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Abstract: Geopolymers (GP), known for their sustainability, superior mechanical properties, and acid
resistivity, are gaining attention in developing coating materials for sewer rehabilitation and repair. This
paper presents the developing a novel alkali-activated GP mortar employing low calcium fly ash (FA) as the
sole binder. The suitability for pipe coating applications benchmarking with Ordinary Portland Cement (OPC)
mix and a proprietary geopolymer pipe coating product (P-GP). The influence of varying alkali-activator
solution -to- binder weight (AAS/b from 0.4-0.55) on flowability, setting time, mechanical properties, and
microstructure of FA-GP mortars were investigated. At ambient temperature, the novel geopolymer mortar
formulated at the water, sand and AAS ratio to the binder weight of 0.35, 1.5 and 0.55, respectively, behaved
similarly to the OPC mortar mix at 0.45 water. In contrast, the fresh P-GP mortar mixed at 0.2 water exhibited
dry mix undesirable for spray applications. The 28-day compressive strength of the FA-GP mix showed 41.9
MPa, meeting the strength threshold for cementitious structural repair mortars. This implies that FA-based
GP could manufacture sprayable structural grade mortar by adjusting the AAS in the mix.

Keywords: Alkali-activated geopolymer, Low-calcium fly ash, mortar, Sewer lining, Material
Characterisation.

1. Introduction

Sanitation is a fundamental priority; consequently, sewage systems are built to collect and transport
wastewater locally through an underground network to treatment/disposal facilities. Therefore, the durability
of these structures is of utmost importance to ensure public health consistently [1, 2]. In Australia, the total
length of sewage pipes in service is approximately 110,000 km, and they are generally composed of
Ordinary Portland Cement (OPC) concrete because it is strong and inexpensive [3]. However, these
concrete structures are prone to extreme sewage conditions due to chemical and biological degradations
[2, 4]. Microbial Induced Concrete Corrosion (MICC) has been identified as a primary concern; it causes
expansion in the concrete due to the sulfuric acid produced by sewer-based bacterial species. MICC
eventually disintegrates the OPC matrix, shortening the service life of most sewage pipes significantly
compared to normal ageing, and necessitating costly repairs or replacements [4]. With increased
urbanization, managing urban sewer systems has become more difficult; climate change and consumer
behaviour have all been reported to create favourable grounds for microbial species in sewers to thrive [5].
Increasing the wall thickness of concrete pipes to offer a sacrificial layer has been in practice, but the
intended impact has been impeded due to the high expense, the unpredictability of deterioration rates, and
the limitation to larger-diameter pipes [6, 7]. Sustainability and environmental concerns also drive a shift in
research focus to novel material solutions that can be employed as protective liners to concrete pipes in
hostile sewer settings [8]. This has motivated the need to develop an effective alternative material.

Geopolymer (GP) is a novel binder, also known as an alkali-activated compound; for nearly three decades,
researchers have worked extensively and proven better acid resistance than OPC systems [6, 9, 10].
Calcium leach out of hydrated portlandite is the most typical cause of OPC deterioration under acid attack
[3]. GPs, unlike OPC, form three-dimensional acid-tolerant tetrahedron networks of aluminates and silicates
by dissolving, gelating, and condensing aluminosilicates, which is beneficial in coating applications [11]. GP
characteristics vary based on the intrinsic features of the aluminosilicate source materials and are primarily



