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Abstract: Due to routine maintenance of aircraft on the concrete pavement at army airbases, a large part
of the pavement surface is often found saturated with different hydrocarbon-based oil, fuel, and fluid.
In addition, the pavement concrete is subjected to the aircraft’s exhaust temperature during operation.
This study examined the resistance ability of 3 different cementitious materials: (i) epoxy, (ii) fly ash
(FA) based geopolymer with various alkali to fly ash (AL/FA) ratios and (iii) Portland cement (PC)
mortar under a simulated airfield circumstance. The mortar specimens were repetitively exposed to a
mixture of synthetic engine oil, hydraulic fluids, jet fuel and elevated temperatures (175 °C) for 5 months
simultaneously. During the exposures, geopolymer and PC mortar both suffered saponification. The
degree of saponification of geopolymer samples is found to be highly reliant on the AL/FA ratios.
On the contrary, the epoxy mortar was found to be resistant to saponification. It was also found that
the PC mortar developed numerous thermal cracks but epoxy and geopolymer did not experience
any visual thermal cracks under the same conditions.

Keywords: fly ash; the durability of geopolymer; residual compressive strength; epoxy mortar;
elevated temperatures; chemical resistance of geopolymer

1. Introduction

Concrete pavements at airfields that house aircraft are often found saturated with
hydrocarbon-based synthetic engine lubricant, hydraulic fluid and jet fuel. Additionally,
rigid pavements are repetitively subjected to high thermal exhaust of auxiliary power units
(APUs) of aircraft for a short period. As reported, the F/A-18 aircraft’s exhaust can heat
the surface of concrete pavement to 175 °C in 10-12 min [1-3]. Consequently, the Portland
cement (PC) concrete pavements at airbases worldwide have been suffering rapid surface
degradation, which is termed as scaling of surface [1-6]. As stated, surface scaling is a
detachment of aggregates and/or small pieces of hardened cement mortar from the top
surface due to the combined action of synthetic hydrocarbon oils and repeated thermal
exposures [3,5]. The depth of surface scaling could vary from 6 mm to 25 mm [1,3,7,8].
Concrete pavements at Australian airbases have also been facing the same issue since
F/A-18 aircraft were introduced at their airbases [9,10].

According to the US Army Corps of Engineers [11], alkali-activated cement should
be a better performing binder than ordinary cement to repair army airbases. Moreover,
many studies mentioned that epoxy modified cement mortar or epoxy sand mortar exhibits
excellent resistance to aggressive environments [7,12]. Therefore, this study examined the
resistance of geopolymer and epoxy mortar to a reproduced airfield operating condition.
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Geopolymer could be an eco-friendly cementitious material depending on the raw
materials [13,14]. It is considered to be a superior substitute to ordinary PC when envi-
ronmental and technical points are considered [15-19]. It has already been used in the
construction of the Global Change Institute (GCI) building at the University of Queensland
(UQ) in Australia [20-22]. Recently, some heavy-duty rigid pavements at a commercial
airport in Brisbane were also constructed using geopolymer concrete. However, the re-
search about the durability of geopolymer concrete/mortar against airfield conditions is
still scarce.

Geopolymer is an inorganic polymer that is usually produced by alkaline activation of
aluminosilicate (powder materials) [17,23,24]. Sodium or potassium hydroxide are usually
used as alkali hydroxides, and sodium or potassium silicate (Nay.nSiO3 or (K;.nSiO3) are
generally used as alkali silicates to activate the aluminosilicate powder. Usually, fly ash
(FA) is considered as a preferred source of aluminosilicate to manufacture geopolymer
concrete/mortar because FA contains a significant amount of acidic oxides, such as SiO,
and Fe,Os3, which are effortlessly able to react with alkalis [25].

To date, the precise mechanism of geopolymer reaction is still being explored and evolv-
ing as a great interest of research [26]. When alkali hydroxides and silicates are added
to FA, the inorganic spherical aluminosilicates are dissolved into the alkali solutions and
a step-by-step geo-polymerization (exothermic reactions) occurs. As mentioned [27,28],
the steps involve polycondensation of hypothetical monomers, i.e., orthosialate ions
(OH); — Si — O — Al — (OH);; usually from monomers to dimers, trimers, tetramer, and
higher molecules. This process eventually yields the polymeric covalent bonds: poly-
siloxonate n(Si — O — Si — O—), poly-sialate n(Si — O — Al — O) and poly-sialate disiloxo
n(Si— 0O — Al — O — Si — O — Si — O—), which are solid, hard, and stable materials [18,29].
However, quartz and mullite of FA are usually less reactive and could partly involve in
the reaction process and remain as relict mineralogy of FA [18]. Depending on the climate,
curing conditions, and mix design, the solidification of geopolymer usually varies from a
couple of hours to some days [18,29,30].

