02)OH2]%, [(AIO)OH4] etc. The synthesis of GPC starts with dissolving the aluminosilicate
precursor in highly alkaline aqueous solution of NaOH and/or KOH. The Si/Al ratio can be
adjusted with soluble silica such as silica fume and alkali (sodium or potassium) silicate. Upon
mixing, aluminosilicate precursor dissociates into monomeric and oligomeric species of Si and Al
through hydrolysis. As GP cures, the Si and Al species begin to chain together forming -Al-O-Si-
and -Si-O-Si bonds through polycondensation process, in which the gel becomes more rigid with
the curing time and excess water is released. The chains will continue to grow and crosslink until
an amorphous rigid gel with three-dimensional structure is formed (9, 22). The final structure of
GP can be described as an inorganic polymer with [SiO4]* and [AlO4]>" tetrahedra monomeric
units in IV-fold coordination, where the IV-coordinated aluminum is unique to GPC and distinct
it from other aluminosilicate materials with similar chemistry (23). The alkali cations are theorized
to charge balance the negatively charged aluminum in the structure while retaining some of the
water even after GPC has fully cured (24, 25).

GPC represents a complex class of materials that has many factors to influence its properties such
as source of aluminosilicate, Si/Al ratio, water/solids ratio used during processing,
alkali/aluminum ratio, mixing and curing condition, etc. While it may seem overwhelming to
optimize all parameters for an application, GPC has been extensively studied over the past decades
and summarized elsewhere (8, 22, 26). To summarize some of the critical findings on each of the
parameters, the source of aluminosilicate can heavily influence the fresh properties and rate of
curing due to the availability of aluminum (27). For example, the use of metakaolin (MK) can
result in a thicker paste but have an earlier strength development due to the readily available
reactive phases of aluminum, while fly ash (FA) would result in a more workable paste with the
same water content but would require a longer time to set and cure. It is also established that higher
Si/Al ratio up to 2 usually result in better properties such as mechanical strength since it -Si-O-Si-
bond is stronger than -Al-O-Si and allows a more complex interconnected network (/9; 28).
Similar to OPC, GPC is very sensitive to the water content used during processing. Higher water
content result in a more workable fresh paste but would take a longer time to set and cure, and
result in a more porous network that is lower in density and lower in mechanical properties (25).
By increasing the alkali/Al ratio, the excess alkali cations are theorized to act as a ‘“chain



terminator” during the polycondensation process. In other words, higher alkali/Al ratio prevents
the chains from fully developed resulting in a less complex network. In addition, alkali cation can
chemically bond with water making the GPC more hydrophilic (9; 25). Overall, GP is a versatile
class of material that has many chemical and processing parameters with many niche applications.
However, instead of having a single optimal composition for all the applications, GP can be
optimized depending on the need of the application.

3.2. 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 (/2; 29; 30). 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 (&). 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 (37/-33), formation of crystalline phase (34, 35), structural studies
using nuclear magnetic resonance (NMR) spectroscopy (23). However, there are only a few studies
on mechanical properties and long-term durability (28, 36-41). 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 (7), 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 (9; 26), 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.

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.

Babacee 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
(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.



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 m?/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 sodium or 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 Si0O2/Al>Os3 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.

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 are enough number of tests done on each of the 4
parameters. The study was separated into 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. Note that all GPC
samples with different compositions are labeled as KXYZ or NaXYZ, where the first letters denote
potassium (K) or sodium (Na) while XYZ numbers denote SiO2/Al>Os ratio, water to solid ratio
used to prepare GPC, and Na/Al or K/Al ratio respectively. For example, GPC sample K421 is
sample prepared with K-activator, and SiO2/Al,O3=4, water/solid ratio=2, and K/Al=1. The
compositions can be found in Table 1.

Table 1. List of GP Compositions.

Test Set K-GP Na-GP
K 3(2.5)1 Na 331
K 331 Na 3(3.5)1
Set 1 K 33(1.2) Na 3(3.5)(1.2)
K 431 Na 431
K 431 Na 43(1.2)
Set 2 K 3(2.5)(1.2) Na 331
K 33(1.2) Na 3(3.5)(1.2)

4.3. Preparation of Reinforced Geopolymer-based Cement Concrete Specimen

4.3.1. Mix Design of Geopolymer-based Cement Concrete



In order to produce a fresh concrete paste with minimal porosity in the hardened concrete, several
test mixes were made with OPC as shown in Table 2. The test mixes were made with TXI Type
I/IT Portland Cement (TXI, TX) purchased from Home Depot, 5/8” and 3/8” pea gravel from local
vendor (All American Stone & Turf, TX), and ASTM C778 (50) graded sand from Humboldt
(Humboldt Mfg. Co., IL). To make the test mixes, dried cement powder and air-dried aggregates
were measured out and mixed together manually in a metal bowl. Then deionized water was added
in portion to make sure the mix was evenly hydrated. The concrete mix was then poured into a 2”
x 4” cylindrical mold in 2 layers, then cured under sealed condition for 7 days. After 7 days, the
OPC concrete specimens were demolded and inspected visually.