classified as calcium-silicon (Ca+Si)-rich system and silicon-aluminium (Si+Al)-rich system [6]. Calcium-rich
aluminosilicates such as Class C fly ash (FA) and ground granulated blast furnace slag (GGBFS) used at
varied ratios in geopolymer paste, mortars, and concrete to enhance mechanical characteristics [12-14].
Some researchers [1, 15] discovered that calcium presence impairs geopolymer's acid resistance. Chang
and Choi [16] observed that the alkali-calcium-silicate hydrates, C-(N)-A-S-H links in geopolymer releases
Ca when exposed to sulphuric acid, contributing to the precipitation of detrimental reaction product calcium
sulphate (CaSO,) known as gypsum. Slag in FA-based geopolymers may reduce durability, corroborated
by Lavigne et al. [17]. It was also established that the presence of calcium in considerable amounts in
geopolymer could interfere with the polymerisation setting pace and distort the microstructure, making it
prone to microcracks [6, 18]. According to a recent review by Wang et al. [19], GPs constructed of low
calcium precursors are potentially resistant to sulfuric acid; however, it is unclear if calcium dissolution
weakens the GP matrix when exposed to sulphuric acid or whether the matrix's physical and mechanical
properties also affect its durability. Aside from Ca dissolution, researchers discovered that aluminum (Al)
plays an important role in geopolymer acid resistance. The leachate of Al ions reported to be act as a
barricade protecting the GP matrix further dissolution despite shows a negative effect initially when acid
ingress occurs. Pacheco-Torgal et al. [8] and Matthieu et al. [20] have corroborated this pattern; they
observed class F fly ash (high alumina content with negligible Ca percentage) outperformed slag-based
geopolymer mortar in sulphuric acid. In their review, Wu et al. [15] also indicated a bacteriorictis feature of
aluminum-rich low calcium FA geopolymers.

Although the class F FA geopolymer could be a promising binder option, most geopolymer durability studies
in sewage settings have used a calcium-rich fly ash/slag combination due to the inferior mechanical
performance of class F fly ash-only geopolymers [1]. The literature describes experiments to enhance the
compressive strength of low calcium FA GPs by altering parameters including liquid-to-binder weight ratio,
alkali-activator solution-to-binder weight ratio, curing temperature, alkali hydroxide molarity among others
[21-24]. However, the findings above are scarce and scattered because the chemical composition of these
aluminosilicate precursors changes substantially depending on the deposit and extrusion procedure, making
this synthetic binder property prediction difficult, which limits their commercial adoption as an acid-resistant
binder. Also, no evidence of geopolymer studies is available for mix design using class F FA as the solo
precursor to prepare structural grade sprayable mortar applicable for sewage concrete lining [1]. This study
focused on a low calcium geopolymer mix-design that meets specifications not only for compressive
strength, which has previously been confined to, but also for fresh and hardened characteristics such as
flow, setting time, tensile and flexural strength, to compete as a spray mortar applicable for concrete lining
in sewage conditions. Present work used class F fly ash as a single precursor to produce a unique low
calcium FA-based geopolymer mortar lining for MICC-damaged concrete sewage pipes. This study also
increased understanding of how mix design factors affect GP repair material properties other than
compressive strength and their suitability for spray-on sewage application.

2. Experimental Programme

2.1 Characterisation of Materials

Class F fly ash (FA) from Gladstone Power Station in Queensland, Australia, was employed as the only
precursor in the production of GP mortars. For benchmarking purposes, OPC and a proprietary geopolymer
(GP-P) product commercially accessible in Australia were included in the experiment as counterparts. The
CaO percentage of FA was 4< as shown in Table 1, which presents the chemical composition of the dry
binder materials evaluated by X-Ray fluorescence (XRF), thereby meeting class F criteria. The alkaline
solution phase in all mixtures was a pre-mixed sodium silicate (Na,SiO3) and sodium hydroxide (NaOH)
with a Na,SiO3:NaOH ratio of 2, and the fine aggregate component in the GP and OPC mixes was locally
available river sand with a fineness modulus of 2.83 at saturated surface dry (SSD) condition. The structural
mortar is prepared by adding water to GP-P according to the manufacturer's instructions.

Table 1. Chemical composition of the raw binder materials

Odee(Wt%) S|02 A|203 F9203 CaO P205 T|02 MgO Kzo SO3 MnO Nazo LOI *




Class F FA” 47.9 28.0 141 3.8 1.8 2.0 0.9 0.6 0.3 0.2 0.4 0.4
Slag* 32.8 13.0 0.29 37.4 22 10.8 1.9 0.3 0.2