The hardened product (metallic-poly-sialate-siloxo), which is the backbone of geopolymer,
has high resistance to alkaline and acidic environments at ambient temperatures [27,31-35].
Moreover, many studies stated that geopolymer has better thermal resistance compared to
typical PC [21,36-43].

Epoxy resin is broadly used in construction industries as it offers better resistance
to chemicals compared to ordinary cement [7,44-46]. Although epoxy is an expensive
material, due to its excellent durability characteristics against adverse conditions, it is
often chosen as an additive material to cement mortar. As reported, considering the cost—
performance ratio, epoxy can be used as a single binder in concrete/mortar where chemical
resistance is needed [7,12]. Thus, this study used epoxy as a single binder to produce a
mortar intended to repair degraded concrete at airfields. A small amount of silica fume
(SF) was added to epoxy mortar to improve its performance under airfield conditions; as
SF considerably decreases the permeability, thermal conductivity, spalling, and thermal
cracking of concrete material [47-50]. Moreover, spherical SF usually holds an abundance
of silanol groups on the surface. Silanol groups and silicate compounds easily react with
epoxy groups. As a result, the 3D cross-linked structures of epoxy resin get densified.
The dense epoxy-silica product shows higher compressive strength and better stability at
elevated temperatures [51,52].

Some previous experimental studies demonstrated reasons for the rapid surface degra-
dation (scaling) mechanism of ordinary PC concrete at army airbase [2-4]. These studies
revealed that typical PC is highly attacked by synthetic hydrocarbon oils/fluids at elevated
temperatures and causes saponification on the surface of the pavement concrete. However,
the solution to the problem is still unanswered. Therefore, the present study systematically
examined the durability of three binding materials (geopolymer, epoxy and plain PC) under
a replicated airfield condition. The visual observation, residual compressive strength, loss
of mass and chemical degradation of the specimens were considered as performance indica-
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tors to compare. The findings of the study will help find suitable cementitious materials to
repair/resurface existing military airbase rigid pavements. Moreover, the study illuminates
the influence of alkali to FA ratios (AL/FA) on the durability of geopolymer under airfield
environments.

2. Raw Materials and Specimen Preparation
2.1. Geopolymer Ingredients and Preparation

A NaOH solution (16 M) was prepared from 98% pure NaOH flakes supplied by Redox
Pty Ltd. and used in the present study. Sodium silicate (Na,SiO3) solution (laboratory-
grade D) with SiO, /NayO = 2.0 was procured and used in the preparation of geopolymer
mixes. Na;S5iO3 and NaOH solution was made one day before activating the fly ash (FA).
The FA of class F was utilized as a source of aluminosilicate materials. Australian river
sand (FM = 2.20) that had a water absorption capacity of 0.56% and specific gravity (Sp.
g.) of 2.62, was utilized as fine aggregates. Drinkable tap water with water to fly ash ratio
(W/FA) = 0.45 was used to prepare all geopolymer mixes. The mix ratio and characteristics
of the geopolymer are listed in Table 1. After mixing, 50 mm size of geopolymer mortar
cubes were cast and cured at 80 °C for a day.

Table 1. The mix designs and properties of the geopolymer mortar used [10].

Mix Design and Properties AL/FA = 0.50 AL/FA =0.60 AL/FA =0.70 AL/FA =0.80

Fly ash (kg/m?) 420 420 420 420

A solution of NaOH (16 M) (kg/m3) 56.75 68.10 80 90.81

A solution of Na,SiO;3 (kg/ m?) 153.24 183.90 215 245.19
River sand (kg/ m?) 1260 1260 1260 1260
Water (kg/m?3) 71.22 47.66 24.50 0.55
Compressive strength in MPa (3-day) 26.90 28.6 31 322
Compressive strength in MPa (28-day) 46.10 48.6 50 52.10
Density of the mortar (kg/ md) 1995 2015 2055 2090
Water absorption of the mortar (%) 4.19 4.14 4.10 4.06

2.2. Epoxy and PC Mortar Ingredients and Preparation

Two-part epoxy was utilized to prepare the epoxy mortar. Part A was a diglycidyl
ether of bisphenol A (DGEBA), and Part B was cycloaliphatic amine (hardener). The
properties (physical) of the epoxy used in the study are presented in Table 2. Australian
cement (general-purpose) was used to produce the PC mortar. The same sand type that
was used for geopolymer mortar was used to produce PC and epoxy mortar as well. The
mix proportions of the constituents and the characteristics of the PC and epoxy mortar are
presented in Table 3.

