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ABSTRACT 

The concrete sewer pipe network, comprising approximately 122,000 km of infrastructure in 

Australia, is essential in ensuring the liveability and productivity of cities and communities. These 

sewer assets are designed with an intended service life of approximately 100 years. However, the 

durability of these assets is compromised due to the detrimental effects of deterioration caused by 

several factors. Among the factors contributing to sewer asset degradation, microbial-induced 

concrete corrosion (MICC) is the most aggressive and significant threat. MICC is a complex 

process characterised by various chemical and biological reactions, primarily involving the 

conversion of sulphide present in wastewater to sulfuric acid and other biogenic acids. These acidic 

by-products directly interact with the concrete material, leading to gradual deterioration and 

eventual failure of the sewer assets in a short period. 

Various mitigation strategies have been implemented to mitigate the impact of MICC on sewer 

assets to extend the service life of existing sewer assets. For existing sewer infrastructure, 

mitigation efforts have focused on reducing hydrogen sulphide (H2S) generation through chemical 

dosing and employing surface protective coatings to prevent concrete corrosion. However, 

effective H2S reduction often necessitates the injection of chemicals at various locations along the 

sewer assets. Continuing a controllable H2S level requires consistent chemical dosing, as a failure 

to maintain adequate doses results in H2S production returning to previous levels. Unfortunately, 

this mitigation approach poses long-term operational and financial challenges, as the costs 

associated with maintenance and operation can be excessively high. On the other hand, surface 

protective linings have emerged as an intriguing strategy for protecting and extending the existing 

sewer assets. These linings served as effective barriers between concrete infrastructure and harsh 

environmental conditions. Sewer assets can be effectively preserved and extended their service 
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life by employing surface protective linings. The durability of the protective linings itself relies on 

its corrosion resistance capabilities.  

Alkali-activated binders (AAB), including geopolymer, exhibit comparable or better properties to 

traditional construction materials like ordinary Portland cement (OPC) concrete. Geopolymer 

mortar often surpasses OPC mortar in terms of durability, with calcium content playing a crucial 

role in enhancing its performance. For several reasons, these materials have gained attention as 

potential protective lining mortar options for sewer asset rehabilitation. Firstly, they offer high 

chemical corrosion resistance, superior mechanical strength, and minimal shrinkage. Additionally, 

Alkali-activated binders (AAB), including geopolymer, were produced using industrial waste by-

products, resulting in reduced energy consumption, lower CO2 emissions and inexpensive.  

Despite their promising qualities, these materials have not been utilised as protective linings in 

sewer asset applications for a few reasons. Firstly, there is a lack of corrosion resistance 

performance data. Secondly, there are no established guidelines for their application and selection. 

Thirdly, the design of protective systems based on geopolymers is complex due to limited kinetic 

corrosion data, especially in actual sewer environments. Lastly, understanding sewer requirements 

and defining sewer corrosivity to specify the durability features of the protective lining system 

remains a challenge, making the selection of the appropriate Alkali-activated binders. To address 

these challenges, this study developed the framework for predicting the service life and selection 

criteria for alkali-activated binders (AAB) and geopolymer mortar under specific sewer 

corrosivity. However, the lack of available information regarding using geopolymer as a protective 

lining material for sewer asset rehabilitation poses limitations.  

Therefore, the objectives of this study were i) to provide an understanding of alkali-activated 

mortar, including geopolymer performance, specifically in live sewer environments, ii) to obtain 
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performance data for various commercial geopolymers and compare corrosion-resistant 

performance to high-performing calcium aluminate cement mortar (CACm) (100% CAC) that 

reflects the impact of the various sewer corrosion classification, and iii) to use the field 

performance data to develop the service life prediction models and lining mortar selection criteria.  

To achieve the objectives of this study, four commercially available one-part geopolymer mortars 

(OGPm), denoted as OGPm-1, OGPm-2, OGPm-3, and OGPm-4, and one calcium aluminate 

cement mortar (CACm) were evaluated. 50 mm cured mortar cube in a laboratory and fresh 

shotcrete lining mortar were involved in this study. The lining mortar samples were tested for 

corrosion resistance under i) pH 1 sulphuric acid immersion test in the laboratory and ii) live sewer 

environmental conditions ranging from C1 (low corrosivity) to C5 (very high corrosivity) based 

on the sewer corrosivity classification. The acid immersion test aimed to simulate the last stage of 

the deterioration mechanism using sulphuric acid, which is presented as the main corrosive 

compound in MICC. Lining mortar sample preparation involved the shotcrete applied lining 

mortar and cured cube mortar. The corrosion resistance performance test of shotcrete applied 

lining under the live sewer was undertaken for the first time, reflecting the real corrosion resistance 

performance of lining mortar in live sewer systems. The corrosion resistance performance was 

estimated based on the corrosion depth and residual unconfined compressive strength (UCS) as a 

function of time. 

The four geopolymer mortars (OGPm) and one CAC mortar (CACm) were characterised to reveal 

their composition, mineralogy, and corresponding physical properties to support the durability 

assessment. Based on the XRF results, the high calcium content of the geopolymer binders that 

ranged from 23.3 to 53.9 wt.% suggested the geopolymers involved in this study were alkali-

activated binder (AAB) and hybrid geopolymer with blended aluminosilicate phases. The physical 
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and chemical properties such as initial UCS, initial porosity, acid neutralisation capacity (ANC), 

hydration products (C-S-H, C-A-S-H, C-N-A-S-H, and N-A-S-H), and chemical composition of 

aggregate (SiO2, Al2O3, and CaO) were found to correlate with the corrosion resistance 

performance of mortar. 

The corrosion resistance performance of OGPm and CACm in the live sewer was found to follow 

three-staged corrosion steps: initiation period or lag-phase, fast stage 1 corrosion propagation (R1), 

and followed by slower stage 2 corrosion propagation (R2). It needs to be noted that this is the first 

time that corrosion data and characterisation from live sewers have been obtained. The corrosion 

rates were used to compare the corrosion resistance performance.  R2  exhibited an essential feature 

of this protective lining mortar. These results suggest that the reduction of corrosion rate in the 

second stage could be attributed to the build-up of the corrosion product layer, reducing the acid 

diffusion rate due to pore blocking. The corrosion resistance performance of OGPm and CACm 

was associated with the chemical and physical properties of the mortar and sewer corrosivity of 

sewer environmental conditions. For example, the ANC of the mortar plays a crucial role in 

slowing mortar deterioration by neutralising the acids produced from MICC. This helps protect 

the mortar from acid attacks. At the same time, the porosity of the mortar affects its susceptibility 

to corrosion. Higher porosity allows for easier penetration of acids into the mortar matrix, leading 

to increased corrosion depth. 

The hydration products in the mortar, such as C-S-H, C-A-S-H, C-N-A-S-H, and N-A-S-H, also 

play a significant role in corrosion resistance by improving the UCS, porosity, and ANC. These 

hydrates also contributed to the formation of gypsum and ettringite because of the Ca content in 

the hydration phases. The ANC, UCS, porosity, and hydration products in the mortar are 

interconnected factors that influence its corrosion resistance. CACm demonstrated superior 
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performance as a lining mortar compared to OGPm. The better corrosion resistance performance 

of CACm compared to OGPm can be attributed to its chemical composition, high ANC, low 

porosity, and high UCS. CACm, primarily composed of calcium aluminate, inherently possesses 

acid resistance properties. The denser microstructure of CACm reduces porosity and limits acid 

penetration. Additionally, CACm exhibits higher chemical stability in acidic environments, 

maintaining its structural integrity over time due to the buffering effect from Al(OH)3 dissolution 

at pH approximately 3-4.  

This study developed the service life prediction model for alkali-activated binder mortar, including 

geopolymer, based on the depth of corrosion with time, employing the semi-empirical approach 

using the power law model and following a solid-liquid kinetic model based on the shrinking core 

model. The corrosion depth prediction model incorporated several factors, including the sewer 

environment conditions, properties of the mortar including porosity, UCS, ANC, geopolymer 

hydration products, and chemical composition of the aggregates and time. Individual models were 

developed for the three stages of corrosion: the initial period, stage I corrosion propagation, and 

stage II corrosion propagation. These were combined to provide a holistic model to predict the 

overall service life, as presented below.  

Initiation period :  𝑡𝑖 = 𝑘𝑡𝑖𝐺𝐶𝑡𝑖𝐹𝑡𝑖𝐺  

Stage 1 Corrosion Propagation: 𝑋𝑆1_𝐺 = 𝐾𝑆1_𝐺𝐶𝑆1_𝐺𝐹𝑆1_𝐺(−𝑝1_𝑆1𝐺𝑡
𝑝2_𝑆1𝐺 + 𝑝3_𝑆1𝐺𝑡 − 𝑝4_𝑆1𝐺) 

Stage 2 Corrosion Propagation: 𝑋𝑆2_𝐺 = 𝐾𝑆2_𝐺𝐶𝑆2_𝐺𝐹𝑆2_𝐺(−𝑝1_𝑆2𝐺𝑡
𝑝2_𝑆2𝐺 + 𝑝3_𝑆2𝐺𝑡 − 𝑝4_𝑆2𝐺) 

Where: t = time, C= sewer corrosivity, F = mortar durability, K = Constant for depth of corrosion 

prediction model, p = Constant parameters for time 

The final service life should be defined as t final = ti + t (stage 1) + t (stage 2) 
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To establish the fit of these models, an independent variable significance test was performed for 

each model established using a partial F-test and justified with the p-value. If the p-value is less 

than the conventional 0.05 level, the independent variable was found to be a significant predictor 

in the predictive model. The goodness of fit of the models was determined using R2, adjusted- R2 

and mean-square error (se), as presented below. 

For the initial corrosion period: R2 of 0.99, adjusted- R2 of 0.98 and se of 0.04. 

For stage I corrosion propagation: R2 of 0.98, adjusted- R2 of 0.75 and se of 2.87. 

For Stage II corrosion propagation: R2 of 0.90, adjusted- R2 of 0.82 and se of 4.0 

These statistical parameters suggested that the model adequately fits the mortar corrosion 

behaviour under all stages of corrosion. The corrosion depth prediction models were verified by 

comparing the predicted and 10% of the external data. The verified corrosion depth was observed 

to be a reliable fit along with the diagonal line. It is important to note that this study represents the 

first instance of developing a service life prediction model that considers real-world field 

applications, encompassing diverse live sewer corrosivity classifications and mortar durability. 

The selection criteria input in the service life prediction model were the mortar durability and 

sewer corrosivity. The mortar durability could be predicted from porosity, UCS, ANC, binder 

hydrations (C-S-H, C-A-S-H, C-N-A-S-H, and N-A-S-H), and chemical composition of aggregate 

(CaO, SiO2, and Al2O3) and sewer corrosivity conditions, as defined by sewer environmental 

conditions, could be predicted from H2S, CO2, temperature, and %RH.  
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1 INTRODUCTION 

1.1 BACKGROUND 

In Australia, there are approximately 122,000 km of concrete sewer pipe networks and related 

infrastructures are referred to as “sewer assets” (WSA-201, 2017). The sewer assets are valuable 

and essential infrastructure, ensuring our cities and communities are liveable and productive. The 

purpose of the sewer assets is to collect, convey and treat domestic and industrial wastewater. 

Sewer assets are constructed from various materials, such as Bricks, Vitrified Clays, Cement 

Concrete, Cast Iron, Steel Pipes, and Plastics, depending on the operational criteria (Kim et al., 

2012). However, most assets have been constructed using Ordinary Portland Cement (OPC) 

concrete.  

The sewer assets are designed to have a service life of approximately 100 years (Wu et al., 2020). 

Unfortunately, sewer assets experience deterioration because of various factors, including 

operational conditions, the impact of microbial-induced concrete corrosion (MICC), and external 

soil corrosion. The most aggressive factor is MICC, which significantly decreases the service life 

of sewer assets. The MICC is a complex process with various chemical and biological reactions 

that convert sulphide within the wastewater to sulfuric and other biogenic acids. The sulfuric acid 

and other biogenic acids from the MICC process will directly react with concrete material, 

resulting in the gradual deterioration of sewer assets. 

The failure of the sewer asset caused by MICC increasingly triggers high economic expenses and 

severe health and environmental concerns (Grengg et al., 2018). For example, the replacement and 

rehabilitation of sewer assets cost 14 billion dollars annually in the USA, 103 million dollars in 

the UK and over 458 million dollars in Germany to keep the existing wastewater infrastructure 

operational (Grengg et al., 2018, Berger et al., 2003). Furthermore, the leakage of sewer gases such 
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as nitrous oxide (N2O), methane (CH4) and carbon dioxide (CO2) into the atmosphere would also 

contribute to climate change since they consider greenhouse gases formed within sewer assets 

(Jensen et al., 2016). In addition, hazardous gas production such as hydrogen sulphide (H2S) and 

carbon dioxide (CO2), methane (CH4), ammonia (NH3) and other volatile organic compounds 

(VOCs) associated with MICC present a severe health risk for community workers and wastewater 

system operators. 