Table 2. Test Mix Designs.

Mixture Number | Cement : Coarse Aggregate : Sand : Water Ratio (in mass)
1 1:15:2:0.5

2 1:15:3:05

3 1:2:3:0.5

4 1:3:3:05

The cement to aggregate ratio from mixture number 1 was chosen as the most optimal mix and
used for the rest of the study with GPC as binder. For the preparation of reinforced GPC concrete,
4” x 4” x 18” molds were used where plastic-wrapped wooden plates were inserted to section off
the mold into 2 4-inch cubes. Each of the wooden plates were also drilled to have holes for the
rebar to be place in the center of the cube. To make the GPC concrete mix, air-dried aggregates
were measured out and mixed manually in a metal bowl. Then fresh GPC paste is prepared in
accordance to section 4.1. Geopolymer Synthesis, then added into the aggregate mix. After the
GPC concrete mix has become homogeneous, it was poured into the mold in 2 layers, then
vacuumed to remove the air bubbles from the concrete. All compositions were made with 2
duplicates for the immersion test (i.e., there are 2 identical samples for each of the compositions).
The set 1 test specimens were cured in Ziploc bags for 7 days, then demolded and cured in ambient
laboratory condition for another 7-day resulting in a total curing time of 14 days. Set 2 test
specimens were cured in Ziploc bags for 7 days, then demolded and put back into the Ziploc bags
for another 14 days. Then they were removed from the bag and left to cure in ambient laboratory
condition for 7 days for a total of 28 days. Since set 1 testing showed that there’s no significant
difference in the electrochemical results between the duplicates for most of the compositions, a
thin layer of epoxy was applied onto the surfaces of 1 sample for each of the compositions in set
2 on the 27" day to investigate the effect. For fog chamber test, 1 additional sample is made for
compositions from set 2 and cured for 14 days similar to the curing regime of set 1 samples. The
fog chamber samples are coated with a thin layer of epoxy across all surfaces except for the testing
area.

4.3.2. Preparation of Corrosion Testing Specimens

To properly perform the immersion testing of the concrete specimens, the specimens were
mounted with dam to contain the electrolyte as shown in Figure 1. 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.
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Figure 1. Schematics of Electrochemical Testing.
4.4. Electrochemical Corrosion Testing

4.4.1. Immersion Test

The 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 (5/-53). 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 (5, 54, 55). 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.
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Figure 2. Cross-sectional schematic for electrochemical testing with designed exposure area.

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 cm? 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, as shown in Figure 3. The test sequence involved
20 minute 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.

N REF 4
S~~~ e e N TR
WE = Working Electrode

REF = Reference Electrode
WE CE CE = Counter Electrode

V = Voltmeter

A =Ammeter

Polarization Cell

Figure 3. The Three-Electrode System.

4.4.2. Fog Chamber Testing

In addition to the immersion test with the dam, the sample with relatively better performance of
each cation-based GPCs were chosen to test under more aggressive conditions. From the K-based
GPCs, K3(2.5)(1.2) and K33(1.2) were chosen, meanwhile the Na3(3.5)(1.2) and Na43(1.2) were
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chosen from the Na-based GPCs according to the phase 1 results. The fog chamber testing followed
a continued wet cycle to examine corrosion behavior more in an accelerated manner. To prevent
water uptake from all around the concrete sample, the sample was thoroughly coated with epoxy
except the entrance spot that limits the water entering direction to allow more simplified water-
uptake scenario. The design of sample preparation is shown in Figure 4.

ﬂ\side of Fog Chamber \

Entrance

Outside of
Fog Chamber

!:l Designed Exposure Area

Wire connected
to Rebar

Potentiostat
W R C

\_ /

Neoprene Tubing

Electric Tape

Figure 4. The Fog Chamber Test Setup

4.5. Materials Characterization

To gain a further understanding of the corrosion inhibiting mechanism of GPC, several techniques
such as optical microscopy (OM), scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), and X-ray diffraction (XRD) were used to analyze the micro-morphology
and microstructure of the reinforced GPC concrete. OM is performed using DSX500 opto-digital
microscope (Olympus, PA), and the images were taken and analyzed using the software from the
same company. SEM and EDS were performed using the JEOL JSM-7500F (JEOL USA Inc, MA)
FE-SEM, and the SEM images were taken with the JEOL SEM software while EDS were taken
and analyzed using the INCA software. XRD is performed with the Bruker D8 X-ray (Bruker AXS
LLC, WI) using Cu-Ka radiation.
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5. ANALYSIS AND FINDINGS

5.1. Selection of Cement to Aggregate Ratio

The photographs of different GPC mixtures, labeled as #1-#4 in Table 3. It is important to note
that the goal of this study is not to optimize OPC but rather using it as a quick and cost-efficient
way to study the effect of cement to aggregate ratio. The details for each of the mix designs are
listed in Table 2. As expected, use of more aggregate in the mixture, results in more porous the
sample. This can be particular observed on the cross sections of Mix #1 and Mix#2 showing that
the porosity does not just only appear on the surface but extends to the rest of the sample. After
the visual inspections, Mix #1 was chosen as the optimal cement to aggregate ratio for making
GPC concrete specimens for corrosion testing.