Table 2. The physical characteristics of the epoxy [7].

Properties Values
Solid content 100%
Minimum work time 30 min
Tack free time 4 hrs at ambient temperature
Compressive strength 80 MPa
Tensile strength 21 MPa

Heat Distortion Temperature (HDT) Approx. 115 °C
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Table 3. The mix proportion and the characteristics of the epoxy and PC mortar [10].

5 Parts by Mass
Materials
PC Mortar Epoxy Mortar

Australian general-purpose cement 100 -
Epoxy (Part A: Part B = 2:1) - 90
Silica fume (SF) - 10

Sand 300 300
Tap water 40 4

Density of the hardened mortar (kg/ m?) 2110 1920
Compressive strength in MPa (3-day) 18.50 35
Compressive strength in MPa (28-day) 41 39

Firstly, dry sand and silica fume (SF) were mixed up in an automatic mixture machine
for 2-3 min to produce the epoxy mortar. Secondly, water was poured into the dry mixture
and mixing continued for a further 2 min. Thirdly, premixed two-part epoxy was poured
and mixing continued for an extra 2-3 min. After casting, to prevent moisture loss, all
epoxy specimens were wrapped up with wet fabric and polyethene sheets for a day.

A total of 81 mortar cubes (50 mm) were prepared where 27 cubes were used for each
group of the mortars (geopolymer, epoxy and PC). Firstly, 15 cubes of each mortar type
were tested to investigate the compressive strength for time and considered as a control
specimen. Secondly, 12 cubes from each mortar type were exposed to the replicated aircraft
operating conditions to evaluate the residual strength. Finally, 36 more geopolymer cubes
with various alkali to fly ash (AL/FA) ratios e.g., 0.5, 0.6, 0.7 and 0.8 were also prepared
and exposed to the condition to examine the effect of the AL/FA ratios on the resilience of
the geopolymer.

3. Durability Test Program

Geopolymer, epoxy and PC mortar were systematically exposed to two different
airbase conditions for 5 months to rank their resistance to the exposure conditions. The
subsequent sections elucidate the exposure scenario.

3.1. Cyclic Exposure to Synthetic Oil, Fluid, Fuel and Elevated Temperatures

A total of 12 cube samples from each mortar type (geopolymer, epoxy and plain PC) at
age of 3-day were exposed to hydrocarbon-based synthetic oil, fluid, and elevated thermal
cycles, simultaneously. AeroShell Turbine Oil 500 (a synthetic hindered ester oil with some
additives), AeroShell Fluid 31 (a synthetic hydrocarbon-based hydraulic fluid) and jet fuel
(mostly kerosine) were secured from Skyfuel Australia Pty. Ltd. (The Oaks, NSW, Australia).
An equal amount of these oils and fluid were sprayed on the surface of the cube specimens
once daily except at weekends for 5 months. Moreover, the hydrocarbon-treated mortar cubes
were exposed to the heating and cooling cycle, as shown in Figure 1. A convection oven was
used for heating and the heat-treated samples were submerged in a water tub for cooling
down to room temperatures. Water cooling was selected to simulate precipitation effects on
the pavements at airbases. Heating and cooling cycles of the mortar samples were conducted
2-3 times a week. After every 20 cycles, 3 exposed mortar specimens from each mortar type
were tested under compressive load to investigate the loss of the compressive strength.

3.2. Cyclic Exposures to Elevated Temperature Only

To calculate the mass loss of the mortar specimens due to high thermal exposures,
9 cubes (3 from each group) were exposed to 175 °C for 12 min. Hence, after every heating
phase, specimens were kept outside to cool down to ambient temperatures, and mass losses
were recorded.
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Figure 1. Thermal cycle implemented to reproduce military airfield’s heating and cooling condition [1,5].

4. Result and Discussion
4.1. Visual Observations after Exposure to the Replicated Conditions

The PC mortar samples suffered saponification and developed numerous wide cracks
due to chemicals (hydrocarbons) and thermal attacks simultaneously, as shown in Figure 2a.
As previously reported, concrete usually faces saponification (formation of soap bubbles
and salty compounds) when repeatedly subjected to hydrocarbon-based oils/fluids at
elevated temperatures [1,3]. Aircraft engine lubricating oil, jet fuel and hydraulic fluid
usually comprises free alcohol, long chain of hydrocarbons in the form of —CH, and
—CHj3, an abundance of esters of fatty acids and phosphate esters [2,5]. Esters of fatty acid
are easily converted into alcohol and carboxylic acid when hydrolysed. Carboxylic acid
attacks Ca(OH), of PC at elevated temperature and produces calcium carboxylates, which
are soaps [2,53]. As the chemical attack leads to the development of soaps, it is termed
saponification of concrete. Occurring saponification in concrete triggered degradation
of microstructures and covalent bonds of cement paste. At the same time, high thermal
exposure caused numerous cracks in the mortar cubes by developing vapor pressure in the
pores of the degraded cement paste.