Sewer assets management is challenging because the sewer assets are usually buried under cities, 

and over 50 percent of the sewer assets are aged about 80-100 years old (WSA-201, 2017). 

Therefore, various mitigation strategies have been applied to reduce the impact of MICC. The 

mitigation strategies for existing sewer assets can target reducing the H2S generation by chemical 

dosing and avoiding the development of concrete corrosion by a surface protective lining. 

However, To reduce the H2S generation by chemical dosing, injecting the chemical in the various 

locations along the sewer assets is often required. Furthermore, once the chemical dose is not 

maintained at the desired H2S level, the H2S will return to the previous production level (Gutierrez 

et al., 2008). From a practical point of view, this mitigation strategy becomes expensive to maintain 

and operate in the long term (Hvitved-Jacobsen, 2001). 

On the other hand, to avoid the concrete corrosion deterioration impacted by MICC, the use of 

surface protective lining has become a fascinating strategy to protect the existing sewer assets, 

extend the service life of the sewer assets, and work in the long term. The surface protective lining 

acts as a barrier between sewer assets and aggressive environmental conditions. The sewer asset 

can be protected using a surface protective lining, and the service life of the protective lining 

depends on the corrosivity of the sewer environment and the durability of the lining material.  
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1.2 PROBLEM STATEMENT 

Alkali-activated binders (AAB) are a new class of binder material prepared by activating an 

aluminosilicate precursor with an alkali medium such as sodium silicate (waterglass) 

(Na2O·mSiO2·xH2O), Sodium hydroxide (NaOH) or Potassium hydroxide (KOH) (Ibrahim and 

Maslehuddin, 2021, Brough and Atkinson, 2002). The aluminosilicate precursors are utilised from 

industrial by-products such as fly ash (FA), Metakaolin, and Ground granulated blast furnace slag 

(GGBFS). The AAB can be classified into high-Calcium AAB and low-Calcium AAB, depending 

on the calcium content within the aluminosilicate precursors.  

The reaction between low-calcium aluminosilicate precursors (FA and Metakaolin) and an alkali-

activated medium can be developed in a three-dimensional crosslinked poly-sialate amorphous 

and semi-crystalline structure of sodium aluminosilicate hydrate gel (N-A-S-H) (Davidovits, 1991, 

Liew et al., 2016, Majidi, 2013, Liguori et al., 2017). The product of low-calcium aluminosilicate 

with alkali activation is also known as a “geopolymer” (Davidovits and Cordi, 1979). On the other 

hand, alkali activation of high-calcium aluminosilicate precursors can formulate the hydration 

product as disordered tobermorite-like (C-S-H), which can be partially substituted by aluminium 

or sodium/potassium to form calcium aluminium silicate hydrate gel (C-A-S-H) or calcium 

(sodium) aluminium silicate hydrate gel (C-(N)-A-S-H) (Provis and Van Deventer, 2013, 

Herrmann et al., 2018). However, if the aluminosilicate precursor is mixed with fly ash, slag, or 

other material, with often contains approximately 10-20 %wt CaO. Therefore, the reaction product 

potentially contains a Ca-rich phase and sodium aluminosilicate hydrate (N-A-S-H), providing 

better strength and durability (Herrmann et al., 2018).  

Geopolymer and calcium-rich AAB provided comparable properties to ordinary portland cement 

(OPC) concrete as a traditional construction material (Davidovits, 1994). In many cases, the 
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durability of geopolymer concrete is better than OPC concrete, and calcium content significantly 

affects the durability mechanism (Chen et al., 2021). They become more attractive to utilise as a 

protective coating material for sewer assets rehabilitation because: 

i) High chemical corrosion resistance, high mechanical strength, low shrinkage 

ii) Geopolymer and calcium-rich AAB binder produced with industrial by-products with 

lower energy and CO2 emission 

iii) Low cost of  Geopolymer and calcium-rich AAB binder production 

There are various commercially available geopolymer and calcium-rich AAB products in the 

market. However, it has never been used as a protective coating material in sewer assets 

applications because: 

i. There is a lack of corrosion resistance performance data. 

ii. There are no guidelines for application and selection. 

iii. The design of protective systems based on geopolymers is complex because of the lack 

of kinetic corrosion data, particularly relevant to the live sewer environment. 

iv. There is a lack of understanding of sewer requirements or the definition of sewer 

corrosivity to specify the durability features of the protective coating system. 

Therefore, choosing the right geopolymer and calcium-rich AAB that fits the specific 

sewer environment becomes more challenging. 

1.3 RESEARCH OF OBJECTIVE 

The lack of information restricts the use of geopolymer as a protective coating material for sewer 

asset rehabilitation. Therefore, the objectives of this study are as follows:  
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• To understand the performance of geopolymer and alkali-activated binder coatings and in 

a live sewer environment. 

• To obtain performance data for various commercial geopolymers and compare corrosion-

resistant performance to high-performing calcium aluminate cement mortar (CACm) 

(100% CAC) that reflects the impact of the various sewer corrosion classification  

• To use the field performance data to develop the service life prediction models and coating 

selection criteria 

1.4 THESIS ORGANISATION 

This thesis is organised into seven chapters, as shown below 

Chapter 1 Introduction 

- This chapter provides a brief overview of the background regarding the deterioration 

process of sewer assets, followed by a clear statement of the problem and the specific 

objectives of this investigation. 

Chapter 2 Literature review 

- This chapter provides an literature review of background information on sewer assets, the 

principle of concrete corrosion by microbial-induced concrete corrosion (MICC), 

mitigation strategies to inhibit the extent of the corrosion, protective coating material, and 

service life model for sewer rehabilitation.  

Chapter 3 Material and methodology 

- This chapter presents comprehensive information on the protective lining mortars utilised 

in this study, including details about the corrosion resistance performance tests conducted, 
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the characterization methods employed, and the evaluation of the protective coating 

material’s corrosion resistance performance.  

Chapter 4 Characterisation of geopolymer and calcium aluminate cement protective lining 

materials 

- This chapter focuses on the characterisation of geopolymer and calcium aluminate cement 

mortar prior to their exposure to live sewer assets. The chapter highlights the important 

chemical and physical properties of these lining mortars, providing their initial condition 

before subjecting them to the challenging sewer environment.  

Chapter 5 The durability of lining mortar under laboratory and field test 

- This chapter presents the performance of alkali-activated binder mortar, including 

geopolymer to acid immersion test and different sewer corrosivity environmental 

classifications in live sewer assets. 

Chapter 6 Service life prediction models for alkali-activated binders, including geopolymer  

exposed to sewer conditions of various corrosivity 

- This chapter presents the service life model developed using corrosion resistance 

performance data obtained from live sewer assets. The model aims to accurately predict 

the expected service life of these assets based on the gathered data. 

Chapter 7 Conclusion and Recommendation 

- This chapter provides a concise summary of the key findings and results obtained in this 

study related to the objectives outlined. It aims to present the essential outcomes that have 

emerged from this study, highlighting their significance and relevance to the overall study. 
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2 LITERATURE REVIEWS 

2.1 INTRODUCTION  

A concrete sewer pipe network, including pipes, pumping stations, and access chambers, referred 

to as “Sewer assets”, is the valuable and essential urban infrastructure in ensuring our cities and 

communities are liveable. However, the sewer assets are seriously experiencing corrosion due to 

microorganism activities known as “microbial-induced concrete corrosion (MICC)”. In order to 

address the issues of corrosion of the sewer assets, understanding the context of assets management 

and the causes of the corrosion would be helpful information for future development. Therefore, 

this chapter will present state of the art on sewer network systems, the MICC process, chemistry, 

and the corrosion mechanism behind concrete corrosion. Moreover, this chapter will also highlight 

the history of experiments to analyse the corrosion-resistance performance of geopolymers, 

including alkali-activated binders, against chemical and biological corrosion.  

2.2 SANITARY SEWER NETWORK SYSTEM 

Sanitary sewage is wastewater generated by human activities from residential ( e.g., toilets, sinks, 

showers, washing machines, dishwashers) and industrial wastewater. It is a complex mixture of 

inorganic and organic materials. The sewage is collected and conveyed to a wastewater treatment 

plant by a sewer network between the sewage and wastewater treatment plants (Hvitved-Jacobsen 

et al., 2013). 

2.2.1 SEWER PIPE NETWORK 

Generally, there are various types of sewers in the typical sewer pipe network: lateral, main, trunk, 

and interceptor, as shown in Figure 2-1. The difference between the various pipe type is described 
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in Table 2-1. The sewage flow can be controlled by either gravity or pressure as shown in Figure 

2-2 (Hvitved-Jacobsen et al., 2013).  

• Gravitational sewer system – the sanitary wastewater flows by gravity force  

• Pressure sewer system - the sanitary wastewater from the sewage collection tank are 

pumped to another main sewer network  

 

 

Figure 2-1 Schematic diagram of a sewer pipe network (Mackenzie L. Davis, 2020) 
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Table 2-1 Types of Sewers pipe in a typical collection system (Mackenzie L. Davis, 2020) 

 

 

Figure 2-2 Type of sewer network: gravity sewers and pressure sewers (Hvitved-Jacobsen et al., 

2013) 

2.2.2 SEWER GASES BUILD UP IN SEWER PIPE 

In sewage, it is an extensive range of pollutants and various microbial presence within the sewage. 

These are “microbial reactors” that potentially transform and degrade substances to gases and 

soluble substances based on their chemical and biological reactivity (Hvitved-Jacobsen et al., 

2013). Sewage typically contains high sulphate concentration and supports sulphate-reducing 

Sewer type Description 

Lateral 

Lateral sewers form the first element of a wastewater collection system. They 

collect the wastewater from buildings and convey it to a main sewer. 

Main The main sewer conveys wastewater to trunk sewers or intercepting sewers. 

Trunk 

Trunk sewers are large-diameter sewers that are used to convey wastewater 

from main sewers to treatment facilities or to intercept sewers. 

Interceptor 

The interceptors are very large diameter sewers that are used to intercept a 

number of main or trunk sewers and convey wastewater to treatment facilities. 



11 

 

bacteria (SRB) growth. The SRB transforms sulphate (SO4
2-) to sulphide (S2-) in sewage sludge 

under anaerobic conditions (Petersen and Ahring, 1990, Roberts et al., 2002). The microorganism 

utilises SO4
2- as an external electron acceptor in the absence of oxygen and nitrate (Barton and 

Fauque, 2009, Grengg et al., 2018). The sulphide (S2-) that is formed is converted to hydrogen 

sulphide (H2S) in sewers as a significant compound and plays a significant role in the MICC 

process (Grengg et al., 2018). Carbon dioxide (CO2), methane (CH4) and other volatile organic 

carbons (VOCs) are also generated by the anaerobic microorganisms as part of their catabolic 

reactions. Nitrogen-fixing microorganisms may also form NH3 in the sewer. Sewer gases are 

transferred to the atmosphere within sewer pipes depending on pH and flow rate. Once in the 

headspace of the sewer pipe, the H2S gas is either spontaneously abiotically or biotically oxidised 

by Sulfur-oxidising bacteria (SOB) in the crown and tidal regions of the pipe to form sulfuric acid 

(H2SO4) (Jensen et al., 2009). At this stage, the high surface alkalinity provides an antimicrobial 

environment.  The surface pH of concrete is first reduced by an abiotic acid-base reaction, resulting 

in carbonation and the formation of weak acids (thiosulfuric and polythionic acid) (Grengg et al., 

2018). The dissolved H2S and intermediate sulphur species such as elemental sulphur (S0) and 

thiosulfate (S2O3
-) are oxidised to sulphuric acid (H2SO4) by the microorganisms, which highly 

corrodes the concrete sewer pipes (Ling et al., 2014, Okabe et al., 2007a). Changes in 

mineralogical compositions during this stages of corrosion are indicated by + (newly formed 

minerals). At this stage, the corrosion process is profoundly affected by the environmental factors 

of hydrogen sulphide concentration, humidity, and temperature (Jiang et al., 2014). In the concrete 

sewer pipe, the corrosion of concretes mostly occurs in the region right above the sewage level 

(tidal) and at the ceiling (crown region) (Li et al., 2017). 
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2.2.3  SEWER PIPE CONSTRUCTION MATERIALS 

In managing sewer assets, effective sewer asset management plans must be implemented to 

simultaneously address long-term sustainability principles, i.e., economic growth, human health 

and safety, and environmental protection. One of the keys to this solution is using the right material 

to convey the sewage to the sewer network. Sewer pipe is manufactured with different materials 

such as cement-based material (i.e., Ordinary Portland Cement, Sulfur-resistant cement, Brick, 

sandstone, clay), Metal (i.e., Cast Iron (CI), Ductile Iron (DI), Mild Steel (MS), Cast Iron Cement 

lined (CICL), Ductile Iron Cement lined (DICL)), and plastics (i.e., Polyethylene (PE), Polyvinyl 

chloride (PVC), High-Density Polyethylene (HDPE),). The material selection depends on the 

operational criteria (i.e., location, pressure, sewage flow, and environmental condition). Cast iron 

is employed to transfer the sewage under high pressure (Kim et al., 2012). Plastics are used for 

many sewer piping applications. The most known are polyvinyl chloride (PVC), polyethylene 

(PE), polypropylene (PP), acrylonitrile–butadiene–styrene (ABS), polybutylene (PB) and glass–

fibre-reinforced polyester (GRP or FRP). However, PVC has been extensively used for urban 

drainage systems because of its cost-efficiency, ease of installation, range of available diameters 

(40–630 mm) and high chemical resistance (Makris et al., 2020). 