Typical OPC# 18.1 3.1 4.75 51.9 0.17 1.57 0.3 2.0 0.17

* Loss of Ignition, ** [25], #[26], [27]*#

2.2 Mortar Mix Design

This study used a modified version of the two mix design methodologies described in the literature for binder
selection and mix proportions. As suggested by Ferdous et al. [28] and Ukritnukun et al. [18], a desirable
range for alkaline activator solution (AAS)-to-binder ratio for a 28-day goal compressive strength was
chosen based on past research and was 0.4-0.55. To enhance the geopolymerisation and hence
mechanical strength, the weight ratio for water-to-binder (W/b) was kept minimum and at 0.35. Following
previous research, fine aggregate (sand)-to-binder ratio was fixed at 1.5. In addition to compressive
strength, tensile and flexural properties were investigated as key aspects for appraising sewage pipe repair
materials [29, 30]. This experiment employed six different geopolymer mortar mixes by varying the mass
ratios of the mix's AA solution-to-binder (AAS/b). In establishing the mix ratio for the experimental mixes,
the combined weight of FA and AAS solids was used as the geopolymer binder. The corrosion and durability
performance of the class F FA-geopolymer reported effect by the NaOH molarity, and it was observed
between 14 and 16 that the geopolymer made with higher molarity NaOH generated good corrosion
resistance; this study used both 16M and 14M alkali hydroxides for optimization. The corresponding
parameters for each Mix ID are listed in Table 2. The mix IDs for geopolymer mortars were allocated based
on the parameters changed at each blend. The first two letters of the specimen identification reflect the type
of binder employed, followed by a number representing the molarity of the alkaline activator used. The third
and fourth terms of the specimen designation represent the mix ratio and the variable parameter of the mix,
respectively. GP-14-0.4AAS, for example, is a sample for an FA-based GP mix with a AAS/b ratio of 0.4
that a 14 NaOH molarity solution has activated.

Table 2. Mix ratio for FA-GP, OPC and P-GP mortars

Mix ID Parameter NaOH

varied (M)

W/b S/b AAS/b

GP-14-0.4AAS 0.40
GP-14-0.5AAS 0.35 1.5 0.50 14
GP-14-0.55AAS 0.55
GP-16-0.4AAS 0.40
GP-16-0.5AAS 0.35 15 0.50 16
GP-16-0.55AAS 0.55
OPC-0.45W 0.45 15 B
OPC-0.5W 0.50 15 _
GP-P-0.2W 0.20 - - Figure 1. (a) GP mortar specimens and
GP-P-0.3W 0.30 _ _ (b) under compression loading

2.2 Sample Preparation and Test Methods

FA and sand were mixed in a Hobart mixer. The alkaline activator solution and water were then incorporated
until a homogeneous mortar mix is achieved. The alkaline activator solution was prepared a day in advance



to reduce heat impacts. Polyvinyl chloride (PVC) moulds 30 mm in diameter and height were used for
compressive and split tensile tests, while steel prism moulds 40x40x160 mm were used for flexural strength.
Each GP mortar mix had 28 specimens tested for compression [31], tensile [32], and flexural [33] strength.
To avoid moisture loss, all newly cast specimens were wrapped in plastic and stored at room temperature
for 24 hours. Since geopolymerisation reported to be influenced by heat-assisted curing, specimens were
heat-cured at 80°C for 24 hours after demolding and then stored at room temperature until the test date;
Ambient-curing was also included in the testing regime for comparison purposes. Fresh mortar qualities
determine the practicality of on-site application, which is vital in sewage pipe rehabilitation since the fresh
mortar must be sprayable and have an appropriate setting time to avoid community disruption. This study
tested the flow and the setting time of the fresh mortar based on ASTMC1437 [34] and ASTMC807 [35]
respectively.

3. Results and Discussion

The compressive, split-tensile, and flexural strengths of each FA-geopolymer mortar mix, OPC, and GP-P
are summarised in Table 3. AAS/b denotes the variable AAS-to-binder weight ratio, while AC and HC are
the specimen strengths at ambient and heat-cured conditions, respectively. The compressive and tensile
strengths (CS and TS) are the averages of the five specimens, while the flexural strength (FS) is the average
of four prism beams subjected to 3-point bending. Because the mechanical properties of the 14M NaOH-
activated GP mix are identical to the 16M counterpart, only the 16M mixes were addressed in the following
discussions.

Table 3. Effect of varying AAS-to-binder ratio on mechanical properties of mortars at 28 days.