Table 3. Visuals of Different OPC Mix Designs.

o L\
Mix #1 — Cross Section Mix #2 — Cross Section

&

Mix #4

To continue with the work, small specimens of GPC concrete with cement to aggregate ratio of
Mix #1 were made. However, we ran into the issue of segregation when the specimens are vibrated,
therefore, we opted to vacuum the specimens to minimize the porosity without segregation. The
results from the two different methods are shown below in Figure 5.
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Figure 5. Different Ways to Minimize Porosity in GPC Concrete.

5.2. Open Circuit Potential

The Figure 6 depicts the open circuit potential (OCP) trends over the testing period. Such indicates
that if the embedded rebar is experiencing a corrosion regime or not. The potential difference
between the standard reference electrode and the steel rebar as working electrode was correlated
to assess the corrosion of the sample. In this experiment, the criterion suggested previously was
applied to understand the regime that the rebar experiences as shown in Figure 7 (56).
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Figure 6. OCP of the (a) K-based GPCs and (b) Na-based GPCs during immersion test.

According to Figure 6, it is clear that Na-based GPCs have relatively better corrosion inhibiting
performance compared to K-based GPCs, since it takes longer time for Na-based GPCs to reach
the OCP value needed for severe corrosion. More specifically, the OCP of the K-based GPCs
tended to decrease starting from 2™ or 3™ day of the immersion, while the Na-based GPC,
especially the Na 4(3)(1.2) or Na 3(3.5)(1.2) showed considerably longer time before severe
decrease in OCP, which can be considered as the 12 day of the immersion.
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Copperl/copper Silver/silver Standard Calomel Corrosion
sulphate chloride/ hydrogen condition
[.OM KCI electrode

>—200 mV >—100 mV +120 mV >—80 mV Low (10% risk of
corrosion)

—200 to —100 to +120 to —80mV to Intermediate

—350 mV —250 mV —30mV —230 mV corrosion risk

<—350mV <—=250mV —30mV <—-230mV High (>90% risk of
corrosion)

<—500 mV <—400 mV — 180 mV <—380mV Severe corrosion

Figure 7. ASTM corrosion criteria for reinforced concrete.

It is also observable that the OCP of the K-based samples shows more gradual decrease when
compared to that of the Na-based samples which showed abrupt decrease of the OCP values. Such
this feature possibly derived from the precipitation of the KCI on the surface of the GPC samples
which will be further discussed in the later section (5.5.1. X-ray Diffraction). In another words,
the exchange of K cations between in GP matrix of GPC whit Na from electrolyte most likely take
place, during electrolyte diffusion, and the K precipitated KCIl on the surface of the sample.
Precipitation of KCI decreased the chlorine concentration nearby the rebar so the passive layer can
be degraded gradually before cation reacting was completed, but the continued supply of the high-
concentration of NaCl solution finally introduced the severe corrosion regime of the rebar
regardless of the composition of the K-based GPCs. In the Na-based GPCs, such gradual decrease
of the OCP is not observable. Instead, rather abrupt decrease of OCP value from low to
intermediate to severe corrosion level in a day. This can be explained by a lack of consumption of
chloride ions due to cation exchange. Thus, once the concrete matrix barrier is penetrated by the
supplied electrolyte, the rebar reacts with the electrolyte with high chloride concentration that leads
to enter the severe corrosion regime directly.

5.3. Electrochemical Impedance Spectroscopy

Figure 9 to Figure 18 represents the Nyquist and Bode plots of the tested samples obtained by EIS
testing. Regardless of the base cation, the early-period Nyquist plots have the same shape as the
typical impedance plots for concrete samples. This general shape of the plot illustrated in Figure
8 suggests the existence of three elements, namely concrete bulk, bulk-electrode hybrid, and
electrode interface (57). Up until the concrete matrix allows the water penetration fully toward the
rebar, the tail part of the Nyquist was observed. It is also noticeable that the real value of the
impedance, shown as Z, decreases dramatically after the immersion started, and this is due to the
electrolyte uptake through the concrete matrix. Hence, as the electrolyte penetrates more of the
concrete matrix, the real part of the impedance decreases as a result. Such decrease of the real part
of the impedance value converges in a certain value range, around 3-5 kohm-cm?, and as the
concrete allows more of the electrolyte penetration, it is also observable that the system of the
concrete bulk diminishes by the abundance of electrolyte that it contains. As a result, the water
residing inside of the concrete matrix reaches the rebar to initiate the rebar degradation known as
corrosion, represented by decreasing size and angle of the tail part of the impedance plot.
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Figure 8. Nyquist plots of carbon steel electrodes in (a) Ordinary Portland Cement and (b) Synthetic Pore Solution.
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Figure 9. (a) Nyquist Plot and (b) Bode Plot of sample K43(1.2).