2.3 SEWER STRUCTURE DETERIORATION 

The concrete sewer asset is one of modern urban society’s most critical infrastructure assets. It 

typically comprises three components: water, aggregate and cement binder. The cement binder is 

usually referred to as Ordinary Portland Cement (OPC) and is the most widely used material for 

sewer pipe construction. When the cement powder is mixed with water, it formulates hydration 

products as a binder that could hold together the aggregates and other additional components 

named concrete  (Monteiro et al., 2017). However, additives may also include altering the rate of 
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the hydration reaction. Deterioration of sewer assets is possibly associated with varied factors such 

as sewer asset aging, microbiologically induced concrete corrosion (MICC), inflow and infiltration 

(I/I), abrasion, tree intrusion, and external corrosion from acidic soil. 

Nevertheless, the corrosion of sewer assets problem is primarily linked to sewer gases, mainly 

hydrogen sulphide from the microbiological process within the sewer pipe network known as 

MICC. The MICC can cause the loss of concrete mass, cracking of sewer pipes, and, finally, the 

sewer asset collapse. The sequential growth of microorganisms, MICC, and Corrosion chemistry 

will be reviewed to improve understanding of concrete deterioration. 

2.3.1  SEQUENTIAL GROWTH OF MICROORGANISMS 

The generation of the corrosive compound is related to biological activity. The successful growth 

of the microbiome and proliferation depends on different parameters such as cell pH requirement, 

nutrient availability, environmental condition, and comparability microbiome (Auguet et al., 2015, 

Valix et al., 2012). Therefore, it is essential to understand the consequential growth of 

microorganisms on the concrete surface. Microorganisms can grow on concrete sewer pipe walls 

as a biofilm. However, it has a specific pH growth range and pH growth optimum, as shown in  

Figure 2-3 (Valix and Shanmugarajah, 2015, Nevarez et al., 2009, Willey et al., 2016). The 

sequential growth of the microbiome occurs approximately in the following order. Fresh concrete 

has a pH of approximately 12.0. Each strain of microorganisms, with the exception of alkaliphiles, 

works cooperatively by growing and metabolising their specific biogenic acids successively to 

bring down the surface pH of concrete to promote its corrosion. At highly alkali concrete surface, 

alkaliphile bacteria and fungi can colonise and grow above pH 9, such as Bacillus pseudofirmus 

and Trichoderma reesei, which heals the concrete by filling in the microcracks and growing at 

high alkaline conditions (pH > 10) (Jonkers and Schlangen, 2008, Ryparová et al., 2021, Luo et 
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al., 2018).  When the surface pH of the sewer pipe is abiotically reduced below 9,  The colonisation 

of various strains of neutrophilic microorganisms commences colonising on the surface of the 

concrete, such as Thiobacillus thioparus, Thiobacillus novellus and Thiobacillus neapolitanus, and 

Thiobacillus intermedius, which promote the conversion of thiosulphate to elemental sulphur grow 

optimally at pH 5.5 to 8.0 (Islander et al., 1991a) while generating low concentrations of sulphuric 

acid. These are also referred to as neutrophilic sulphur-oxidising microorganisms (NSOMs).  As 

the surface pH of concrete is reduced below 4, acidophilic bacteria, specifically Acidithiobacillus 

thiooxidans, begin colonising on the surface (Roberts et al., 2002, Valix and Shanmugarajah, 

2015). At this pH, there are five species of Acidithiobacillus found to play essential roles as a key 

on corroded and corroding concrete, including  T. thioparus, T. novellus, T. neapolitanus, T. 

intermedius and T. thiooxidans (Behnood et al., 2016, Bertron, 2013, Valix and Shanmugarajah, 

2015, Mackenzie L. Davis, 2020). They have their growth optimum at pH 1.0 to 3.5 (Okabe et al., 

2007b, Hernandez et al., 2002, Leduc and Ferroni, 1994). These are also referred to as acidophilic 

sulphur-oxidising bacteria (ASOB). Neutrophilic sulphur-oxidising microorganisms (NSOMs) 

and acidophilic Sulfur-oxidising microorganisms (ASOMs) play an essential role in sewer 

corrosion. Both microorganisms used a reduced form of sulphur as an energy source (Roberts et 

al., 2002). ASOB and NSOB oxidise the dissolved H2S and intermediate sulphur species such as 

elemental sulphur (S0) and thiosulfate (S2O3
-) to sulphuric acid (H2SO4), which corrodes the 

concrete (Ling et al., 2014, Okabe et al., 2007a).  
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Figure 2-3 Approximate pH range for the growth of different classes of the pH-specific 

microbiome 

2.3.2  MICROBIAL-INDUCED CONCRETE CORROSION (MICC) 

Microbial-induced concrete corrosion (MICC) is a multi-stage concrete deterioration process 

related to microorganism activities in wastewater collection, storage, and treatment infrastructure. 

Long-residence time or slow sewage flow initiates the anaerobic conditions within the sewer pipe, 

referred to as the sewer environment. The microorganism activities in the sewer environment 

generated sewer gases typically consisting of Nitrogen (N2), Methane (CH4), Hydrogen Sulphide 

(H2S), Carbon dioxide (CO2), Ammonia (NH3), Sulphur dioxide (SO2) and other volatile organic 

compounds (VOCs) as shown in Figure 2-4 (a) (Grengg et al., 2018). The concrete sewer pipes 

and other related infrastructure has been mainly deteriorated by biogenic strong/weak acid from 

microorganism metabolism under sewer environmental condition. MICC is considered to be a 

three stages corrosion process, which is surface pH reduction (pH 12.5-9), the establishment of 

biofilm (pH 10-4) and finally, concrete deterioration (pH <4), as shown in Figure 2-4 (b) (C1894-

19, 2019).  

Fungi 
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(a) 

 
(b) 

Figure 2-4 Microbial-induced corrosion of concrete (MICC) (Ling et al., 2014, Roberts et al., 2002, 

Jiang et al., 2015b, Wu et al., 2020, Grengg et al., 2018)  
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Stage 1: Chemical surface pH reduction - this stage of deterioration of concrete sewer pipe 

occurs by chemical corrosion.  Fresh concrete sewer pipes are typically porous material and highly 

alkaline, with pH in the range of 11 to 13 (Behnood et al., 2016, Bertron, 2013, Valix and 

Shanmugarajah, 2015, Mackenzie L. Davis, 2020). The initial surface pH reduction of concrete is 

typically contributed by carbonation. The carbonation of the concrete will reduce the concrete 

surface pH from 11-13 to 8.2, which is a natural pH of calcium carbonate (CaCO3) as the 

carbonation product (Kurda et al., 2019, Wu et al., 2018a). Potential corrosive sewer gases and 

humidity have accumulated in space above the sewage level within concrete sewer pipes. The CO2 

reacts with water and forms carbonic acid (H2CO3), as shown in Equation 2.1.  The H2CO3 solution 

continues to react with calcium hydroxide (Ca(OH)2) and calcium silicate hydrate (C-S-H) to form 

calcium carbonate, as shown in Equation 2.2 and Equation 2.3. This process is usually known as 

the carbonation process.   

 CO2  + H2O →  H2CO3 Equation 2.1 

 Ca(OH)2  + H2CO3   →   CaCO3  +  2H2O Equation 2.2 

 CaO ∙ SiO2 ∙ 2H2O+ H2CO3 → CaCO3 + Si(OH)2 +  2H2O Equation 2.3 

Aside from the carbonation process, hydrolysis of other sewer gases commences forming both 

weak and strong acids as shown in Equation 2.4 - Equation 2.8 (Sand, 1997a, Valix and 

Shanmugarajah, 2015, Gutierrez et al., 2014). The weak and strong acid contributes to the leaching 

of Ca(OH)2, reducing surface pH to lower the initial pH of concrete from pH ~12.5 to ~9(C1894-

19, 2019). 

 H2S + H2O   →   H3O
+  +  HS− Equation 2.4 

 HS−  + H2O    →   H3O
+  + S− Equation 2.5 

 2NO2 + H2O →  HNO.2 +HNO.3 Equation 2.6 
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 2NO+ 3O2 + 2H2O → 4HNO3 Equation 2.7 

 SO2 + H2O → H2SO3 Equation 2.8 

Moreover, the surface pH of the concrete sewer pipe is likely to reduce faster by carbonation when 

the sewer environment contains a high concentration of CO2 with relative humidity in the range of 

40% to 80%  (Roberts et al., 2002, von Greve-Dierfeld et al., 2020, Elsalamawy et al., 2019). 

Another further reaction to reduce the surface pH from 10 to 8 is mainly by the dissolution of H2S 

reduction (Joseph et al., 2012), as shown in reaction Equation 2.9. 

 2CaCO3 + 2H2S → Ca(HCO3)2 + Ca(HS)2 Equation 2.9 

Stage 2: Chemical corrosion by biogenic acid - when the surface pH is approximately low to 9, 

the concrete surface becomes appropriate for colonisation and the growth of bacteria and fungi. 

Biogenic strong/weak acids are initially produced by sulphur-oxidising bacteria (SOB) and fungi. 

Based on the culturing of bacteria from corrosion samples (Sun, 2015) suggested that SOB is 

important for sewer corrosion, including Thiobacillus thioparus, Thiobacillus plumbophilus, 

Starkeya novella, Halothiobacillus neapolitanus, Thiomonas intermedius (formerly Thiobacillus 

intermedius), Acidithiobacillus thiooxidans (formerly Thiobacillus thiooxidans), Thiomonas 

perometabolis (formerly Thiobacillus perometabolis), Paracoccus versutus (formerly 

Thiobacillus versutus) and Acidiphilium acidohilum. The product of H2S oxidation by SOB can 

generate an oxidation product with various sulphur states depending on the local pH condition, 

e.g. S0, S2O3
2-, Polythionic acid, SO4

2- as shown in Table 2-2  (Sun, 2015). However, there are two 

types of SOB: neutrophilic sulphur-oxidising bacteria (NSOB) and Acidictrophilic sulphur-

oxidising bacteria (ASOB). Once the surface pH is approximately reduced to 9, NSOB, e.g. 

Thiobacillus thioparus, commences colonising on the concrete surface and oxidising H2S. This led 

to a decrease in the surface pH to 4-5. When the surface pH reduces to 4-5, ASOB is started to 
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colonise, and at the same time, the NSOB activities are gradually inhibited due to environmental 

conditions is not support the growth of NSOB. At this point, ASOB can directly oxidise H2S to 

H2SO4 and low the surface pH to 1-2. The H2SO4 dissolution starts to attack the cementitious paste 

portion of the concrete matrix and calcium carbonate. It formulates expansive corrosion products 

such as gypsum and ettringite, as shown in Figure 2-5 (Wu et al., 2020).  