CS (MPa) TS (MPa) FS (MPa)
Mix 1D AASH | M
AC HC AC HC AC HC
GP-14-0.4AAS 0.40 13.7+05| 207+10| 05+02| 1.3+04| 1802 | 59%03
14
GP-14-0.5AAS 0.50 212+11| 199+24| 06+02| 21+01 | 23+02| 82+06
GP-14-0.55AAS | 0.55 219+1.0| 396+29| 14+04 | 38404 | 33+01| 86+0.8
GP-16-0.4AAS 0.40 145+11| 242+43| 09+01| 20+05| 3506 | 53+07
16
GP-16-0.5AAS 0.50 219+14 | 300+43| 1.0+01| 37+01| 3.8%05| 6.1+0.7
GP-16-0.55AAS | 0.55 238+28 | 419+27| 1.0+02| 49+08 | 4507 | 7.9+02
OPC-0.45W 045 | _ 450+ 2.7 B 5.0+0.8 N 9.9 0.5 B
OPC-0.5W 050 | _ 329+34 B 46+1.1 B 9.4 +1.2 B
GP-P-0.2W 020 | _ 408+ 1.4 _ 3.8+05 B 8.0 £0.5 B
GP-P-0.3W 030 | _ 33.0+2.8 _ 3.7+0.1 B 7.00.3 B
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Flow and Setting Time of Fresh Mortar

3.1.1 Flow

Spray ability of the mortars was assessed using the standard flow table test, where the average
diameter of mortar spread over the concentric circles was noted. The effect of various alkali activator
solution-to-binder (AAS/b) ratios on the flow of FA-geopolymer fresh mortar is shown in Figure 2(a).
Based on Figure 2(a), the flow reduces when the AAS/b ratio increases, regardless of the NaOH
molarity. This is due to less free water being supplied to the mix to compensate for the fixed W/b ratio
of 0.3, as supported by Patankar et al. [36]. In contrast, Aliabdo et al. [37] and Nergis et al. [38] found
that the increased AAS/b ratio in the geopolymer mix improved flow. This is because the increased
AA solution has altered the W/b ratio in the mix. When the alkaline activator dose was raised,
individual GP-14 mortar mixes outperformed GP-16 mortar mixes in workability. This could be
because the 16M mix has less free water than the 14M mix, necessitating the addition of water to
obtain a low-strength NaOH activator solution. When the AAS/b ratio was adjusted from 0.4 to 0.55,
the 14M mortar mix transitioned from self-compacting to dry. The 16M and 14M mixtures had nearly
identical 96% flow at the corresponding AAS/b ratios of 0.4 and 0.5. Results demonstrated that the
alkaline activation dosage used affects the workability of a fresh geopolymer mortar. This is explained
by the presence of more Na+ and less free water in the 14M mix at AAS/b =0.5 compared to the 16M
mix at AAS/b=0.4. The workability of fresh GP mortar, on the other hand, is inversely related to the
NaOH concentration and the AAS/b ratio of the mix with fixed water-to-binder solids in the mix and
this was in agreement with Patankar et al. [39] experimental results. A spray mortar must have a
smooth flow, and it must also have sufficient viscosity to prevent self-compacting, which often results
in uneven coating thickness and reduced coverage. Since no standard guidelines available, the
allowable flow consistency for spray application was taken as 80%-100% based on visual
observations during the flow table trials.
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Figure 2. Effect of varying alkalinity activator solution-to-binder ratio on (a) workability and
setting time of fresh FA-GP mortar, (b) Compressive strength -CS, (c) Tensile strength- TS,
and (d) Flexural strength- FS of FA-geopolymer mortar cured under ambient and elevated
temperatures.
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3.1.2 Setting time