The Nyquist plots are in good agreement previously shown OCP plots. More specifically, there is
no noticeable change of the tail part of the impedance plot when the water penetration did not
reach to the rebar itself. Thus, the OCP value still maintains at the passive level of low-risk
corrosion regime. However, when water uptakes through the concrete matrix and finally reaches
to the rebar, the electrochemical reactions initiate and the breakage of the passivation layer of the
rebar occurs, resulting in the decrease of the OCP gradually. This feature is also reflected in the
Nyquist plot at the longer period of immersion as the depressed tail part. Such depressed part also
showed considerably decreased impedance modulus, representable of the decreased corrosion

resistance of the system.
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As previously mentioned, the different degradation trends of the K- or Na- based GPC samples are
also observable in the Nyquist plots. In case of the K-based GPCs, the decrease of the tail part of
the impedance plot is gradual as the size of the tail part decreases gradually over time. Meanwhile,
in the Na-based GPCs, the decrease of tail part is more abrupt, which is due to of the CI-
concentrated electrolyte uptake to the rebar surface.
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Figure 12. (a) Nyquist Plot and (b) Bode Plot of sample K3(2.5)1.
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Figure 13. (a) Nyquist Plot and (b) Bode Plot of sample K33(1.2).

The Bode plots of the samples also indicates a similar trend, but with more detailed information
of the surface condition. In general, compared to the K-based GPCs that shows the rise of phase
angle up to 45 degree then decrease towards the lower values, the Na-based GPCs showed higher
peak phase angle up to 60 degree which possibly indicate that the rebar is more electrochemically
stable with maintaining well-ordered passive layer thus contributing to the better corrosion
resistance. However, even in the Na-based GPCs, the phase angles tended to decrease towards the
lower value which is indicative of the more active charge transfer reactions. The decrease of the
phase angle which represents more active electrochemical reactions is attributed to the chloride
ions that helps the dissolution of the rebar substrate. As previously mentioned, the filtration of the
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chloride ion by the K-based GPC matrix may have helped with the relieving the concentration of
such ion which possibly resulted in the slower decrease of the phase angle at the lower frequency
region. Hence, the chloride concentration may not heavily exceed the critical chloride
concentration of the rebar and thus, the corrosion precede more in a slower manner. Meanwhile in
the Na-based GPCs, there was no filtration of Cl in the GPC matrix, possibly allowing the high
concentration of electrolyte itself without any pre-treatment of chloride filtration. Thus, the rebar
might have exposed to the electrolyte with high chloride concentration that possibly occurred an
abrupt decrease of the corrosion resistance represented as an abrupt decrease of the phase angle at

low frequency range.
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Figure 15. (a) Nyquist Plot and (b) Bode Plot of sample Na3(3.5)1.
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Among the K-based GPCs, the K33(1.2) and K3(2.5)1 showed the best anti-corrosion performance
in the phase 1 test with 14 days of curing with 7 days of each wet and dry curing, respectively.
Such samples also showed the delayed rebar degradation shown in the Nyquist and Bode plots
compared to the other K-based GPC samples. Such results may reveal the better filtering capability
and barrier protection in such composition based of the K higher concentration of K cations in tose
GPs. Compared to the K331, the K33(1.2) and K3(2.5)1 have more of cation and less of porosity,
respectively, and such result may have affected from the change of such parameters. More of cation
may worked to form more compact concrete matrix, and the less of water used in preparing GP
binder results in less porous matrix.
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Figure 16. (a) Nyquist Plot and (b) Bode Plot of sample Na331.
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Figure 17. (a) Nyquist Plot and (b) Bode Plot of sample Na43(1.2).
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In the case of Na-based GPCs, the Na3(3.5)(1.2) and Na43(1.2) showed the best anti-corrosion
performance in the phase-1 test with 14 days of curing with 7 days of each wet and dry curing,
respectively. Those samples also showed the delayed rebar degradation even when compared to
the K-base GPCs in all the electrochemical-based tests. The Na3(3.5)(1.2) higher Na concentration
when compared to Na3(3.5)1 which had entered the corrosion regime earlier. It can be estimated
that the extra cation supplied may have helped with forming a denser concrete matrix that
contributed to enhance barrier protection of such concrete matrix and that access Na helped with
ClI uptake. In case of Na43(1.2) sample, it had more of sodium cation when compared to Na431
that entered the corrosion regime before day 4.
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Figure 18. (a) Nyquist Plot and (b) Bode Plot of sample Na3(3.5)(1.2).

5.4. 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. 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
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deterministic modeling, therefore only the deterministic modeling has been studied to better
understand the concrete degradation in a quantitative manner.

CPE, CPE,, CPE,

Figure 19. Equivalent circuit for GPC system.

An equivalent circuit (EC) model is suggested as shown in Figure 19 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. The ECs included elements, namely, the solution
resistance (Rs), concrete bulk resistance (R.), bulk-electrode resistance (Rve), charge-transfer
resistance (R¢), capacitance in terms of the constant phase element (CPE), concrete bulk pore
capacitance (Cc), bulk-electrode capacitance (Cye), and double-layer capacitance (Cal). 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 (358; 59, 61). The CPE capacitance can be described as below

C= YO((‘)"max)n_1 [1]

where Yo and 0 <n < 1 are the model parameters, and w” 4, is the angular frequency at the
maximum imaginary impedance Z”.

