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ABSTRACT

Similar to conventional concrete structures, geopolymer concrete structures exposed to aggressive marine 
environment may also be subject to chloride and other harmful intrusions, which may lead to reduced service 
life and may impact its sustainability potential. Particularly steel bars in conventional concrete is liable to 
damage as result of chloride intrusion and due to the disruption of its passive oxide layer by chloride ions 
makes it susceptible to corrosion. Because of this the chloride diffusion coefficient of conventional concrete 
is an important durability parameter as it controls the rate of chloride penetration into concrete and the 
corrosion initiation time. However long term severe exposure studies on reinforced geopolymer concrete 
are very limited yet, particularly for buried environmental scenario. Its high alkalinity may result different CI-
/OH- ratio, which in combination with silicate passivation effect may be of controlling role for the protection 
of reinforcement from corrosion in severe exposure. This paper presents the  findings on the behaviour of 
geopolymer concrete and its reinforcement in a buried environment exposed to severe saline environment 
for over 10 years.

Keywords: Low calcium fly ash, geopolymer concrete, alkaline activator, microstructure, compressive 
strength.

1. INTRODUCTION - FLY ASH BASED GEOPOLYMER BINDER BACKGROUND

Davidovits (1988) discovered that the concrete used in ancient structures is alkali-activated alumino- silicate 
binders and named it as geopolymer concrete because of polymerisation reaction, instead of the Calcium 
Silicate Hydrate (CSH) gel structure found in conventional (OPC) concrete. Geopolymer binder resulting 
from polymerisation action is an inorganic material with its initial discovery from matakaolin source material. 
Further research study by Curtin University, Western Australia has shown that geopolymer concrete from 
low calcium fly ash source material, abbreviated as LCFG concrete in this research study, may potentially 
be a good construction material (Rangan, 2008- GC4) and has significant environmental benefits over 
conventional concrete. The research work determined that LCFG concrete rapid strength gain mechanism 
relies on curing at elevated temperature such as steam curing or encapsulated dry curing as such pre- cast 
applications may be more relevant. On this basis pre cast small box culvert using LCFG concrete was 
studied for its manufacturing feasibility (Cheema et al,2009) in  Stage 1 followed by the study of its long term 
durability properties over time in combination with environmental exposures (mild to severe environmental) 
in Stage 2.

The composite nature of reinforced concrete poses challenges both for concrete and reinforcement that are 
subject to separate but interrelated deterioration processes. The integrity of reinforced concrete depends 
upon the deterioration of either material or both in unison from durability prospective. Corrosion  of the 
reinforcing steel is one of the most insidious disturbances from the durability aspect of conventional or for 
possible geopolymer concrete. Passive oxide film surrounded by calcium hydroxide reflects high alkaline 
environments (of pH 12.5 or above) and protects the steel embedded in conventional OPC concrete. While 
the corrosion mechanism for steel embedded in both conventional concrete and geopolymer concrete 
appears universal, but in the case of LCFG concrete the passivating mechanism keeping the reinforcing 
steel intact is yet to be understood. The two main mechanisms, which either one or both can initiate the 
steel deterioration through corrosion process are chloride contamination & carbonation.
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Chlorides in OPC concrete can be either dissolved in the pore solution (free chlorides), or chemically and 
physically bound to the cement hydrates (bound chlorides), but only the free chlorides are responsible for 
the corrosion of the reinforcing steel (Tutti, 1982), when the chloride reaches the steel at certain 
concentration level destroys the protective film even in high pH environments (Beeby, 1978). This threshold 
concentration depends on several factors, such as concrete mix proportions, type of cement, tricalcium 
aluminate (C3A) content, water/cement ratio, temperature, relative humidity, steel surface conditions and 
source of chloride penetration and majority of these factors may hold goods for LCFG concrete as well. 
Carbonation is the second mechanism, which results from the gradual penetration of atmospheric CO2 or 
from certain localised CO2 rich environments neutralising the protective alkaline environments of concrete 
in an unsaturated state. Compounds that result from consumption of Ca (OH)2 breakdown cementing 
minerals and the steel will corrode if the moisture persists. These ingressing salts may not only be risk for 
steel corrosion but may lead to the corrosion of LCFG concrete itself similar to OPC concrete in sulphate 
rich environment especially when tricalcium alluminate (C3A) content is high or through sulphate reducing 
bacteria (SRB) action.