Stage 3: Chemical and mechanical corrosion - at this stage, the corrosion of concrete sewer pipe 

is basically related to chemical and mechanical corrosion, resulting in a massive loss of material 

and continued expansion of gypsum and ettringite as corrosion product into concrete sewer pipe 

due to the reaction of the biogenic acid with the cementitious material. The structural stabilisation 

of concrete is obviously weakened by a transformation to a corrosion product. It eventually results 

in a collapse of the concrete sewer pipe. Additionally, The corroded concrete may be divided into 

several zones, as shown in Figure 2-5. The transition of corroded concrete starts from the 

uncorroded concrete (sound concrete), transition zone, ettringite layer at high pH value areas 

(>10.7) and gypsum near the corroded front facing corrosive environment (Wu et al., 2020). The 

deterioration of concrete under the biogenic acid will be reviewed in section 2.3.3. 
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Table 2-2 Physiological characteristics of some sulphur-oxidising bacteria in concrete corrosion 

layers by  Sun (2015) 

SOB Species 
pH range 

for growth 

Sulphur 

substrate 
Product 

Thiobacillus thioparus 6–10 H2S, S0, 

S2O3
2- 

Polythionic acids, 

S0 

Halothiobacillusneapolitanus (former Thiobacillusn

eapolitanus) 

6–8 S0, S2O3
2- Polythionic 

acids, SO4
2- 

Starkeyanovella (former Thiobacillusnovellus) 6–8 S2O3
2- S0 

Starkeyaintermedius 5–7 S2O3
2- Polythionic 

acids, SO4
2- 

Thiobacillusplumbophilus 4–6.5 H2S – 

Acidiphilium spp. (former Thiobacillusacidophilus) 3–10 H2S, S0 SO4
2- 

Thiomonas spp. (former Thiobacillusintermedius) 3–9 H2S,  

S2O3
2- 

SO4
2- 

Acidithiobacillusferrooxidans (former Thiobacillusf

errooxidans) 
∼3 H2S S0,SO4

2- 

Thiobacillusacidophilus ∼3 H2S S0,SO4
2- 

Acidithiobacillusthiooxidans <3 H2S, S0 S0,S2O3
2- 

Sulfobacillus spp. 1–3 H2S,  

S2O3
2- 

– 

Thermothiobacillus Poorly 

characterise

d 

H2S,  

S2O3
2-

,SnO6
2- 

SO4
2- 

Metallibacterium spp. Poorly characterised 

Burkholderiales spp. Poorly characterised 

Sphingobacteriales spp. Poorly characterised 

Xanthomonadales spp. No cultured representative 
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Figure 2-5 Schematic illustration of the different zones in the corrosion layer (Wu et al., 2020) 

2.3.3 DETERIORATION OF CONCRETE MATERIALS  

Concrete-based ordinary portland cement (OPC) is a highly alkaline material in nature. The 

concrete-based OPC initially deteriorate when exposed to the acidic condition. The chemistry of 

concrete corrosion is comprised of three principal corrosion mechanisms i) dissolution of cement 

matrix components, ii) expansive reaction and iii) decomposition of hydrates.  The process of 

corrosion begins with the diffusion of sulphuric acid generated by SOB into the concrete sewer 

pipe. Calcium hydroxide, carbonate compound, and calcium silicate hydrate (C-S-H) are first 

started to dissolve by hydrogen ions from H2SO4 solution and formulate gypsum and consequently 

(see Equation 2.10 - Equation 2.12), the gypsum can continually react with C3AH6 to form 

ettringite as shown in chemical reaction in Equation 2.13 (Wu et al., 2020, Aragaw, 2018, Davis 

et al., 1998, Monteny et al., 2000). The main corrosion product, expansive gypsum and ettringite, 

can significantly increase the pore volume of concrete, resulting in structural destabilisation and 

internal crack formation. 

 H2SO4 + CaCO3 → CaSO4 + H2CO3 Equation 2.10 

 H2SO4 + Ca(OH)2 → CaSO4 + 2H2O Equation 2.11 

 H2SO4 + 3CaO·SiO2·2H2O → CaSO4 + Si(OH)4 + H2O Equation 2.12 
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 3CaSO4+ 3CaO·Al2O3·6H2O + 26H2O → 3CaO·Al2O3· 3CaSO4·32H2O Equation 2.13 

2.4 MITIGATION STRATEGIES FOR CORROSION 

The concrete sewer pipe networks are seriously deteriorated by microbial-induced concrete 

corrosion (MICC), associated with biogenic sulfuric acid (H2SO4) as a final product in the MICC 

process. H2SO4 is considered an aggressive compound for concrete sewer pipes that have been 

converted from hydrogen sulphide (H2S) by Sulfate Oxidising Bacteria (SOB) under anaerobic 

conditions. Several methodologies presently respond to the corrosion of concrete sewer pipe 

mitigation by controlling the hydrogen sulphide emission/oxidation and sewer pipe protection 

using coating material. 

2.4.1 CHEMICAL MITIGATION STRATEGIES FOR HYDROGEN SULPHIDE 

EMISSION 

The hydrogen sulphide emission into the headspace of the concrete sewer pipe usually happens 

under anaerobic conditions. The generation of hydrogen sulphide depends on several factors, such 

as the concentration of biodegradable organic matter (BOM), temperature, pH of sewage, and 

sewage hydraulics (Park et al., 2014). The hydrogen sulphide emission needs to reduce from 

wastewater to avoid biogenic acid generation from SOB oxidation. Dissolved sulphide in 

wastewater is originally from sulphate reduction within anaerobic regions of the biofilm and 

sediments under the submerged part of the concrete sewer, as shown in Equation 2.14 (Park et al., 

2014).  

 SO4
2− + 2C + 2H2O 

SRB
→   2HCO3

− + H2S  
Equation 2.14 

The dissolved hydrogen sulphide gradually diffuses to the wastewater phase and emits to the sewer 

headspace as hydrogen sulphide (H2S) gas. However, the dissolved hydrogen sulphide can be 

converted back to sulphate or element sulphur (S0) again by chemical and biological oxidation if 
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there are O2 (Zhang et al., 2008) and NO3
- (Hvitved-Jacobsen et al., 2013) as electron acceptors, 

as shown in Equation 2.15- Equation 2.17. Moreover, adding some metal compounds such as iron, 

zinc, and copper can precipitate the dissolved sulphide as metallic sulphide (Nielsen et al., 2005b). 

However, chemical dosing required various points to control hydrogen sulphide production. This 

would be considered a short-term solution because it is expensive and difficult to maintain the 

dosing operation. 

 
H2S + 2O2 → SO4

2− + 2H+ Equation 2.15 

 
H2S + 2O2 → 2S

0 + 2H2O Equation 2.16 

 
H2S + NO3

− + H2O → SO4
2− + H+ + NH3 Equation 2.17 

2.4.2 LINING APPLICATIONS 

The conversational method for controlling concrete sewer corrosion emphasises hydrogen 

sulphide production and emission to headspace from wastewater. Likewise, it deactivates the 

sulphide-oxidising bacteria on the crown region of the sewer pipe. Mortar lining is used to extend 

the service life of concrete sewer assets. The lining mortar act as a barrier between a corrosive 

environment and concrete sewer pipe. Some of the primary lining mortar are cement-based lining 

and polymeric-based lining. 

2.4.2.1 CEMENT-BASED LINING 

Cement-based linings are protective coatings or linings applied to the inner surfaces of pipes or 

structures using cementitious materials. It enhances the corrosion resistance and durability of 

concrete, steel, or iron substrates in various applications, such as water and wastewater pipes and 

sewer systems (Valix, 2011, Kodagoda and Thiyagarajan, 2018). Cement-based linings are 

typically known as mortar, which is mainly composed of cement binder and fined aggregates 

(Arulmoly et al., 2021, De Schutter and Poppe, 2004). Ordinary portland cement binder, calcium 
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aluminate cement binder, and alkali-activated binder, including geopolymer, have been evaluated 

as cement binder for use as mortar in many studies (Alexander and Fourie, 2011, Ali et al., 2022, 

Khan et al., 2019a, Khan et al., 2018).  

2.4.2.2 POLYMERIC BASED COATING 

Polymeric-based linings refer to polymer materials as protective coatings or linings applied to 

various surfaces, such as pipes, tanks, structures, or substrates, to enhance their performance and 

durability. These linings are designed to provide a barrier between the substrate and its surrounding 

environment, protecting it from corrosion, chemical attack, abrasion, and other forms of 

degradation (Nazemi and Valix, 2016, Liu and Vipulanandan, 2001, Kohankar Kouchesfehani et 

al., 2020). It is typically based on epoxy, polyurethane, polyurea, and their hybrids (Zhu et al., 

2021a, Nazemi and Valix, 2016). All polymeric lining methods require extensive cleaning of the 

internal pipe surface, especially for sewage systems. Different types of polymeric lining/coating 

has been developed to protect the concrete surface against MICC (Nazemi and Valix, 2016, Liu 

and Vipulanandan, 2001, Kohankar Kouchesfehani et al., 2020, Pazoki et al., 2016). They can be 

applied to a wide range of pipe materials, including concrete (Liu and Vipulanandan, 2001, Nazemi 

and Valix, 2016), and steel (Kohankar Kouchesfehani et al., 2020).  Despite the polymeric-based 

linings showing excellent corrosion resistance performance, they show variable performance in 

corrosive sewer environments due to their unique chemical composition, physical forms, 

mechanical properties and applications, exposure environment and time (Nazemi and Valix, 2016, 

Gu, 2003).  
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2.5 TYPICAL CONCRETE SEWER PIPE 

2.5.1 ORDINARY PORTLAND CEMENT 

Ordinary Portland cement (OPC) is a binder material that has been used for construction. OPC is 

produced by burning limestone minerals (limestone, chalk, dolomites) and clay minerals (clays 

and marbles, silica sand, and bauxites at elevated temperatures of 1400-1600 °C (El Mogahzy, 

2009, Aragaw, 2018). The product of burning is called clinker stone, which is ground to dust finesse 

with additional gypsum (CaSO4·2H2O). The gypsum is added to the clinker in order to control the 

setting time (Biczok and Blasovszky, 1964). The chemical composition of cement contained 

generally four metal oxides as Calcium Oxide (CaO, C), Silicon Oxide (SiO2, S), Aluminum Oxide 

(Al2O3, A) and Iron Oxide (Fe2O3, F). The clinker undergoes chemical reactions during the 

calcination process to produce the key mineral constituents of OPC, which are: Alite: Tri-calcium 

silicate (3CaO.SiO2, C3S), Belite: Dicalcium Silicate (2CaO.SiO2, C2S), Celite II: Tricalcium 

Aluminate (3CaO.Al2O3, C3A) and Celite I: Tetracalcium Aluminoferrite (4CaO.Al2O3.Fe2O3, 

C4AF).   

The clinker production typically comprises 60–65 wt.% CaO (Lime), 21–25 wt.% SiO2 (silica), 4–

8 wt.% Al2O3 (Aluminum Oxide), 2–4 wt.% Fe2O3 (ferrous oxide), 1-3 wt.% MgO (Magnesium 

Oxide), 1-4 wt.% SO3 (Sulphur trioxide) and other impurities from raw materials such as magnesia 

and sulphur trioxide (Ojovan and Lee, 2005, Aragaw, 2018). The quality of cement will depend 

on its composition, as higher tricalcium silicate provides better cement (Aragaw, 2018).  

According to ASTM C150/C150M-18, ordinary Portland cement is classified into five (5) types. 

Type I—For the general purpose, which has high C3S; Type II – for moderate sulphate resistance, 

which has less than 8% of C3A, Type III – for high early strength; type IV – for low heat of 
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hydration and Type V – for high sulphate resistance (Kurdowski, 2014). RC reinforced concrete- 

large gravity sewer. 

2.5.2 HYDRATION REACTION 

Cement hydration is the reaction of the anhydrous Portland cement with water to produce a 

hydrated cement. The hydrated cement is entirely changed at the chemical and physicomechanical 

levels in the system. When cement is in contact with water, a hydration reaction occurs with mainly 

C3S, C2S, C3A, and C4AF cement composition react with water; the hydration reaction will occur 

(Kurdowski, 2014).  

Tricalcium silicate hydration 

 2C3S + 6H → C3S2H3 + 3CH Equation 2.18 

Dicalcium silicate hydration 

 2C2S + 4H → C3S2H3 + CH Equation 2.19 

Calcium aluminate hydration 

Absence of Calcium Sulphate (CaSO4): 

 C3A + 6H → 2C3AH6 Equation 2.20 

Presence of Calcium Sulphate (CS̅H2):  the main product of hydration of C3A is Ettringite 

(C6AS̅3H32) is formed as the main product of hydration 

 C3A + 3CS̅H2 + 26H → C6AS̅3H32 (Ettringite) Equation 2.21 

 2C3A + C6AS̅3H32 + 4H → 3C4AS̅H12 Equation 2.22 
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Tetracalcium Aluminoferrite hydration 

 C4AF+ 10H → C3AH6 + FH3 + CH Equation 2.23 

2.6 ALKALI-ACTIVATED BINDERS 

2.6.1  HIGH-CALCIUM ALKALI-ACTIVATED BINDERS  

OPC is a cement binder that is commonly used as a construction material. However, it needs to 

find a new cement binder due to environmental and durability performance problems (Pacheco-

Torgal et al., 2008). Presently, alkali-activated binders (AAB) are alternative cement binders to 

OPC. Still, it is in the early stage of development to become technically and economically available 

as the primary construction material in the market. 