The quantified impedance parameters obtained from the aforementioned ECs are summarized in
Table 4. At the initial immersion period, the Na-based GPCs showed relatively higher polarization
resistance, Rp = Rc¢ + Rue + Ret, which represents a better barrier performance in such period. The
K-based GPC samples revealed at around 100 kohm-cm? initial polarization resistance, while the
Na-based GPC samples showed higher values up to 140 kohm-cm? range. Over the prolonged
immersion period, the polarization resistance tended to decrease as the water started to penetrate
the concrete matrix which is represented as the decrease of concrete bulk resistance and bulk-
electrode resistance. The charge-transfer resistance that represents the resistance of the target of
interest, such as rebar surface, has been maintained relatively more intact compare to the concrete
matrix resistance parameters. Nevertheless, as the water penetrates deeper part of the concrete, the
charge-transfer resistance also tended to be decreased over time.

Table 4. Impedance parameters for the GPC samples immersed in 3.5 wt.% NaCl electrolyte.

Time RC CC n Rbe Cbe n RCt Cdl n Rp
(day) (Qcm?) (Fem™2s™?) c (Q cm?) (F cm™2 s™1) be (Qcm?) (Fom™2s™1h) at (Q cm?)
K331

1 1.45 x 10* 6.75 x 10* 0.533 1.30 x 10* 4.70 x 1071 0.855 7.20 x 10* 8.56 x 10 1 9.95 x 10*
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2 2.09 x 103 8.97 x 10* 0.500 3.79 x 10° 4.79 x 10" 0.905 6.35 x 10* 522 % 10* 0.860 6.93 x 10*
3 3.98 x 10? 1.09 x 1073 0.650 3.01 x 10° 2.21 x 101! 1 3.97 x 10* 6.55 x 10* 0.744 4.31 x 10*
4 7.69 x 10! 2.74 x 1073 0.677 2.68 x 103 2.60 x 107! 1 1.23 x 10* 7.40 x 10* 0.695 4.31 x 10*
5 6.63 x 10° 4.95 x 1073 0.534 2.66 x 103 5.71 x 101 0.932  6.68 x 103 8.34 x 10* 0.669 9.35x 103
6 1.17 x 10° 4.05 x 1073 0.480 2.52 x 103 5.90 x 101! 0.941 5.84 x 10° 8.90 x 10 0.666 8.37 x 103
7 1.57 x 10° 4.03 x 1073 0.471 2.57 x 103 5.75 x 101 0.942 533 x10° 931 x 10* 0.665 7.91 x 103
K33(1.2)
1 1.60 x 10* 9.37 x 10* 0.389 1.42 x 10* 7.54 x 1011 0.775 6.89 x 10* 7.39 x 10* 0.957 991 x 10*
2 6.05 x 103 6.16 x 10* 0.567 6.77 x 10° 2.71 x 1010 0.745 6.74 x 10* 8.46 x 10 1 8.03 x 10*
3 3.98 x 10° 5.62 x 10™ 0.604 537 x10° 8.49 x 101! 0.860 5.73 x 10* 8.07 x 10* 1 6.66 x 10*
4 2.61 x 103 6.04 x 10* 0.611  4.56 x 10° 535 x 101 0912 3.47 x 10* 8.63 x 10* 1 4.19 x 10*
5 2.37 x 103 6.43 x 10* 0.619 424 x10° 4.65 x 107! 0.933  3.32x10* 9.06 x 10 1 3.98 x 10*
6 1.97 x 103 9.88 x 10* 0.534  4.10 x 10° 5.08 x 10! 0.941  1.45x 10* 1.02 x 107 0.901 2.06 x 10*
7 1.20 x 103 1.38 x 103 0.494  3.94 x 10° 4.68 x 107! 0.957 8.58x 103 9.73 x 10* 0.843 1.37 x 10*
K3(2.5)1
1 1.49 x 10* 7.76 x 10* 0.465 1.31 x 10* 2.11 x 1010 0.707  6.22 x 10* 8.86 x 10 1 9.02 x 10*
2 2.99 x 103 6.26 x 10* 0.517 6.99 x 10° 7.15 x 101! 0.850 4.22 x 10* 7.37 x 10* 0970 5.22 x 10*