Carbonation can breakdown alkaline environments in LCFG concrete, that may be either due to available 
NaOH or Ca(OH)2 or combination of both during synthesisation and polymerisation. In OPC concrete 
corrosion initiation by chlorides is more predominant one due to large amount of reinforced concrete 
infrastructures located in coastal environments and use of de-icing salts in colder climates. With the 
persistence of corrosion, problems of cracking, spalling, and delamination of the concrete cover can occur 
impacting the structural integrity of concrete structures significantly. Preliminary research study has shown 
that alkaline sodium silicate solution during the initial stages of LCFG concrete mix synthesisation has the 
potential to passivate the embedded steel against corrosion processes and provides avenues of  optimising 
its positive effect with respect to surrounding environments. This could be the protection of oxide film form 
silica compound in unison or in combination and its resistance to the ingressing salts, such as chlorides, 
sulphates and carbonates from the environments. The research paper presents the findings on the 
behaviour of reinforced LCFG concrete with respect to severe buried environment compared to its 
counterpart OPC reinforced concrete as an alternative.

2. EXPERIMENTAL WORK

The geopolymer mix composition in the research study comprised a binding cementitious material and 
inert coarse and fine aggregates. The main constituents of geopolymer binder are low-calcium fly ash 
(Class F) and the alkaline liquid which differ from OPC concrete.

2.1 Fly Ash
The fly ash used in the study was sourced from Collie Power Station in Western Australia. The chemical 
composition of fly ash determined by X-ray Fluorescence (XRF) (mass %) is summarised in Table 1 
(Hardijito and Rangan, 2005).

Table1: Chemical Composition of Fly Ash
Oxides SiO2 Al2O3 Fe2O3 CaO Na2O K2O TiO2 MgO P2O5 SO3 ZrO2 Cr MnO LOI*

Mass % 48.00 29.00 12.70 1.78 0.39 0.55 1.67 0.89 1.69 0.50 0.06 0.016 0.06 1.61

LOI* - Loss on Ignition

2.2 Aggregates
Aggregates currently used by the local concrete industry in Western Australia, supplied by BGC Concrete 
and Asphalt were used. Both coarse and fine aggregates used were in saturated-surface-dry (SSD) 
condition.  The aggregates comprised 30% of 14 mm, 38% of 10 mm, and 32% of fine sand.

2.3 Alkaline Liquid
The alkaline liquid comprised a combination of sodium silicate solution and sodium hydroxide solution.  The 
sodium silicate solution (Grade A53) comprised 14.7% of Na2O, 29.4% of SiO2, and 55.9% of water by 
mass. The sodium hydroxide solution was prepared by mixing 98% pure flakes in water. Both the solutions 
were mixed together at least 24 hours before use (Hardijito and Rangan, 2005).

2.4 Super Plasticiser



A high range water reducing (naphthalene sulphonate- based) super plasticiser was used in the mixtures at 
the rate 1.5% of fly ash to improve the workability of the fresh geopolymer concrete (Hardijito and Rangan, 
2005).