AABs are a  new class of binder material prepared by activating an aluminosilicate precursor with 

an alkali medium such as Sodium silicate (waterglass) (Na2O·mSiO2·xH2O), Sodium hydroxide 

(NaOH) or Potassium hydroxide (KOH) (Ibrahim and Maslehuddin, 2021, Brough and Atkinson, 

2002). The AABs hydration product depends on the availability of calcium content of the 

precursor; high calcium aluminosilicate precursors (CaO > 10 %wt) such as Blast furnace slag 

(BFS) can formulate Calcium aluminosilicate hydrate (C-A-S-H) with tobermorite like (mostly 

Q2, some Q1 and Q3) structure based on NMR analysis (Richardson et al., 1994b, Provis et al., 

2015, Richardson et al., 1994a), while low-calcium aluminosilicate precursors (CaO < 10%wt) 

such as fly ash or metakaolin tend to formulate sodium aluminosilicate hydrate (N-A-S-H) gel 

with a highly crosslinked (mainly Q4) (Brough and Atkinson, 2002). The activation product of low 

calcium aluminosilicate precursors was given the term Geopolymer by Davidovits in 1979 

(Davidovits and Cordi, 1979). The geopolymer will be explained more in section 2.6.2. AABs-

based high-calcium aluminosilicate precursors such as blast furnace slag (BFS) and other industrial 
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by-product has been generated for over ten years.  Most development of AABs is based on BSF. 

It is a heterogeneous reaction process, and it is not well understood. However, the general 

mechanisms for formulating the AABs are covered by i) dissolution of the glassy precursor 

particles, ii) nucleation and growth of the initial solid phases, and iii) transportation and 

polycondensation (Provis and Van Deventer, 2013). The reaction mechanism of high-Ca AABs 

can be referred to as both hydration and polymerisation processes (Herrmann et al., 2018). The 

hydration of AAB started from rapid hydration of soluble Na and Si, followed by small and 

reactive particles, and finally, the formation of a layer of C-S-H around the particle with slowly 

increasing the thickness of C-S-H as shown in Figure 2-6.  

 

Figure 2-6 Reaction mechanism in an alkali-activated slag particle (Palomo et al., 2015). 

This hydration process leads to a dense and strong AAB matrix. The main reaction product is a 

disordered tobermorite-like (C-S-H (I)) with low Ca/Si ratio (0.9-1.2), which can be partially 

substituted by aluminium or sodium/potassium to form calcium aluminium silicate hydrate gel (C-

A-S-H) or calcium (sodium) aluminium silicate hydrate gel (C-(N)-A-S-H) (Provis and Van 

Deventer, 2013, Herrmann et al., 2018). Followed by the secondary reaction product such as 

alumina ferric oxide mono sulphate (AFm) ( 3CaO·(Al, Fe)2O3·CaSO4·nH2O) depending on the 

activator types and concentration, Hydrotalcite (Mg6Al2(OH)16CO3 4H2O) when containing high 
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MgO, and Zeolite (gismondine and garronite) when activated BSF with high Al2O3 and low MgO 

(<5%wt) (Provis and Van Deventer, 2013). However, if the aluminosilicate precursor is mixed 

with fly ash, slag, or other material, with often contains approximately 10-20 %wt CaO. The 

reaction product may contain a Ca-rich phase along with sodium aluminosilicate hydrate (N-A-S-

H) or geopolymer. All hydration products would contribute to better strength and durability 

(Herrmann et al., 2018).   

2.6.2  LOW-CALCIUM ALKALI-ACTIVATED BINDERS (GEOPOLYMER) 

Geopolymer is an inorganic polymer synthesised from aluminosilicate precursors and an alkaline 

activator solution (Cong and Cheng, 2021). It is also known for their high strength, excellent 

durability, and resistance to chemical and environmental degradation, making them an attractive 

alternative to traditional cement-based materials in a variety of applications (Aiken et al., 2018, 

Aliques-Granero et al., 2019, Lahoti et al., 2019, Shill et al., 2020, Vafaei et al., 2018).It was 

synthesised by polymerising low-Ca aluminosilicate with a strongly alkaline solution (Davidovits, 

1991, Liew et al., 2016, Majidi, 2013, Liguori et al., 2017). Davidovits (1979) led the early 

development of low-Ca of AAB in France (Davidovits and Cordi, 1979). It consists of a repeating 

unit of sialate monomer (–Si–O–Al–O–) as shown in Figure 2-7 to form a three-dimensional 

crosslinked poly-sialate amorphous and semi-crystalline structure material. The sialate monomer 

is composed of alumina (AlO4
-) and silica (SiO4

-) tetrahedra and links together by sharing the 

oxygen between alternating tetrahedra of SiO4 and AlO4
-. Alkali metal ions are required in the 

geopolymer structure framework to balance the negative charge in IV-fold coordination 

(Davidovits, 1994, Majidi, 2013). The geopolymer structure can be amorphous or semi-crystalline, 

depending on condensation temperature. The amorphous polymer can be obtained at 20-90 °C, 

whereas semi-crystalline geopolymer is obtained at 150-1200 °C (Majidi, 2013, Cioffi et al., 
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2003). The monomer of geopolymer can be classified based on Si/Al ratio, as shown in Figure 2-7. 

Geopolymers have an empirical formula as 

 𝑀𝑛[−(𝑆𝑖𝑂2)𝑧 − 𝐴𝑙𝑂2]𝑛 ∙ w𝐻2𝑂 Equation 2.24 

Where: M is an alkali metal (K+, Na+, Ca2+), n is the degree of polymerisation, z is 1, 2 or 3  w is 

the amount of binding water (Duxson et al., 2006, Liew et al., 2016).  

 

Figure 2-7 Structure of Sialate monomer (Davidovits, 1994) 

2.6.2.1 GEOPOLYMERISATION MECHANISM 

The geopolymerisation reaction is a chemical process rapidly transforming partially or totally 

amorphous aluminosilicate sources into three-dimensional polymeric networks. It is an exothermic 

reaction, and it has been assumed that the synthesis is carried out through oligomers (dimer, trimer) 

that provide the actual unit structures of the three-dimensional macromolecular edifices. The 

geopolymerization reaction is suggested to occur in multistep, which occurs simultaneously as 

dissolution of aluminosilicates in the highly alkaline reactant, re-organisation and diffusion of 

dissolved ions with the formation of small coagulated structures, polycondensation to form 

aluminosilicate gel phases solid-state transformation, and hardening to form hard solid (Liew et 

al., 2016). The equations of geopolymer formation are shown in Figure 2-8. The final product has 
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a Si-O-Al backbone. The three-dimensional network of alkali-aluminosilicate geopolymer is 

configured with the negative [AlO4]
5− and [SiO4]

4− tetrahedrons in addition to positive alkali metal 

ions (e.g., Na+ or K+). 

 

Figure 2-8 Schematic diagram of the geopolymerisation process (Davidovits, 1991) 

2.6.3  ALUMINOSILICATE SOURCES 

Geopolymer concrete mainly comprises aluminosilicates. The aluminosilicates come from 

different resources such as fly ash, slag cement or metakaolin. The selection criteria for 

aluminosilicate resources are based on performance, supply and cost. The strengths and 

weaknesses, supply, demand, and cost of each raw material are discussed. 

2.6.3.1 FLY ASH  

Fly ash is a toxic waste material produced primarily from coal-fired power production as shown 

in Figure 2-9. It is produced by burning finely ground coal in a boiler to produce electricity and is 

captured in a power plant's chimney through a particulate control device (e.g., electrostatic 

precipitators or fabric filters). Fly ash consists mostly of silt-sized and clay-sized glassy spheres, 

giving it a consistency somewhat like talcum powder. There are two types of fly ash defined by 
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ASTM standard C618, which are Class C (high calcium content) and Class F (low calcium content) 

(ASTM-C618, 2022). Class F fly ash is typically produced from burning anthracite or bituminous 

coal but may also be produced from sub-bituminous coal and lignite. Class C fly ash is typically 

produced from burning lignite or sub-bituminous coal and may also be produced from anthracite 

or bituminous coal. The majority of the fly ash used as precursors for geopolymer production is 

class F, while class C is less used due to rapid setting time and availability (Duxson, 2009). 

 

Figure 2-9 SEM micrograph of fly ash sample 

2.6.3.2 METAKAOLIN 

Metakaolin (MK) is a pozzolanic material. Metakaolin originated from kaolinite clay 

(Al2O3·2SiO2·2H2O). It is not a waste by-product of industrial activities, nor is it completely 

natural. Kaolinite clay is processed by thermal treatment for different uses and applications, 

including cementitious systems (Khatib et al., 2018). Metakaolin can obtain from the calcination 

of kaolinite clay at elevated temperatures between 500 °C and 800 °C, as seen in the equation 

below.  
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 Al2O3 ⋅ 2SiO2 ⋅ 2H2O → Al2O3 ⋅ 2SiO2 + 2H2O ↑ Equation 2.25 

The chemical composition of MK typically consists of 50-55 %wt SiO2, 40-45 %wt Al2O3, and 

other oxides such as TiO2, Fe2O3, MgO, and CaO are also present in smaller amounts (Khatib et 

al., 2018). MK can react with Ca(OH)2 (CH) to produce C-S-H gel at ambient temperature and 

reacts with CH to produce alumina-containing phases, including C4AH13, C2ASH8, and C3AH6 

(Siddique and Klaus, 2009). 

2.6.3.3 BLAST FURNACE SLAG 

Blast furnace slag is a high calcium (>40%wt) by-product of iron production and occurs when 

iron, iron scrap, coal, coke, and fluxes (limestone or dolomite) are melted together at around 1500 

°C (Assi et al., 2020, Amran et al., 2020). Chemical compositions of blast furnace slag (slag 

cement), which is approximately composed of calcium oxide, silicon dioxide, and aluminium 

oxide etc. There are three forms of blast furnace slag; air-cooled blast furnace slag (ACBFS), 

pelletised slag, and granulated blast furnace slag (slag cement) (Assi et al., 2020). Blast furnace 

slag is commonly mixed with Fly ash (class F) in one-part geopolymer mixtures due to calcium-

rich aluminosilicate, which induces rapid setting and high early strength (Luukkonen et al., 2018b).  

 

Figure 2-10 SEM micrograph of Blast Furnace Slag 
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2.6.4  ACTIVATED REAGENT 

Alkali-activated reactant can be any substance that provides alkali cations, raises the pH of the 

reaction mixture, and facilitates the dissolution of aluminosilicate. It can be in a solid or solution 

reactant, depending on the type of geopolymer. Under a strongly alkaline medium, the 

aluminosilicates rapidly dissolve to release SiO4 and AlO4 tetrahedral units and promote the 

dissolved species for geopolymerization.  

2.6.4.1 NA- OR K-BASED ALKALI SOLUTION 

The NaOH or KOH solutions are used for alkalinity. The leaching ability of various 

aluminosilicate sources in NaOH and KOH solutions has been extensively carried out. Generally, 

the dissolution of aluminosilicate sources increases with increasing concentration of alkali 

solution. Dissolution ability is usually associated with the ultimate strength of geopolymers. 

However, most of the researchers agreed that aluminosilicate sources are more readily dissolved 

in NaOH solution than in KOH solution (Liew et al., 2016). Despite higher dissolution in NaOH 

solution, the geopolymers produced from the aluminosilicate minerals possess higher compressive 

strength in KOH solution rather than in NaOH solution. 

2.6.4.2 NA- OR K-BASED ALKALI SOLID REACTANT 

The solid-activated reagent is used in a one-part geopolymer. Activators employed in one-part 

geopolymer mixes include solid NaOH, Na2SiO3, Na2SiO3·5H2O, Na2CO3, NaAlO2, CaSO4, 

Na2SO4, K.O.H., red mud, and maise stalk and cob ash (Luukkonen et al., 2018b). 
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2.6.4.3 A MIXTURE OF ALKALI HYDROXIDE AND ALKALI SILICATE SOLUTIONS 

While alkali hydroxide is required for the dissolution of aluminosilicates, alkali silicate acts as a 

binder, alkali reactant, and dispersant or plasticiser. Apart from sodium/potassium silicate 

solution, silica fume can also be used as an alternative or supplement to the metal silicate. 

Sometimes, they were added to modify the silica composition in the mixture and promote 

the gelation and precipitation of silicates (Liew et al., 2016). 

2.6.5  DETERIORATION OF GEOPOLYMER 

Geopolymer materials are prone to degradation when exposed to aggressive environments, 

reducing their durability and service life. Various chemical and physical processes contribute to 

the deterioration of geopolymer. One of the primary chemical agents responsible for this 

degradation is sulphuric acid (H2SO4), which can react with the geopolymer binder matrix and 

weaken its structure. In addition to sulphuric acid, exposure to other acidic substances and carbon 

dioxide (CO2) can also contribute to the deterioration of geopolymer materials. 

2.6.5.1 ACID ATTACKS 

An interesting property of geopolymer cement is its relatively high resistance to acidic solution. 