3 2.77 x 103 8.18 x 10* 0.523 4.63 x 10° 8.66 x 101 0.874 4.21 x 10* 6.93 x 10* 0.934 496 x 10*
4 2.22 x 103 1.09 x 1073 0.484 3.76 x 10° 2.89 x 107! 0.910 3.88 x 10* 8.11 x 10* 0.853  4.48 x 10*
5 2.28 x 103 1.73 x 1073 0.424 3.36 x 10° 9.38 x 10! 1 1.69 x 10* 8.79 x 10+ 0.794 2.25x 10*
6 5.39 x 10? 1.83 x 1073 0.449 3.17 x 103 1.03 x 1010 1 7.36 x 10° 8.94 x 10+ 0.782 1.10 x 10*
7 2.63 x 10? 3.98 x 1073 0.344 3.05 x 10° 1.09 x 1010 1 4.21 x 10° 9.62 x 10* 0.736 7.52x 103
K43(1.2)
1 1.44 x 10* 6.24 x 10* 0.541 1.27 x 10* 9.84 x 101! 0.768  7.34 x 10* 9.76 x 10* 1 1.00 x 10°
2 2.76 x 103 3.89 x 10* 0.666 4.83 x 10° 1.20 x 1010 0.851 5.04 x 10* 7.47 x 10* 1 5.80 x 10*
3 1.53 x 10° 7.06 x 10™ 0.615 3.25x10° 1.86 x 107! 0961 3.34x 10* 9.29 x 10* 0.858 3.82x 10*
4 3.27 x 10? 1.31 x 103 0.605 2.71 x 10° 1.25 x 10! 0.991 596 x 103 1.07 x 107 0.767  9.01 x 103
5 2.01 x 10? 2.57 x 103 0.490 2.56 x 10° 3.94 x 101 0912 492x 103 1.14 x 107 0.737 7.68 x 103
6 1.08 x 102 2.66 X 103 0.492  2.50 x 10° 1.47 x 10710 0.817 4.04x 103 1.25 x 107 0.711  6.65x 103
7 5.72 x 10! 3.78 x 1073 0.457 2.45x10° 8.96 x 107! 0.859 3.70 x 103 1.26 x 107 0.690 6.21 x 103
K431
1 1.56 x 10* 6.54 x 10™ 0.485 1.34x 10* 5.51 x 10710 0.634  7.55x 10* 8.25 x 10* 1 1.05 x 10°
2 3.88 x 10° 495 % 10* 0.522  4.66 x 10° 6.56 x 10710 0.734  4.08 x 10* 7.32x 10* 1 4.94 x 10*
3 1.70 x 103 7.47 x 10* 0.526  3.03 x 10° 2.01 x 10 0.619 3.51 x 10* 8.40 x 10* 0.850 3.98 x 10*
4 3.15 x 10? 8.22 x 10* 0.515 2.57x10° 1.38 x 10° 0.653  9.08 x 103 8.10 x 10* 0.759 1.19 x 103
5 1.58 x 10? 9.62 x 10* 0.497 2.33 x 103 9.27 x 10710 0.688 6.98 x 10° 8.40 x 10+ 0.715 9.47 x 103
6 9.81 x 10! 1.08 x 1073 0.479 2.23 x 103 8.34 x 10710 0.702  6.06 x 103 8.75 x 10* 0.688 8.38 x 103
7 6.78 x 10! 1.02 x 1073 0.483 2.19 x 103 6.61 x 10710 0.728 5.08 x 103 9.42 x 10* 0.665 7.35 x 103
Na331
1 3.65 x 10* 6.25 x 10* 0.657 2.23 x 10* 3.29 x 10710 0.337  7.54 x 10* 8.60 x 10 1 1.34 x 10°
2 6.17 x 103 434 x 10* 0.679 529 x 103 3.12 x 10710 0.738  7.22 x 10* 7.63 x 10* 1 8.37 x 10*
3 3.41 x 103 536 x 10* 0.656 3.68 x 10° 333 x 1010 0.711 6.78 x 10* 6.64 x 10* 1 7.49 x 10*
4 2.17 x 103 5.49 x 10* 0.662 3.34 x 10° 8.69 x 101 0.820  6.49 x 10* 6.23 x 10* 1 7.05 x 10*
5 1.37 x 10° 5.16 x 10* 0.732 3.18 x 10° 6.26 x 101! 0.849 4.76 x 10* 5.81 x 10* 1 5.21 x 10*
6 1.17 x 10° 499 x 10* 0.745 3.21 x 10° 9.41 x 10710 0.644 4.36 x 10* 5.78 x 10* 1 4.80 x 10*
7 1.09 x 103 5.37 x 10* 0.727  3.04 x 10° 9.44 x 10710 0.650 4.08 x 10* 5.88 x 10 1 4.50 x 10*
8 1.94 x 10? 2.06 x 10 0.658  3.03 x 10° 3.99 x 10710 0.708  1.60 x 10* 8.70 x 10* 0.777 1.93 x 10*
9 3.24 x 10? 2.66 X 103 0.689 2.82 x 10° 7.63 x 101! 0.842 1.99 x 10* 8.45 x 10* 0.794  2.30 x 10*
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Na3(3.5)1