Figure 2(a) depicts the variation in elapsed time between the addition of water and the first refusal of
the Vicat needle to penetrate the mortar mix to the amount of alkaline activator solution. The setting
time in each mix changed as the AAS/b ratio increases. When the AAS/b ratio was increased from
0.4 to 0.5, the setting time of the mix was reduced regardless of molarity. Because the W/b ratio is
fixed, the amount of extra water required to be added increases when the AAS/b ratio in the mix
decreases; hence, setting times follow an inverse pattern represented by the graph. This contradicts
the findings of Elyamany et al. [40] and Nath and Sarker [41], who observed an increase in the set
time as the alkaline activator solution in the mix increased. The AA/b ratio, in their case, is equivalent
to the W/b ratio in the mix. Although the GP-16 mixes required less time to set than their 14M
counterparts due to the presence of high NaOH concentration, Figure 2(a) demonstrates that the 16M
NaOH molarity GP mixes did not follow this trend, instead needing longer setting periods as the AAS/b
ratio in the mix increased. For a constant AAS/b ratio, the 16M mortar requires more water than the
14M counterpart. Because the geopolymerization process is slowed, longer setting periods for
mixtures with higher NaOH molarity are anticipated. Because the binder is a weighted combination
of FA and alkali activator solids, FA in the mix decreases as the AAS/b ratio increases. This effect is
important because low FA dissolution delays polycondensation; this effect is stronger in the 16M mix
than in the 14M counterpart, decreasing the setting process. Faster setting times are reported to be
prone to microcracks; conversely, longer setting times prolong repair times which is also not
desirable.

Mechanical Properties of Hardened Mortar

3.1.1 Compression

The compressive strength results of GP-14 and GP-16 mixes versus the AAS/b ratio deployed during
mortar synthesis are represented in Figure 2(b). The incremental trend in compressive strength with
increasing AAS/b ratio is common for ambient (AC) and heat-cured (HC) specimens. The graph
shows that for both 14 and 16 NaOH molarity mixes increasing the AAS/b ratio from 0.4 to 0.5
improves the AC mix compressive strength approximately by 51%, whereas increasing from 0.5 to
0.55 only improves compressive strength by 8%. The strength increases for heat-cured specimens
containing extra AA solution in the mix are exponential. This behaviour can be attributed to enhancing
the growth of the geopolymer matrix in the presence of a large amount of alkali activator [42] at
elevated temperatures. Regarding the curing phase, the heat-cured specimens were more
structurally stable than those cured at room temperature; this confirms that the initiation of strength
development of FA-geopolymers advances when exposed to higher temperatures, as previously
reported by Athira et al. [43]. The highest compressive value is 41.9 MPa reported for GP-16 HC at
AAS/b = 0.55 which meets the strength requirement for standard OPC repair mortar of 40 MPa. The
Heat- cured GP-14-0.55AAS has shown 35MPa strength at 28 days under compression loading.

3.1.2 Splitting Tensile

The effect of various AAS/b ratios on the tensile strength of GP mortars under ambient and heat
curing conditions is shown in Figure 2(c). As seen in Figure 2(c ), For all tested mixtures, the tensile
strength for fly ash geopolymer increase with increased alkali activator dosage. The curing
temperature is also seemed influence the tensile properties of geopolymer. The tensile strength of
GP-14 mixes cured under ambient temperature settings was less than 1.5 MPa, but heat-cured
equivalents obtained a maximum value of 4 MPa at AAS/b ratio of 0.55, a 60% increase compared
to the strength at 0.5 AAS/b ratio which is harmonised with Nguyen et al. [44] findings. Similar to
compressive strength results, splitting tensile strength also affected by the molarity of the alkali
hydroxide used for activating the aluminosilicates. Tensile strength values for GP-16 -HC mortars at
0.5, and 0.55 AAS/b ratios are 3.7 MPa, and 4.9 MPa, respectively, higher than standard concrete,
which has a tensile strength of around 2.7 MPa [45]. This can be ascribed to the strong interparticle
bonding of the geopolymer, which is encouraged by the soluble silicate in the presence of excess
Na+ ions in the mix, according to Hardjito et al. [46]. A comparable tendency was noticed between
the two mixes cured at elevated temperatures for 24 hours, for instance GP-14 mix at 0.55 AAS/b
showed equivalent tensile strength of 4 MPa to GP-16 at 0.5 AAS/b. The relationship between GP-
16-AC tensile strength (fct) and compressive strength (fcm) at 0.55 AAS/b can be expressed as



3.3

fct/Vfem = 0.8 which is similar to the formulae proposed by Hardijito et al. [46] in determining the
indirect tensile strength. The established value for OPC is 0.4 and this illustrates geopolymer's
superiority over OPC in terms of tensile characteristics under specified conditions.