Geopolymer mortar also faced saponification during the same exposure but did not
develop cracks, as shown in Figure 2b. Esters of fatty acid reacted with free NaOH in
geopolymer at high temperatures and produced sodium carboxylate, which is also a salt,
and the process is known as saponification [54]. This implies geopolymer is also susceptible
to saponification like ordinary PC mortar when exposed to synthetic hydrocarbon-based
oil at elevated temperatures. However, probably due to stronger microstructures or more
heat resistance ability than PC mortar, geopolymer did not experience thermal crack.

The epoxy sand mortar neither suffered saponification nor cracking under the same
exposure conditions. The surface of epoxy mortar looked glossy before the exposures and
remained glossy after the exposures, no obvious change on the surface of epoxy mortar
cubes were observed, as shown in Figure 2c. It indicates epoxy mortar should be more
durable under airbase operating circumstances than other mortars used in the study.



Constr. Mater. 2022, 2

20

Epoxy mortar

Figure 2. Appearance of the (a) plain PC [10], (b) geopolymer [54] and (c) epoxy mortar cubes
after 80 cycles of exposure to hydrocarbon-based synthetic oil, fluids, fuel and high temperature
simultaneously.

4.2. Residual Compressive Strength of the Exposed Specimens

Figure 3 shows the gain and reduction of compressive strength of the control and
exposed mortars, respectively. Since all mortars cubes were exposed to the replicated
airbase conditions when they were only 3-day old, mortar cubes gained compressive
strength even up to 20 cycles of exposure. Later, they started losing their strength due
to subsequent exposure cycles; while the unexposed mortar cubes (the control samples)
showed a slightly gaining of compressive strength over the period.

After 80 cycles of exposure, the plain PC, geopolymer and epoxy sand mortar lost
approximately 80%, 53% and 11.50% of the compressive strength than that of the control
mortar specimens, respectively. Although geopolymer showed significantly better resis-
tance than the PC mortar, the epoxy mortar exhibited the highest resilience against the
severe adverse effect of military airbase working conditions.

Airbase overlay pavement design requires a minimum of 19 MPa compressive strength
of concrete [55]. Geopolymer and epoxy mortar both were able to uphold more compressive
strength than the minimum requirement even after 80 cycles of exposure. However, after
the same exposure cycles, the PC mortar failed to do so. Therefore, epoxy mortar is a
preferable choice for patch repairing or small resurfacing of the degraded part of the
airfield rigid pavements. Despite its technical benefits, the epoxy mortar could be an
expensive solution when a large area of the rigid pavements needs to be resurfaced. In
such cases, geopolymer can be selected to construct and repair rigid pavements at airfields
as it offered superior resistance to airfield circumstances compared to ordinary PC mortar.
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Figure 3. Drop in the compressive strength of the mortar samples during the cyclic exposures over
150 days.

4.3. Mass Loss Due to Cyclic Thermal Exposures

Figure 4 presents the mass loss behaviour of the PC, epoxy and geopolymer mortar
when exposed to thermal cycles only. After 80 cycles of high thermal exposure, the PC,
epoxy and geopolymer lost approximately 5%, 1% and 7% of the mass, respectively. Due to
the high volume of initial water (free) in the PC mortar for hydration and geopolymer for
the polymerization reactions, they lost a significantly higher amount of mass than that of
the epoxy mortar. As reported, epoxy mortar starts losing its epoxy groups at 220 °C and
the loss becomes substantial at 320 °C [56]. This implies the epoxy chain (crosslink) did
not start losing moisture at 175 °C; however, geopolymer and PC gel showed a significant
reduction in the mass during the high thermal exposures.
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Figure 4. Mass loss of the PC, epoxy and geopolymer mortar when subjected to thermal cycles only.
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4.4. FTIR Analysis of the Specimens

Figure 5 shows FTIR spectrums of the PC and epoxy mortar before and after expo-
sures. It is observed that O — H groups and C — O bonds of PC mortar are attacked by
esters of fatty acids and phosphate esters of synthetic hydrocarbon oils used. As a result,
saponification occurred in the ordinary PC mortar significantly. On the other hand, Si — O
bonds in epoxy sand mortar remained almost unchanged even after 80 cycles of exposures
to the hydrocarbon-based synthetic oil, fluid, fuel and thermal cycles simultaneously.