The resistance of geopolymer to chemical attack by acids such as nitric, sulphuric, or hydrochloric 

has been claimed to be far better than that of Portland cement mortar or concrete due to lack of 

Ca(OH)2 (Provis and van Deventer). The corrosion mechanism of geopolymer concrete in solution 

could mainly involve two steps: the leaching process and silicon atoms re-occupied (Allahverdi 

and Skvara, 2001). The mechanism of corrosion of hardened paste of geopolymer cement in a 

solution of nitric acid involves two steps, as shown below  
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Step 1: Leaching process (see Figure 2-11) - the alkali cations included in the aluminosilicate 

framework to charge-balance the tetrahedral aluminium are exchanged by H+ ions from an acidic 

solution. This occurs along with electrophilic attack by H+ ions on framework Si-O-Al bonds, 

resulting in the ejection of tetrahedral aluminium from the aluminosilicate framework. 

 

Figure 2-11 Leaching process after acid attacks 

Step 2: The framework vacancies are mostly re-occupied by silicon atoms (see Figure 2-12), 

forming an imperfect, highly siliceous framework. The ejected aluminium, converted to octahedral 

coordination, mainly accumulates in the intra-framework space.  

 

Figure 2-12 Re-occupied by silicon atoms process 

2.6.5.2 SULFURIC ACID ATTACK 

The sulfuric attack of geopolymer is similar to the acid attack in section 2.6.5.1. However,  the 

exchanged calcium ions diffusing in the case of high calcium-based geopolymer toward the acid 

solution react with the counter-diffusing sulphate anions resulting in the formation and deposition 
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of gypsum crystals inside the corroding layer (Khan et al., 2020b, Provis and van Deventer). The 

degradation of concrete resulting from corrosion reactions is manifested by physical damage, 

including expansion, cracking, and delamination. In this process, sulfuric acid reacts first with the 

calcium hydroxide and calcium silicate hydrate in the concrete to form gypsum, as shown in 

Equation 2.26-Equation 2.27 (Monteny et al., 2000).  

 Ca(OH)2 + H2SO4 → CaSO4 +  2H2O Equation 2.26 

 CaO. SiO2. 2H2O + H2SO4 → CaSO4 + Si(OH)2 + H2O Equation 2.27 

The formation of gypsum contributes to the loss of strength and adhesion of the cement paste due 

to the decalcification of calcium silicate hydrate responsible for binding the cement paste 

(Collepardi, 2003). The reaction between gypsum and calcium aluminate hydrate to form ettringite 

(see Equation 2.28) is considered much more detrimental due to the ettringite being more expansive 

than gypsum, resulting in increased internal pressures and concrete breakdown (Monteny et al., 

2000, Wafa, 1994, Attiogbe and Rizkalla, 1988).   

 3CaO. Al2O3. 6H2O+ 3CaSO4.2H2O + 24H2O → 3CaO.Al2O3. 3CaSO4. 32H2O Equation 2.28 

The dominating reactions, whether the formation of gypsum or ettringite, is determined by the 

sulphate concentration (Cohen and Mather, 1991, Biczok and Blasovszky, 1964). At low 

concentrations of sulphate lower than 1000 mg/L,  concrete deterioration is considered to occur by 

ettringite formation. Whilst at higher sulphate concentrations of more than 8000 mg/L, concrete 

deterioration occurs by the formation of gypsum. 

2.6.5.3 HYDROGEN SULPHIDE (H2S) ATTACKS 

Hydrogen sulphide (H2S) in sewers primarily originates from the microbial decomposition of 

organic matter, particularly under anaerobic conditions. When wastewater containing organic 
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substances, such as human waste and organic debris, flows through the sewer assets, it undergoes 

degradation by bacteria and other microorganisms. As a byproduct of this microbial activity, H2S 

gas is produced. The H2S gas is released into the sewer atmosphere, contributing to the 

characteristic odour of sewers. The presence of H2S in sewer environments poses challenges due 

to its corrosive nature and potential health risks. The H2S contributes to the reduction of mortar 

surface pH by reacting with Ca(OH)2 to form CaS (Hudon et al., 2011, Cerny and Rovnanikova, 

2002, Joseph et al., 2012). 

 Ca(OH)2 + H2S → CaS + 2H2O Equation 2.29 

It can also react with calcite to form calcium sulphide and calcium bicarbonate. 

 2CaCO3 + H2S → CaS + Ca(HCO3)2 Equation 2.30 

Both reactions achieve a pH of around 9.0 and thus H2S impact on corrosion is considered low. 

2.6.5.4 CARBON DIOXIDE (CO2) ATTACKS 

Carbon dioxide (CO2) is typically microbial activity and the degradation of organic matter. As 

wastewater flows through the sewer system, organic compounds present in the wastewater are 

broken down by bacteria and other microorganisms (Grengg et al., 2018). This microbial activity 

produces CO2 as a byproduct. The CO2  can dissolve in moisture in under the sewer environment 

from carbonic acid (H2CO3)  (see Equation 2.31)and accumulate in the pore space in the mortar 

matrix (Yuan et al., 2015) when the mortar matrix reacts with the acid leaching the CaOH2 (see 

Equation 2.32). It could formulate the calcium carbonate, resulting in a surface pH reduction from 

12 to approximately 8.4 (Joseph et al., 2012). 

 CO2 +H2O → H2CO3 

 

Equation 2.31 

 CO2 + Ca(OH)2 → CaCO3 + H2O Equation 2.32 
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However, Elsalamawy et al. (2019) have investigated the effect of variation of relative humidity 

(RH) on the carbonation resistance of concrete made with different cementitious materials. The 

study found that RH is a very important factor in the carbonation resistance of concrete structures, 

where carbonation effectively stops when concrete is saturated and dry enough to prevent the 

ingress of CO2. The results also indicated that carbonation reaches its maximum level at %RH 

between 50 and 70%. 

2.7 ONE-PART AND TWO-PART GEOPOLYMER 

Extensive investigation on geopolymer to replace OPC concluded that geopolymer could be 

prepared by two-part of the component; i) aluminosilicate precursor and ii) strong alkali solution. 

This AAB is called a two-part geopolymer. Additionally, the combination of sodium hydroxide 

and sodium silicate solutions can be a good application for activators and a higher concentration 

of sodium hydroxide solution and curing temperature enable the concrete compressive strength to 

be higher (Hardjito et al., 2004). However, the alkali solution can cause rapid setting time and lead 

to quick workability and loss of mortar or concrete against the elapsed time. It would establish an 

obstacle for practical applications (Yang et al., 2008). Therefore, the one-part geopolymer 

mixtures are a newly introduced class of geopolymeric binders developed to simplify the 

difficulties in handling silicate solution-activated geopolymers. The one-part geopolymers are 

made by blended aluminosilicate precursors with solid activators. It only needs to add just water, 

which is similar to OPC.  
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2.8 CALCIUM ALUMINATE CEMENT 

Calcium aluminate cement (CAC) is a binder consisting predominantly of monocalcium aluminate 

(CaAl2O4, CA; CaO·Al2O3), which is the leading hydraulic phase in this binder (Khaliq and Khan, 

2015, Ideker et al., 2019). CAC is manufactured by calcining limestone and bauxite between 1450 

and 1600 °C in an open-heart furnace (Ideker et al., 2019). Bauxite is a high alumina content ore 

mineral, which consists mainly of aluminium minerals as gibbsite (Al(OH)3), boehmite (γ-

AlO(OH)) and diaspore (α-AlO(OH)), mixed with the two iron oxides goethite (FeO(OH)) and 

hematite (Fe2O3) (Kloprogge et al., 2006). The chemical composition of standard CAC for making 

concrete is shown in Table 2-3. Formulated mortar and peri-refractory. It is also known for its 

rapid strength gain, especially at low temperatures, superior durability across several categories 

and high-temperature resistance (Ideker et al., 2019). Calcium aluminate cement is used in a wide 

variety of applications. For sewer liner application, pure calcium aluminate (CA) will be applied. 

The hydration reactions between CA and water are shown in Equation 2.33-Equation 2.35 (Shirani 

et al., 2020). It is well established that the hydration reactions of CaAl2O4 strongly depend on 

temperature (Scrivener et al., 1999). At the initial stage, metastable phase of hydrated CAC 

(C2AH8 (Ca2Al2O5·8H2O) and CAH10 (CaAl2O4·10H2O)) are formed resulting in a high early 

strength followed by a slow decline to a minimum because of conversion of metastable phase to 

stable phase C3AH6 ( Ca3Al2(OH)12) and AH3 (Al(OH)3-gibbsite)(generally amorphous) at a 

temperature above 15°C is shown in Equation 2.36-Equation 2.37 before a further increase 

(Scrivener et al., 1999, Ideker et al., 2019, Shirani et al., 2020). Both CAH10 and C2AH8 have a 

low density and fill space rapidly (Ideker et al., 2019). The hydration of calcium aluminate is 

shown below 

 CA + 10H → CAH10 Equation 2.33 
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 2CA + 11H → C2AH8 + AH3 Equation 2.34 

 3CA + 12H → C3AH6 + 2AH3 Equation 2.35 

 3C2AH8 → 2C3AH6 + AH3 + 9H Equation 2.36 

 3CAH10 → C3AH6 + 2AH3 + 18H Equation 2.37 

The main vital properties of calcium aluminate cement, particularly alumina hydrate (C3AH6) are 

superior to acid resistance in sewer and wastewater systems. The chemistry of CAC deterioration 

involves the diffusion,  dissolution and precipitation reactions after an acid attack on the CAC 

matrix. A longer chain of dissolution and neutralisation was provided by various CAC hydrates 

(CAH10, C2AH8, C3AH6, and AH3) (Fan et al., 2020). The C3AH6 is stable down to a pH of about 

3-4. The acid attack of C3AH6 resulted in the dissolution of the calcium component and formulation 

of aluminium hydroxide (Al(OH)3) gel, as shown in Equation 2.38. Both calcite (Ca ions and the 

atmospheric CO2 interaction) and (Al(OH)3) gel infill the pore in the CAC matrix and act as a 

buffer under acid attack to prevent corrosion of CAC (Ukrainczyk et al., 2019, Scrivener et al., 

1999). At the same time, (Al(OH)3) also neutralised more acid, as shown in Equation 2.39 

(Ukrainczyk et al., 2019). The overall neutralisation reaction is shown in Equation 2.40. 

 C3AH6+6H+→3Ca2++2Al(OH)
3
↓+6H2O Equation 2.38 

 AH3+6H+→2Al
3+

+6H2O Equation 2.39 

 C3AH6 +  2AH3 +  24H+ → 3Ca2+ +  6Al3+ +  24H2O Equation 2.40 

Consequently, alumina ions can directly suppress the action of bacteria. The CAC material is made 

with calcium aluminate aggregates and calcium aluminate cement. It is considered to be 100% 

calcium aluminate material. The 100% CAC will last longer as the aggregates can also limit 

microorganisms' growth and inhibit acid generation (Scrivener et al., 1999). 
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Table 2-3 Typical Chemical compositions of CAC (Ideker et al., 2019) 

Chemical Compositions Percent Weight (%wt) 

Al2O3 36-42 

CaO 36-42 

SiO2 3-8 

Fe2O3 12-20 

TiO2 <3 

MgO <1 

Na2O ̴0.1 

K2O ̴0.1 

2.9 PRACTICAL REQUIREMENT 

Sewer rehabilitation is one of the critical sewer management for deteriorated concrete sewer pipes. 

A typical rehabilitation process of the sewer pipes usually commences with collecting information 

about the project requirements and constraints (i.e., diameter, type of defect, sewer environmental 

condition) (Shehab-Eldeen and Moselhi, 2001). The survey information is then processed to select 

the most suitable rehabilitation method(s) that efficiently extend the service life of the concrete 

sewer pipes. Presently, this selection process relies on the decision-maker's experience without 

computer-assisted tools. Increasing the deteriorated concrete sewer pipes, selection in this manner 

may suffer from the decision-makers limited knowledge and (or) experience. It could result in 

overlooking technically suitable and cost-effective methods. Because concrete sewer pipes are 

usually buried underground, discovering the damage caused by chemical erosion is difficult. 

Further, the repair work needs to be quick, and the repair material must have watertightness and 

acid resistance. For manhole and large-scale concrete sewer pipes in the live sewer, using the 
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wet/dry spray coating technique for sewer pipe rehabilitation must be suitable. The performance 

requirement of cement mortar includes placement test (setting time, rebound test, and slump test), 

cured mortar properties test  (amount of hydration phase, acid neutralisation capacity (ANC), 

unconfined compressive strength (UCS),self-compaction, tensile strength). 