3.1.3 Flexural

Flexural strength is equally crucial as CS and TS in resisting the inevitable longitudinal cracks in
underground pipelines. Figure 2(d) depicts the effect of changing AAS/b on fly ash geopolymer mortar
flexural strength (FS) measured at 28 days at two distinct curing regimes. By increasing the AAS/b
ratio from 0.4 to 0.55, the FS of the ambient-cured GP-16 mix was improved from 3.5 MPa to 4.5
MPa. This behaviour can be explained by the increased volume of the alkalinity activator, which
accelerates dissolution and produce stronger geopolymeric linkages reinforcing the matrix.
Temperature-induced strength development was observed in heat-cured 16M mortar mixes, with the
lowest measured strength being 5.3 MPa at AAS/b = 0.4 and increasing to 7.9 MPa at AAS/b=0.55.
The GP-14 mix followed a similar pattern of increasing FS with increasing AAS solution in the mix,
reaching a maximum value of 8.6 MPa at 0.55AAS/b ratio. These values are significantly higher than
the FS for conventional repair mortars (3.4 MPa), and they are within the commercially available
geopolymer spray range of 5.5 MPa - 10.3 MPa [45]. Geopolymer mortar formulated with class F FA
as the sole antecedent is a potential crack-resistance binder appropriate for sewer repairs due to its
higher performance in FS.
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Figure 3. SEM micrographs of GP-16s with an AAS-to-binder ratio of 0.4, 0.5, and
0.55; under ambient curing (a), (b) and (c) and heat curing (d), (e) and (f)
respectively.

Microstructure of Hardened Mortar

Figure 3 shows SEM plots for 16 NaOH molarity mortars mixed at different alkalinity activator
solutions. The morphological change of the ambient-cured mix at AAS/b ratios of 0.4, 0.5, and 0.55
is shown in Figures 3(a), 3(b), and 3(c). FA particles are submerged in the geopolymeric gel,
generating a low porosity matrix, as shown in Figures 3(a) and 3(b). The observed FA spheres
were predominantly in shattered shells, resulting in a greater contact area for the geopolymeric gel
to attach to. Because there was no obvious feature variation between the matrices, distinguishing
mechanical properties based on these SEM images was difficult for mixtures with AAS/b ratios of 0.4
and 0.5, as shown in Figures 3(a) and 3(b). The flexural and tensile strength properties drawn from



4,

these two mixes were substantially equal, Figures 3(c) and 3(d) verifying this observation. By
increasing the AA solution in the mix by 8%, the geopolymer matrix appears to have evolved to a
better consistency with little to no FA particles visible but evenly dispersed geopolymeric gel and
some unreacted sodium crystals from the excess AAS in the mix. Figures 3(d), 3(e), and 3(f) show
how geopolymerization progressed in heat-cured mixes after 28 days of casting. In contrast to AC
mixes, mixes with AAS/b ratios of 0.4 and 0.5 have a higher proportion of reacted FA spheres, which
correlates with the mechanical properties of these mixes in terms of compressive, tensile, and flexural
strength. Figure 3(f) depicts a homogeneous geopolymeric gel suggesting a solid matrix created with
a greater AAS/b ratio in the mix, confirming the higher mechanical properties of the geopolymeric
gel at AAS/b = 0.55.

Conclusions

This paper presents the results of an extensive experimental study characterizing the physical,
mechanical, and microstructure of low calcium FA-based GP mix synthesised by varying alkaline activator
solution ratios to the binder weight. Based on the experimental results, conclusions can be drawn as follows:

1.

10.

11.

The alkali activator content substantially impacts the GP mortar properties; in the absence of a
methodology, selecting the activator type and dosage is crucial to developing an appropriate mix
for application.

High concentration of AAS in the system inhibits the flow thus workability of geopolymer mortar.
High AAS component in the mix accelerates GP mortar set times; nonetheless, the alkali hydroxide
molarity determines the pace of geopolymerization.

The alkali activator dosage in the mix significantly influences the production of alkali-binding gels;
it presents a homogenous matrix when cured at higher temperatures, reflecting improved
mechanical characteristics in terms of CS, TS, and FS with increasing AAS/b ratio.
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