2.5 SAMPLE SPECIMENS AND THEIR CURING & EXPOSURE

Preparation of laboratory samples included six samples of 300 x 300 x 120mm for each mix with concrete 
cover to reinforcement as 25mm, 35mm and 50mm. One set of three for each mix has protruding 
reinforcement bar facilitating Galvanostatic Pulse Measurements (GPM) and Half Cell Potential (HCP) 
measurements. One set of samples was without protruding reinforcement for coring purposes and 
conducting other tests, such as chloride profile, pH and visual assessment. Samples were cast in two layers 
and vibrated using pin vibrator. Cylinder specimens were cast in two layers and vibrated using a vibrating 
table. LCFG concrete samples were steam cured for 24hours at 60oC while OPC concrete samples were 
cured for 28days before subjecting to aggressive environments. All six samples of each mix along with 
cylinder specimens were subjected to the laboratory simulated replicating the severe field environments- 
buried in salt rich soil (100mm),submerged in salty water (100mm) & exposed (100mm) in Figure 2(a) 
(Cheema, 2011). Figure 2(b) & (c) shows the severe field set-up and core samples from  buried environment 
after 10 years of severe exposure respectively.

Lab Sample 2(a) Field Samples (2b) Core Samples from Buried Env. 2(c)

Figure 2 –Simulated Lab-model, Severe Field Environments & Core Samples from Buried 
environment

3. MIXTURE PROPORTIONS

3.1 Steam Cured Mix
Five concrete mixtures, nominated as G40 (40MPa) and G50(50MPa) for LCFG concrete, S40(40MPa) and 
S50(50MPa) for Ordinary Portland Cement (OPC) concrete and Sx40(40MPa) for OPC concrete with pore 
blocking additive were studied in this research study.The detail of these sample mixtures, curing conditions 
(wet curing for OPC concrete samples and steam curing for geopolymer concrete samples at 60oC for 24 
hours) and compressive strength are given in Table 2 below (Cheema, 2012).

Table 2: Geopolymer Concrete & OPC Concrete Mixture Proportions
Mass (kg/m3) RemarksMaterials

G40 G50 S40 Sx40 S50
Cockburn Cement (GP) 400 400 420

14mm 647 647 920 554 554Coarse Aggregates
10mm 647 647 300 702 702

Fine Sand 554 554 640 591 591
Fly Ash (Low Calcium ASTM Class F) 409 409

Sodium Silicate Solution  (SiO2/Na2O =2) 102 102
Sodium Hydroxide Solution 41 41 8M Concentration

Super plasticiser (SP) 6 6
Water Reducer 20 20 20 Manufacturer specified
Target Water 0 10 170 170 168

Extra water in aggregates 15.5 24.2 170 170 163.5
Admixture 2 Manufacturer specified

Water/Cement Ratio 0.19 0.20 0.43 0.43 0.43
Curing Temperature 60 oC 60 oC Amb. Amb. Amb. 14 days wet curing for

Curing Time 24H 24H 28D 28D 28D OPC Conc.
28 Days Mean Comp (MPA) 54.5 54 55 56 58.5



4. TESTING METHOD AND TEST RESULTS OF STEAM CURED MIX

The research study has shown that LCFG concrete properties – compressive strength and volume of 
permeable voids measured in accordance with AS 1012.21 are analogous to OPC concrete. Figure 3 below 
shows the trend of these properties (Cheema 2012).

Figure 3- Compressive Strength  & Volume of Permeable Voids Trend of Laboratory Samples

4.1 Half Cell Potential (HCP)

According to ASTM Standard C876-91 (ASTM 1991), the corrosion potential measured against the copper 
sulphate electrode (CSE) gives an indication of the probability of the occurrence of active corrosion. The 
measurement of the corrosion potential with respect to reference electrode is the simplest measurement in 
a corrosion system. This can be done simply by using a voltmeter and has been in use since 1978 for 
detecting corroding reinforcement in concrete structures. At high pH, the Fe++ forms a complex protective 
film with oxygen. The potential drops either because of the loss of passive film due to the lack of oxygen  or 
chlorides ingress that break down the passive film and corrosion starts. Criteria of corrosion probability 
based on HCP (vs. CSE) is given in Table 3 below.