2.10 TYPES OF AGGREGATE 

Concrete is generally referred to as a heterogeneous material and is formed primarily by mixing 

three constituents: aggregate, cement and water. The concrete volume contains around 75 to 80 

percent of fine and coarse aggregate, which could significantly influence the characteristic of 

concrete, freshness, and hardness (Smith et al., 2001a). The aggregate, shape, and texture type 

significantly affect the workability, findability, bleeding, pump ability, and segregation of fresh 

concrete (Mermerdaş et al., 2017, Provis and van Deventer). The interface zone between cement 

paste and aggregate is the most important interface in concrete and is known as The interfacial 

transition zone (ITZ) (Scrivener et al., 2004). It has been well-recognised that ITZ negatively 

influences the mechanical behaviour and durability of Portland cement concrete (Peng et al., 

2019). The aggregate that has been used for concrete material is fine and coarse aggregate. The 

coarse and fine aggregates are bound together by the adhesive character of cement paste into a 

rock-like mass. Concrete suffers from microcracks and flaws, including pores, air voids, lenses of 

bleed water and shrinkage cracks even in the unloaded stage. When external loading is applied, 

these microcracks grow and coalesce with new microcracks leading to the failure of the structure 

or member (Caliskan, 2003). 
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2.10.1 FINE AGGREGATE 

Fine aggregates are small particle sizes between 4.75 to 0.075 mm. it used as admixture material 

for concrete. The primary fine aggregate sources are river or machine sand, crushed stone sand, 

and crushed gravel sand. The voids between the coarse aggregate are filled up by fine aggregate. 

The degree of particle roundness (see Figure 2-13) for sediment grains with each category showing 

low and high sphericity (Smith et al., 2001b). 

 

Figure 2-13 Degree of particle roundness 

2.10.2 COARSE AGGREGATE 

Coarse aggregates are larger-size filler materials in construction. Coarse aggregates are the 

particles that retain on a 4.75 mm sieve. Brick chips (broken bricks), stone chips (broken stones), 

gravels, pebbles, clinkers, cinders etc. are used as coarse aggregate in concrete. Coarse aggregate 

acts as inert filler material for concrete. 
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2.11 CONDITION ASSESSMENT OF CONCRETE CORROSION 

Condition assessment of concrete sewer pipes is a high priority for water utilities that proactively 

protect and maintain the sewer assets to work with less interruption (McDonald and Zhao, 2020). 

Failure in sewer asset management may result in a catastrophic impact on the community, 

business, transportation, public, and environment (Hawari et al., 2020). Currently, most water 

utilities are moving towards the proactive approach to preventive repair strategies for sewer asset 

networks (Fenner, 2000). It is more cost-effective than reactive sewer asset maintenance. 

However, developing a condition assessment tool is challenging for water utilities. The collected 

data must be organised, analysed, and kept in an established database system to develop condition 

assessment tools successfully. Condition assessment tools can facilitate users deciding on the 

intervention required, such as sewer assets prioritisation of inspection, rehabilitation, or 

replacement of sewer assets for certain sewer assets based on their state of deterioration (Hawari 

et al., 2020). The condition of the sewer assets can be affected by the physical, operational, and 

environmental conditions, as shown in Table 2-4. The concrete condition assessment prediction 

model can be formulated based on the depth of corrosion or the remaining UCS of the sewer assets 

as a dependent variable versus physical, operation, and environmental factors as an independent 

variable. 
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Table 2-4 Factors affecting sewer pipeline condition (Hawari et al., 2017) 

Main factors Sub-factors Description 

Physical Age The effects of pipeline degradation become more significant over 

time. 

Diameter The larger the pipeline diameter, the larger is its thickness, the 

lower is its deterioration rate and vice versa. 

Length Longer pipes are more likely to suffer from bending stresses. 

Buried depth Live loads impact increases at shallow depths and the soil 

overburden impact increases at high depths. Moderate depths 

increase the life of sewers. 

Material Different pipeline materials show different failure patterns. 

Coating 

conditions 

Pipelines with good coating conditions have higher resistance 

against corrosion. 

Installation 

quality 

Pipeline installation should be done according to certain standards 

and qualifications. High deterioration rates result from poor 

installation quality. 

Operational Flow rate High velocity water corrodes the internal walls of the pipe and 

causes disturbances especially when moving between pipes of 

different diameters. Low velocity water causes deposition and 

accumulation of sediments. 

Blockages Accumulation of deposits and sediments, intrusion of trees roots 

and other types of blockages have a significant effect on the 

structural and operational condition of a sewer pipeline. 

Infiltration and 

inflow 

Infiltration washes soil particles and reduces the support along a 

pipeline. 

Corrosive 

impurities 

Chemicals and substances (such as salts and micro-bio species) 

present in water while being transported decrease water quality. 

They can also corrode the internal surface of the pipe and cause its 

breakage. 
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Main factors Sub-factors Description 

Maintenance 

and break 

strategies 

The service life of sewer pipelines is increased by a good 

maintenance and break strategies. 

Operating 

pressure 

The pressure resulting from transients in the water distribution 

system may cause pump and device failure, system fatigue, or pipe 

ruptures. 

Environmental Soil type This factor refers to the type of soil in direct contact with the pipe 

surface. Soils have different physical and chemical properties, 

which have different impacts on the pipeline. Some soils are 

corrosive; others experience significant volume changes in 

response to moisture changes, resulting in changes to pipe loading. 

The presence of hydrocarbons and solvents in soil may cause pipe 

deterioration. 

Bedding 

conditions 

Sewer pipeline failure chances increase with improper bedding 

conditions. 

Location The pipeline location is related to the installation zone being 

residential, industrial, school, etc. Pipelines in residential areas are 

exposed to different conditions than those located in industrial 

areas or cities because they may be located under different surface 

types (e.g. asphalt, seal, unpaved etc.). City pipelines are subject to 

heavy traffic, adding more dynamic load on the pipeline. 

Groundwater The amount of water in the soil affects the soil resistivity, which 

inversely relates to the corrosion rate. The ground water may lead 

to corroding the pipe directly when salts and some corrosive 

substances exist. 

2.12 FACTORS INFLUENCING THE CORROSION RESISTANCE OF GEOPOLYMER 

As mentioned above, biogenic weak and strong acids have been generated under the MICC 

process. The durability of a geopolymer depends on the properties of the geopolymer itself. It can 

resist or slowly change the properties of geopolymer during exposure to a corrosive environment. 

The effects of the essential factors under consideration are summarised in Table 2-5.  
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Table 2-5 A summary of some essential factors influencing the corrosion resistance of geopolymer 

Factors Description References 

SiO2/Al2O3 A Higher Si/Al ratio resulted in a higher amount of Si-O-Si 

bonds, and Si-O-Si bonds were well known to be stronger 

than Si-O-Al bonds. The residual silica particles played the 

role of reinforcement due to the strong interface bonding 

between the binder phase and silica. 

(Amran et al., 2020) 

CaO The amount of CaO affects the geopolymer's alkalinity, 

compressive strength, and porosity. The high CaO content 

in geopolymer powder, coexistence of geopolymer gel (C-

A-S-H), and calcium silicate hydrate (C-S-H) are generated 

through hydration and polymerisation. Voids and pores of 

geopolymer matric filled with the C-S-H gel resulting in an 

increase in mechanical strength. However, remaining 

unreacted CaO with excess hydroxide can be promoted 

precipitation of calcium hydroxide (Ca(OH)2). Ca(OH)2 

can be responsible for increasing the alkalinity of the 

geopolymer binder 

(Yip et al., 2005) 

Alkalinity High alkalinity provides more substances to react with the 

generated biogenic acids, thus slowing down the MIC rate 

(penetration depth) 

(De Belie et al., 

2004) 

Bacteriostatic Heavy metal ions (Me+) can be toxic to bacteria due to Me+ 

reactions with the negatively charged cell walls of bacteria 

and the associated formation of complex compounds within 

the bacterial membrane. Therefore, the bacteriostatic effect 

is exhibited depending on the heavy metal concentration as 

an admixture in geopolymer.  

(Grengg et al., 

2018) 
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2.12.1 PARTICLE SIZE DISTRIBUTION OF MORTAR POWDER 

The geopolymer mortar can be developed physical properties by adjusting the chemical 

composition and the curing process. However, many researchers have agreed that the particle size 

of the aluminosilicate sources is one of the essential parameters in the strength development, 

durability properties and microstructure of geopolymer (Assi et al., 2018, Li et al., 2021, He et al., 

2013). Generally, finer binder particles are more reactive and produce geopolymers with denser 

microstructures and higher compressive strength (Nazari et al., 2011). The fine particle of the 

geopolymer binder is usually measured as particle size distribution. Assi et al. (2018) reported that 

the particle size distribution directly affects the strength and reduction of the permeation void ratio. 

The finer the particle revealed better strength and denser geopolymer. 

2.13 SERVICE LIFE MODELS FOR CONCRETE-BASED MATERIAL  

The service life prediction model is an essential management tool to proactively plan for sewer 

maintenance and rehabilitation on concrete sewer pipe networks. Water utilities proactively use 

sewer condition prediction models and condition ratings to manage concrete sewer pipes and other 

related infrastructures. The service life prediction model is used to prioritise the inspection plan 

and provide valuable information to forecast the short-term and long-term behaviour of sewer 

pipes. In contrast, condition rating for sewer pipe is used to evaluate the current condition of sewer 

pipe to take action to renew or repair the sewer pipe based on the deterioration state (Hawari et al., 

2020, Mohammadi et al., 2020). Predicting concrete corrosion under sewer environment 

conditions is very challenging due to the scarcity of assessment and complex systems. The concept 

behind the deterioration model is to find the relationship between the corrosion factors affecting 

the deterioration process of the concrete sewer pipe and sewer pipe condition. Service life 

prediction of deteriorated concrete sewer pipe has developed using several models, which are 
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based on different deterioration factors such as the physical properties of sewer pipe, the 

environmental condition, and the operational and characterisation of wastewater. Recently, the 

deterioration model has been developed, as shown in Table 2-6. 

Table 2-6 Service lift modelling equations 

Type of chemical 

attack 
Model equations Remarks Reference 

Mixed chemical 𝐿 =
𝑡𝑖
12
+
𝐷

𝑟
 

The bi-linear corrosion model 

was proposed based on the loss 

of concrete material. L= sewer 

service life (year). The model 

was not parameterised for 

application to different sewer 

conditions because it was based 

on very limited field data. 

ti = time for corrosion to initiate 

(month), r = rate of concrete 

depth lost (mm/year), D is the 

concrete depth (mm) that can be 

sacrificed before the end of 

sewer service life 

(Jiang et al., 

2016, Wells and 

Melchers, 2014) 

Hydrogen sulphide 

(H2S) and  

wastewater 

characteristics 

𝐶𝑟 =
11.5𝑘𝜙sw

alk
 

The Pomeroy model is 

constructed based on the loss of 

concrete material by the  

Hydrogen sulphide (H2S) and 

wastewater characteristics in 

sewer networks. 

The parameter of the model 

identified as Cr = corrosion rate 

(Pomeroy, 1990) 
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2.14 ASSESSMENT OF LITERATURE REVIEW 

In order to achieve an efficient and successful operation and maintenance plan for concrete sewer 

pipes and other infrastructure assets, water utilities must have information on the condition of the 

assets to make informed strategic decisions and adequately plan expenditure of capital 

Type of chemical 

attack 
Model equations Remarks Reference 

(mm/year); k = factor related to 

the acid formation, based on 

climate conditions, 0.8 in 

moderate climates; ϕsw = 

sulphide flux at the air-wall 

interface [g H2S/(m2 hr)]; and alk 

= alkalinity of the pipe material 

(g CaCO3/g concrete). 

Sewer gases 

environment (H2S, 

CO2, T and % RH.) 

𝐶

= 𝐴 × [𝐻2𝑆]
0.5

×
(0.1602𝐻 − 0.1355)

(1 − 0.9770𝐻)

× 𝑒(
−45000

𝑅𝑇⁄ ) 

This model is based on loss of 

concrete material with time. The 

parameters the model identified 

as C is the rate of corrosion (mm 

yr− 1), [H2S] is the concentration 

of hydrogen sulphide in the 

sewer atmosphere (ppm). 

H is the percent relative humidity 

of the sewer atmosphere (-). 

R is the universal gas constant (= 

8.314 J mol− 1 K− 1). 

T is the temperature of the sewer 

atmosphere (K). 

(Wells and 

Melchers, 2015) 
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investments. Water utilities are proactively using sewer condition prediction models and condition 

rating methods for sewer pipes to facilitate water utilities or decision-makers managing the sewer 

pipe and other related infrastructure. The sewer condition prediction model is used to produce a 

prioritised inspection plan and provide valuable information to forecast sewer pipes' short- and 

long-term behaviour. In contrast, condition rating for sewer pipe is used to evaluate the current 

condition of sewer pipe to take action to renew or repair the sewer pipe based on the deterioration 

state (Hawari et al., 2020, Mohammadi et al., 2020).  