1 5.17x10°  606x10* 0579 1.03x10* 384x10% 0369 7.67x10*  8.39x 10* 1 9.22 x 10
2 268x10° 624x10% 0613 247x10°  120x 10! 1 734%x10*  8.13 x 10* 1 7.88 x 10*
3 137x10°  8.04x10% 0680 2.05x10°  1.19x 107! 1 469 10*  7.79 x 10 1 5.04 x 10*
5 145x10°  LI8x10°  0.714 209x10° 142x101°  0.637 9.72x10°  1.85x 103 1 1.33 x 10*
6  195x10° 126x10° 0705 1.94x10° 549x101° 0721 1.03x10°  1.81x 103 1 1.42 x 10*
7 268x10°  LI8x10° 068 1.93x10°  657x10° 0537 LI18x10°  1.80 x 103 1 1.64 x 10*
Nad31
1 256x10*  959%x10% 0610 1.92x10* 555x 1010 0312  7.56x10*  9.37 x 10* 1 1.20 x 103
2 548x10° 556x10% 0617 338x10°  1.72x107 0279 7.42x10*  9.05x 10* 1 8.31 x 10*
3 5.08x10°  758x 104 0572 277x10° 291x10° 0576 728 x10°  9.02 x 10 1 8.21 x 10*
4 970x 10>  1.05%x10°  0.640 250x10°  634x 10" 0879 8.07x10°  1.59x 103 1 1.15 x 10*
5 123x10°  150x10° 0584 244x10° 499x 1010 0729 552x10°  2.05x 103 1 9.19 x 103
6  107x10° 148x10° 0621 233x10° 444x 1010 0742 6.06x 10>  2.07 x 103 1 9.46 x 10°
7 845x 102 139x10° 0671 225%x10°  7.76x 1010 0707 5.89x 10>  2.11 x 103 1 8.99 x 103
Nad3(1.2)
1 345x 10  733x10% 0540 292x10° 143x10° 0534 7.67x10*  8.36x 10* 1 1.40 x 10°
3 691x10°  454x10% 0615 790x10°  485x10° 0510 7.64x10°  8.46x 10 1 9.12 x 10*
5 645x10° 491x10% 0598 6.13x10°  322x 1010 0734 7.64x 10°  8.63 x 10* 1 8.90 x 10*
7 595x10°  537x10% 0584 566x10° LI12x 1010 0819 7.64x10°  8.63 x 10 1 8.80 x 10*
9 581x10° 555%x10% 0584 564x10°  1.42x 100 0803 7.63x10*  8.72x10% 1 8.78 x 10*
11 600x10° 581x10% 0576 555x10° 121x10° 0829 7.63x10*  8.72x 10* 1 8.79 x 10*
13 1.67x10°  146x10° 0461 534x10° 591x 10" 0878 2.66x10* 849x10*  0.788  3.37 x 10*
15 864x10° 1.76x10° 0429 523x10° 1.11x10 0832 120x10* 8.68x10* 0766 1.82 x 10*

Na3(3.5)(1.2)

1

O 0 N N L kAW

—
o

1.81 x 10* 6.50 x 10+ 0.544  1.21 x 10* 1.05 x 108 0.440  7.65 x 10* 8.39 x 10+ 1 1.40 x 10°
1.66 x 10* 6.39 x 10+ 0.523  3.66 x 103 9.61 x 101 0.780  7.64 x 10* 8.53 x 10* 1 9.12 x 10*
1.41 x 10* 8.11 x 10+ 0.536 3.27x 103 2.15 x 10710 0.741  7.64 x 10* 8.21 x 10+ 1 8.90 x 10*
1.38 x 10* 8.55 x 10* 0.558 3.17x 103 2.93 x 1010 0.710  7.61 x 10* 8.35 x 10* 1 8.80 x 10*
1.22 x 10* 8.64 x 10+ 0.578 321 x 103 3.50 x 10710 0.698  7.61 x 10* 8.37 x 10* 1 8.78 x 10*
1.12 x 10* 8.44 x 10+ 0.593  3.12x 103 3.81 x 10710 0.705  7.61 x 10* 8.44 x 10* 1 8.79 x 10*
1.12 x 10* 8.51 x 10* 0.619  3.19x 103 3.63 x 10710 0.707  7.61 x 10* 8.57 x 10* 1 3.37 x 10*
1.08 x 10* 8.60 x 10+ 0.626  3.12x 103 3.32 x 10710 0.731  7.61 x 10* 8.64 x 10+ 1 1.82 x 10*
1.06 x 10* 8.54 x 10+ 0.623  3.16 x 103 3.53 x 10710 0.782  7.61 x 10* 8.56 x 10+ 1 1.82 x 10*
9.68 x 10° 8.70 x 10+ 0.617  3.01 x 103 3.55 x 1010 0.710  7.61 x 10* 8.49 x 10+ 1 1.82 x 10*

As discussed earlier, the decreasing trend of the polarization resistance shows some differences,
depending on the type of activation cations in GPC matrix, as it is illustrated in Figure 20. In case
of K-based samples, even though its initial polarization resistance was lower than that of the Na-
based GPCs, it revealed gradual decrease of the polarization resistance over time. This might be
attributed to the limited chloride ion supply due to cation exchanging action in K-based GPC
matrix. Even though such K-based GPC allowed relatively faster water penetration through the
concrete matrix and the loss of polarization resistance tends to appear gradually over the period of
a few days period. This may be triggered by the limited supply of the chloride ion in the initial
immersion period, followed by continued chloride ion supply with its accumulation that finally far
exceeded the critical chloride ion concentration.
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Figure 20. Polarization resistance of the GPCs for immersion tests.