Table 3 - Probability of corrosion according to ASTM Standard C876-91.
Ecorr (V vs. CSE) Probability of corrosion

More negative than –0.350 90%
More positive than –0.200 10%

Between –0.200 and –0.350 Uncertain

A half cell provides a reference to the changes in potential on the surface of the embedded steel bar in OPC 
concrete/LCFG concrete. Measurements can be used to identify regions where corrosion activity is 
probable. Figure 4(a) & 4(b) below shows the average HCP (vs CSE) measurements over the initial two 
years on samples from laboratory simulated model.

Fig 4 (a) Fig 4(b)



Figure 4(c) indicates the HCP on core samples from burried environments after 10 years exposure. Based 
on initial two years HCP measurements of reinforcement in conventional concrete indicated that HCP 
ranged between -0.100 to -0.300V vs CSE, which infered lower risk of corrosion (Cheema 2011) for OPC 
concrete, however higher range of negative half cell potential (between -0.400 to-0.700V vs CSE) inferred 
reinforcement at higher risk of corrosion in LCFG concrete (Cheema 2011) .

Fig 4(c)

Fig. 4 Half Cell Potential Measurements Trend

While LCFG concrete samples showed higher negative potential with gradual increasing trend for samples 
with 25mm and 35mm cover over first two years in severe exposure as shown in Figure 4(a) and 4(b), 
however HCP observations after 10 years exposure in burried environment indicated steady HCP as - 
0.550V. In case of OPC concrete it was steady around -0.450V compared  to initial observation of  - 0.250V 
. Thus the significant change in potential drop Iwas only in case of OPC concrete compared to LCFG 
concrete was notable. The stabilising trend of the very early-on HCP observations in LCFG was in the order 
of -0.500 to -0.550V (average), which remained intact after 10 years of severe burried exposure scenario.  
The consistent observations of  corrosion activity  were noted  when core specimens taken   right through 
the field samples were broken apart to expose the embedded reinforcement.

Long term study on the extracted samples from the same source relating to other deteriorating mechanisms, 
such as, chloride ingress, carbonation, pH was investigated after 10 years of severe burried exposure 
elsewhere, whereby the findings were that the potency level of these deteriorating mechanisms were more 
predominant in geopolymer concrete (GPC) compared to OPC concrete. However it was noticed that there 
was no surfacial deterioration resulting from sulphate attactak relative to OPC concrete. The collected core 
samples from the burried part of the same source when broken apart to see visually  the corroding steel 
elswhere, it was noticed that corrosion was not commesurating with the extent of these deteriorating 
mechanisms.

Rather brown coulration was due to some combination-coating of iron oxides and silicious compound, which 
seems mesnomer to the active corrosion. On the basis of this long term durability GPC study elsewhere, 
conculing remarks was that a lack oxygen in combination with uninvestigated protective mechanism to 
concrete reinforcing steel in GPC could be potentially from ferro-silicate protective film relative to the OPC 
concrete (K Pasupathy, D Cheema & J Sanjayan, 2021).

Also past studies have shown that passivating action of silicate - alkaline solution on metals leads to a higher 
degree of stability of the passivated state, which results from healing of imperfect regions of thin ferric oxide 
passivation film (Ovchiyan, 2003). This inhibiting action happens when the surface layers on the metal 
possess a protective properties to a lesser or greater extent as result of oxide passive film formation 
(Ovchiyan, 2003). Also Lehraman’s (1964) study showed that negatively charged siliceous species (anions) 
can react with metallic cations (+ve ions)) to form the protective film. The deposition of this ferro-silicate film 
depends on the presence of small amount of corrosion products on metal surfaces facilitating the inhibiting 
action of silicate.



This phenomenon was studied previously by undertaking electrochemical silicate coating test over a short 
duration of up to 60 minutes on 8mm steel bar using potentiostat by applying current density of 0.1μA/cm2 

on an immersed area of 13.8cm2 for electrochemical coating of silicate on steel bar sample cleaned with 
dilute hydrochloric acid (HCl) and on steel bar cleaned with ethanol and then studying its comosition using 
Scanning Electron Microscope (SEM) and Energy Dispersive X-ray (EDX) test for assessing its 
effectiveness. Figures 5 and 6 below show the SEM images of silicate coating (Cheema 2011).