@ (on) (c=0) <o

(b)

\/«f (Si-0

8
z (CH)
g (©
2
=
2 CH
2 (CH)
(Si-0)
4000 3500 3000 2500 2000 1500 1000 500
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Figure 5. FTIR spectrums of (a) PC mortar (control), (b) PC mortar exposed, (c) epoxy mortar (control)

and (d) epoxy mortar exposed.

Figure 6b shows the FTIR spectrums of geopolymer before and after exposure to the
conditions. Like PC mortar, geopolymer also lost O — H ions and C = O bonds due to the
repeated attack of esters of fatty acids at elevated temperatures. These chemical attacks
resulted in saponification in the geopolymer surface. Moreover, the peak for the 5i —O — T
bonds in geopolymer is observed to slightly move from the previous (original) position to
a higher wavenumber. This signifies the Si — O — T covalent bonds in geopolymer were
degraded and lost their molecular mass during the exposure period. Based on the chemical
analysis, epoxy mortar is found to be the most suitable overlay material to repair airfield

pavements.
(@)~ N o
O-H of Hvdroaen C=0 of C-O of
ydrog carbon-dioxide (NayC0,)

(NaOH) bonded O-H

(a) Unexposed geopolymer (control)
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C-0 o

Hydrogen (Na,C0O5)

bonded O-H

% Transmittance

Si-O-T, where T denotes Si or Al

3800 3400 3000 2600 2200 1800 1400 1000 600
Wavenumbers (cm-")

Figure 6. FTIR spectrums of the (a) unexposed geopolymer specimens (control) and (b) the geopoly-

mer mortar exposed.
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4.5. Influence of Alkali to Fly Ash (AL/FA) Ratio

Geopolymer specimens with a higher AL/FA ratio were observed to suffer a higher de-
gree of saponification than the geopolymer with a lower dose of AL/FA ratio, as presented
in Figure 7. Upon the 80 cycles of exposure, geopolymer samples with AL/FA ratios of 0.5,
0.6, 0.7 and 0.8 lost approximately 33%, 40%, 49%, and 53% of the compressive strength,
respectively, compared to that of the reference specimen.

ALFA=0.7 |8 TALFAE 0.8

Figure 7. The appearance of geopolymer mortar cubes with various AL/FA ratios after 80 cycles of
exposure to the simulated airfield condition.

A higher dose of AL/FA of geopolymer contributed to a higher amount of unreacted
alkalis (AL) in the geopolymer matrix. As a result, unreacted AL freely reacted with
hydrocarbon-based oil/fluid /fuel causing significant saponification. Therefore, a lower
ratio of AL/FA is recommended for the construction/repair of airfield rigid pavements. It
also should be noted that a lower dose of AL/FA resulted in lower strength (compressive)
of geopolymer mortar.

5. Conclusions

This study examined the durability of geopolymer with various AL/FA ratios, epoxy
and PC mortar while cyclically exposed to a reproduced airfield condition over 5 months.
During the repeated exposures, geopolymer and PC mortar both went through the saponi-
fication process. Saponification of FA-based geopolymer was found to be highly dependent
on alkali to fly ash (AL/FA) ratio as geopolymer mortar samples with a higher dose of
AL/FA showed a higher degree of saponification. Nevertheless, the epoxy mortar did
not suffer saponification under the same condition. In regards to cracking, the PC mortar
developed numerous thermal cracks but epoxy and geopolymer did not experience any
visual thermal cracks due to cyclic thermal exposures.

After 5 months of cyclic exposure, epoxy mortar specimens held the highest percentage
of compressive strength compared to geopolymer and PC mortar. Based on the chemical
analysis and mass moss criterion, epoxy mortar samples showed the best resistance to the
replicated airfield condition. Therefore, the present study considers that epoxy can be the
first choice as a single binder for patch repairing or small resurfacing of the airfield rigid
pavements as it offered the highest resistance to the aircraft operating circumstances.
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However, epoxy might not be a suitable option for a larger application (construct
and/or repair) at airfields as it is expensive. In such a case, FA-based geopolymer (with
AL/FA ratio is 0.5 or less) can be used because geopolymer with AL/FA ratio of 0.5
was observed to suffer insignificant saponification and upheld approximately 67% of the
compressive strength even after 5 months of cyclic exposures to airfield conditions.
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