Compared to the K-based GPC samples, the Na-based GPC samples showed a relatively better
barrier performance, represented as the bigger polarization resistance values over a longer period
of time. In case of the Na43(1.2), the polarization resistance is maintained at around 92 kohm-cm?
range for around 10 days, which is in good agreement with the previous observation that in those
samples, electrolyte gradually penetrated during the couple initial days, then delayed by the inner
part of the concrete matrix, so the charge-transfer resistance of the steel rebar itself could be well-
maintained until the electrolyte fully penetrates the concrete matrix. Compared to the K-based
GPC that entered the free corroding range in the early period of immersion, the Na-based samples,
especially Na43(1.2) entered such zone at much delayed immersion period, at around 15 days of
immersion.

Meanwhile, compared to the K-based GPC samples, the Na-based GPC samples also revealed the
sudden drop of the polarization resistance similar to OCP results. As the rebar faces the electrolyte
with high chloride ion concentration without any relieved chloride filters, the charge-transfer
resistance of the working electrode, rebar, decreased considerable in a short period of time, which
resulted in such an abrupt decrease of the polarization resistance at last.
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Figure 221. Nyquist plot of (a) K3(2.5)(1.2) and (b) K33(1.2) under fog chamber testing.

According to the Figure 21 that shows the Nyquist plot of the potassium-based GPCs, it is
observable that the reinforcing bar has maintained its resistance up until the 16" day of the testing.
This is possibly indicative of that the water uptake can be accelerated by the dam-type set up during
the immersion which can provide the hydraulic pressure. As the fog chamber operation forms only
a thin water layer at the entrance of the GPC sample with almost negligible pressure toward to the
reinforcing bar, it may occur delayed water uptake throughout the concrete matrix.

5.5. Materials Characterization

5.5.1. X-ray Diffraction

As it can observed in Figure , a significant number of needle-shaped crystals grew on the surface
of all the K-based GPC samples. It was an interesting phenomenon, and it was hypothesized to be
either NaCl or KCl since the GPC is K-based and the electrolyte solution contains NaCl. It should
also be pointed out that the two K-GP compositions that performed better than the rest, namely
K3(2.5)1 and K33(1.2) had less surface crystals than the rest of the K-GP compositions by the end
of the testing. It could be hypothesized that the growth of the crystals indicates the severe corrosion
of rebar.
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Figure 22. K-GPC after electrochemical test.

Figure shows the experimental XRD spectrum of the K-GPC surface crystals, and when it is cross-
checked with the theoretical spectra of the hypothesized chloride compounds in Figure (60), it can
be clearly see that the surface crystals are KCI. This is a very interesting finding since it shows
that the potassium in the GPC is actually trapping the chloride ions, and then the sodium exchanges
place with potassium and stays in the GP matrix.
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Figure 23. Experimental XRD Spectrum of K-GPC Surface Crystals.
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Figure 24. Theoretical XRD Spectra of (a) NaCl and (b) KCI from ICSD.

5.5.2. Optical Microscopy

Figure shows the optical microscopy images on the cross-sectional view of K331 and K33(1.2) in
the region close to the rebar after immersion tests. It is important to note that there seems to be a
significant amount of corrosion product forming on interface of the rebar and within the GPC
matrix. This could potentially be an indication that GPC is absorbing the dissolved iron, which
could potentially be a beneficial mechanism that prevents the formation of cracking and spalling
of the concrete. However, this would need to be further investigated through SEM-EDS and longer

testing period.
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Figure 25. Optical Microscopy of (a) K331 and (b) K33(1.2) from Set 1.
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6. CONCLUSIONS

Durability of reinforced Geopolymer-based Concrete in 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, Na-based geopolymer shows a much better resistance of chloride-induced rebar corrosion
than K-based geopolymer. However, K-based geopolymer seems to allow the rebar to corrode
gradually, which is more ideal when compared to Na-based GP, which goes from no corrosion to
severe corrosion within a day.

Out of all the compositions, Na43(1.2) and Na3(3.5)(1.2) have significantly outperforms the rest
of the tested compositions. It’s important to keep in mind that these are not the most optimal
compositions, but from the result of this study, it can be concluded that SiO2/Al>O3 ratio of 3
outperforms 4, and lower water/solids ratio and high alkali/Al ratio produces geopolymer-based
cement with better resistance to rebar corrosion.

The growth of surface crystal (in the case of K-GPC, it’s KCI) could be an indication of severe
corrosion of the rebar.

Optical microscopy showed a relatively dense concrete matrix after immersion test. Even though
the electrochemical has indicated severe corrosion in the rebar, the interface between GPC binder
and rebar still seems to be preserved.

There is a second potential mechanism that can be used as a synergetic process to enhance the
corrosion resistance property.
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