Fig. 5 SEM Images of – 60 minute Electrochemical Coating of Sodium Silicate 
(on 8mm reinforcement bar – Dilute HCl cleaned)

Fig 6 SEM Images of – 60 minute Electrochemical Coating of Sodium Silicate 
(on 8mm reinforcement bar- ethanol cleaned)

Figure 7 below shows SEM and EDX images of uncoated steel reinforcement. SEM and EDX images in 
Figure 8 shows significantly less exposure of steel elements after the sodium silicate coating, indicating 
higher stability of the steel surface from dissolution point of view (Cheema, 2011).

Fig 7 SEM and EDX Images of Uncoated Steel Reinforcement



Figure 8 SEM  and  EDX Images of Coated Steel Reinforcement

In Figure 5 electrochemical coating of silicate on dilute HCl cleaned reinforcement bar showed the formation 
of oxide layer first followed by silicate coating, whereas Figure 6 showed the formation of immediate silicate 
coating on the existing oxide layer. This is in accordance with the Ovchiyan’s findings, that inhibiting action 
of silicate coating happens when the surface layers on the metal  possess  a protective properties to a lesser 
or greater extent as a result of oxide passive film formation (Ovchiyan, 2003). Further SEM & EDX images 
(Figure 8) above shows that the morpholgy of amorphous sodium silicate coating can contribute towards 
the stabilisation of passivated state of steel surface against uncoated reinforcement bar as shown in Figure 
7.

Buried environment if moist or fully saturated inhibits the ingress of CO2 causing carbonation and O2 ingress 
as well inhibiting cathodic depolarisation. This is apparent in Figure 9 below. That is LCFG concrete buried 
section is intact compared to the exposed one which has scaled significantly due to carbonation, whereas 
in case of OPC concrete-sulphate-attacked scaled marks are evident in burred environment.

GPC OPC

Figure 9, Field Samplple from Buried Environment after 10 Years

In semi – saturated environment (that is partially exposed environment) secondary anodic reaction due to 
CO2 & O2 ingress and its subsequent hydrated form may be probable which may be deteriorating to both 
type of concretes more or less.. The higher HCP observation after 10 years particularly for OPC concrete in 
the range -0.450V is indicative of probable corrosion. However the stabilised higher half-cell potential of
-0.550V in case of LCFG concrete, which has the silicate protection to oxide- passivation-film compared to 
conventional concrete and may tend to be reducing corrosion probability even under low pH environment  
& higher chloride ingress. It was also noted that dissolved CO2 ingress in buried scenario, which was 
investigated higher too elsehere (K Pasupathy, D Cheema & J Sanjayan, 2021) may be liable to change to 
the pore structure of GPC on account soluble carbonation products such as Na2CO3 but the lacking of O2 
in  buried  scenario  this  may  not  be  predominant,  however  te    impact  of dissolved  CO2   in  buried 
environments for GPC over long term of 20 & 30 years may be worthwhile for its detrimental trend, if any. 
Figure 10 shows the condition of reinforcement bar in each sample after 10 years severe exposure, when the core 
specimens were broken apart. Reinforcement sample in both OPC & LCFG concrete showed largely an intact



reinforcement with a negligible corrosion product marks. The brown coloration predominant in case of LCFG concrete 
appears from silicate-ferric oxide film colour rather from the corrosion product formation, however further research 
may confirm this

Figure 10 Condition of Reinforcement after 10 Years Severe Exposure

5. CONCLUDING REMARKS

Preliminary research study over 10 years of sever exposure in buried environment has revealed that  LCFG 
concrete may be more durable in acidic or sulphate rich environment relative to OPC concrete. As such, 
LCFG concrete applications in buried environment may be equally good & durable as OPC  concrete, rather 
will be more sustainable and durable relative to the its OPC counterpart.
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