The condition assessment models are usually developed by incorporating sewer pipe conditions 

and factors that influence the condition of sewer pipe. Hawari et al. (2020) have classified the 

factors that affect concrete sewer pipes into three main categories: physical, operational, and 

environmental. Based on the potential factors that could affect sewer pipe deterioration, prediction 

of sewer pipe condition is considered a very complex system. Therefore, valid information on the 

condition of the assets is essential and requires keeping a record in the proficient information 

system.  

There are two types of inspection methodology to assess the condition of the concrete sewer pipe: 

destructive and non-destructive. This inspection method breaks down the sewer asset using the 

destructive test to determine the change in physical and chemical properties (Alzraiee et al., 2015, 

Khan et al., 2020b).  For non-destructive inspection methods, many new technologies such as 

closed-circuit television (CCTV), robotics, ground piercing radar, sonar and infrared 

thermography involve facilitating water utilities to collect valid information on internal sewer pipe 

conditions (Fenner, 2000, Wirahadikusumah et al., 1998, Liu and Kleiner, 2013). The condition 

assessment data obtained from the destructive or non-destructive test will be analysed to find the 

relationship between sewer pipe condition and influence concrete deterioration factors. First 
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approach, the prediction of sewer conditions based on the age and other deterioration factors of 

the sewer pipe is considered a very complicated process. The deterioration of sewer assets can be 

affected by multiple factors at once. Therefore, the development of the sewer concrete 

deterioration model will be based on the concepts and different data requirements. Currently, the 

deterioration models have been classified into three different groups of the model as physical, 

statistical, and artificial intelligence models (Hawari et al., 2020). The second approach to the 

concrete sewer condition assessment model is to develop the condition rating. The condition rating 

is used to evaluate the current condition of sewer pipes in order to identify the action for 

deterioration of sewer pipes. The sewer pipe condition rating is usually developed based on the 

result of sewer pipe inspection using CCTV and/or walk-through surveys and condition assessment 

data (Ana et al., 2009, Opila, 2011, Chughtai and Zayed, 2008). 

Severe concrete sewer pipe deterioration needs to take rehabilitation action immediately to extend 

the service life of the sewer pipe. It is very challenging because some of the rehabilitation 

technology is expensive and would disrupt many social activities. However, the protective coating 

technique seems to be a promising technology in the short and long term (Wang et al., 2020b). At 

this stage, the condition assessment or service life model and condition rating have become an 

essential tool for water utilities to decide what type of coating material, when and how to 

rehabilitate the deteriorated concrete sewer pipe surface needs to be removed before applying a 

surface protective coating. Protection of the inner surface of concrete sewer pipes and related 

infrastructures with a corrosion-resistant coating material has been implemented in many field 

locations and underdeveloped coating materials for aggressive sewer environments and tests their 

performance in field and laboratory tests (Khan et al., 2019a, Heikal et al., 2015, Roghanian and 

Banthia, 2019, Valix et al., 2012). There are several cement-based application methods like 
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shotcrete, cast-in-place concrete, and spin-cast that can be used to increase the service life of 

deteriorated concrete sewer pipes and other related infrastructure (Kaushal et al., 2020, Wu et al., 

2018b).  For selection rehabilitation methods, water utilities will use criteria such as cost, inflow, 

and infiltration (I&I),  pipe cleaning, corrosion resistance, by-pass possibility, level of 

deterioration (structural or non-structural), access, above-ground conditions (i.e., access and traffic 

limitations), and underground conditions (i.e., depth of the pipe, groundwater, and crossing 

utilities) (Wu et al., 2018b). There are many potential coating materials suitable to be coating 

material. It could be classified as cement-based material (e.g. Calcium aluminated cement) and 

polymeric-based material (e.g. CIPP, Epoxy, epoxy mortar, PVC). Water utilities select suitable 

coating materials based on the aggressiveness of environmental conditions. Currently, there is only 

one environmental classification for concrete sewer pipes (WSAA, 2017). The acid resistance of 

coating material is an essential selection criterion for water utilities to select coating material (Wu 

et al., 2018b).  

Based on the literature reviews, there remains a research gap in the development of corrosion 

classification, condition assessment or service life model and material selection criteria of the 

coating material. Presently, there is only one classification of sewer environmental conditions, 

while the concentrations of sewer gases are different. The condition assessment model is 

considered physical, operational, and environmental, but it does not include sewer environmental 

conditions. The development of corrosion classification based on different sewer environmental 

conditions will help researchers accurately develop a service life model for sewer pipe networks 

and other related infrastructure management. The development of selection criteria there also 

requires testing the acid resistance based on the different corrosion classifications. It is also an 

excellent opportunity to develop more sensibility in terms of accelerated corrosion tests due to the 
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lack of acid resistance standard tests of the coating material. To our knowledge, this is the first 

study on corrosion performance based on different corrosion classifications in order to develop a 

decision tool for concrete sewer pipe rehabilitation. Moreover, this study will involve one-part 

geopolymer as one of the commercial coating materials to be tested in both long-term corrosions 

in the real scenario of sewer environmental conditions and accelerated corrosion test at a laboratory 

in order to develop decision tools around the use of one-part geopolymer at different sewer 

corrosion classification. The use of geopolymer as a lining material could represent a significant 

step towards the development of sustainable materials for the MICC problem. In summary, this 

research study would be able to deliver a decision tool by means of sewer corrosion classification, 

selection criteria, and service life model around the use of geopolymers as a coating material. It 

would be the first study that facilitates water utilities to select a different type of geopolymer as a 

coating material for concrete sewer pipes and related infrastructure rehabilitation. 
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3 MATERIAL AND METHODOLOGY 

3.1 INTRODUCTION 

This chapter presents the materials and methodology used for conducting the experiments in the 

laboratory and field test, which are divided into five main sections: 

• Materials: This section provides an overview of the materials used in the study, including 

the specific types of materials, their sources, and their properties. It includes information 

on the geopolymer mortar (OGPm), calcium aluminate cement mortar (CACm), and any 

additional additives or components used in the experiments. 

• Sample preparation and curing: This section outlines the process of preparing the 

samples for testing, including the mixing of materials, sample moulding, and curing 

conditions. It describes the procedures followed to ensure consistency and accuracy in 

sample preparation, which is essential for obtaining reliable and reproducible results. 

• Corrosion resistance performance test: This section describes the two main types of tests 

conducted to assess the corrosion resistance performance of the materials: field 

performance tests and laboratory tests. It provides details on the test setups, conditions, and 

measurement parameters used to evaluate the performance of the materials under different 

environmental conditions and stressors. 

• Characterisation of samples: This section focuses on the characterization techniques used 

to analyse the samples before and after exposure to an aggressive environment. It discusses 

various analytical methods, such as microscopy, spectroscopy, and mechanical testing, 

which provide insights into the structural, chemical, and mechanical changes that occur in 

the materials due to corrosion or other factors. 
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• Evaluation of Corrosion Performance: this section describes the two main methods to 

evaluate the corrosion resistance performance of the lining mortar after exposure to an 

aggressive environment. 

3.2 MORTAR LINING MATERIALS 

This study involved four commercially available one-part geopolymer mortars (OGPm) to evaluate 

the corrosion resistance performance as mortar lining material and develop the decision tool for 

concrete sewer pipe rehabilitation. In addition, calcium aluminate cement mortar (CACm) was 

used as comparable mortar lining material.  

This study received four commercially available OGPm and one CACm from different 

manufacturers. The mortar lining materials were pre-mixed between mortar binder and aggregate 

and supplied to The University of Sydney in a 20 kg/bag. Aluminosilicate precursors, admixture, 

and fine aggregate were partially indicated based on the safety data sheet (SDS) and technical note 

of each lining mortar, as shown in Table 3-1. 
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Table 3-1 List of one-part geopolymer and calcium aluminate cement mortar 

Type of 

Coating 
Coating name Description Designation Aggregate Type 

Geopolymer 

OGPm-1 

single component, polymer–modified mortar 

with micro silica geopolymer, pozzolan, fly 

ash and select admixtures 

One-part 

Geopolymer 
Silicaceous 

OGPm-2 

one-component cement powder, which requires 

only the addition of water to form an acid-

resistant structural mortar 

One-part 

Geopolymer 
Recycled Glass 

OGPm-3 

One-part corrosion-resistant geopolymer mortar 

based on waste materials such as fumed silica, 

blast furnace slag and fly ash 

One-part 

Geopolymer 
Silicaceous 

OGPm-4 

 

Fibre-reinforced one-part structural and 

corrosion-resistant geopolymer mortar 

One-part 

Geopolymer 
Silicaceous + Fibre 

Calcium 

aluminate 

cement 

CACm 

Single component, high alumina 

cement-based shotcrete mix with a reduced 

rebound. 

100% CAC 

CAC Clinker 
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3.3 SAMPLE PREPARATION 

3.3.1 COUPON SAMPLE PREPARATION 

Four commercially available one-part geopolymers mortar as sewer rehabilitation lining products 

were investigated in this study. It is denoted as OGPm-1, OGPm-2, OGPm-3, and OGPm-4. One 

comparison non-geopolymer product was a commercially available calcium aluminate cement 

mortar denoted as CACm. 

The specimen sample can be prepared as cubic or cylindrical for the acid immersion test following 

ASTM C 267-20. However, in many immersion tests, the specimen size varied from 50 to 20 mm 

cubic, 40×40×80 mm or 25×25×285 prism, and or 2x25 cylinder (Sata et al., 2012, Chindaprasirt 

et al., 2004, Mohamed, 2022, Sturm et al., 2018, Khan et al., 2020b, Zhuang et al., 2017). This is 

because the specification of the further test after the immersion test depends on the standard the 

researcher used. In this study, the mortar specimens were purposed to test the corrosion depth and 

compressive strength after the acid immersion test removal. Therefore, the 50 mm cube was 

selected to prepare as it meet the requirement to estimate the compressive strength and chemical 

resistance test according to ASTM C109/C109M – 21 and ASTM C 267-20, respectively. 

This study prepared the 50×50×50  mm cube mortar specimens following ASTM C 305-20, ASTM 

C109/C109M – 21 and ASTM C 267-20, as shown in Figure 3-1. The unhydrated mortar powder 

was mixed with tap water based on a water and mortar ratio (W/M) from the manufacturer's 

instruction (2.2-3.6 L/20 kg concrete) (see Table 3-2). After that, the freshly mixed mortars were 

poured into 50 x 50 mm prism steel concrete moulds and packed with a compactor and a shaker 

table. Finally, the packed mortar allows for smoothing of the surface with a trowelful. The cast 

mortars were immediately covered with moisture-woven fabric and allowed to be set in the mound 

for 24 hours. The mortars were demolded and allowed to cure for another 28 days in a humidity 
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chamber based on ASTM C192/C192M at 23±2 °C and relative humidity (%RH) of not less than 

98 %RH (ASTMC192/C192M, 2019). 

Following a curing period of 28 days in a humidity chamber, the coupons underwent an application 

of Sika High Strength Epoxy Adhesive Concrete Fix Kit on all four sides of the specimens. This 

adhesive effectively sealed and protected the edges, exposing only the top and bottom surfaces for 

subsequent testing, as shown in Figure 3-2. 

 

Table 3-2 Water and mortar ratio (W/M) by weight 

Lining mortar W/M ratio (w/w) References 

OGPm-1 0.125 Manufacturer 

OGPm-2 0.125 Manufacturer 

OGPm-3 0.150 Manufacturer 

OGPm-4 0.160 Manufacturer 

CACm 0.108 Manufacturer 
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Figure 3-1 Coupons sample preparation 

  

Front view Side view 

Figure 3-2 Example of mortar coupon: (a) Front view and (b) Side view 
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3.3.2 SHOTCRETE APPLICATION 

The mortar application in this study can be referred to as ‘shotcrete’, a term adopted in Australia 

from American Concrete Institute (ACI) conventions. This refers to concrete delivered by the 

‘spray’ method or projection by compressed air through a nozzle so that the concrete is 

delivered at a sufficiently high velocity capable of achieving consolidation at the receiving 

surface (Australia, 2010). There are two processes for spraying shotcrete, dry spray and wet 

spray. The dry spray method is the pre-mixed mortar powder that is put into the pump hopper 

and fed to the nozzle using compressed air to the point of application. Additionally, pre-mixed 

mortar powder is mixed with water at the back of the nozzle and combined with an accelerator 

to dissipate the mortar to the substrate. While the wet spray method, the pre-mixed mortar 

powder is mixed with water in the hopper and fed to the point of application by a pump. The 

compressed air is added to the nozzle to dissipate to mortar into the substrate. Shotcrete 

application has been made under a water utility sub-contractor as part of the CRC-P: Smart 

Linings for Pipe and Infrastructure Project (Smart Linings Project). 

3.4 CORROSION RESISTANCE PERFORMANCE TEST 

3.4.1 ACID IMMERSION TEST 

3.4.1.1 SAMPLE PREPARATION 

The preparation of mortar coupons for the acid immersion test followed the procedures outlined 

in section 3.3.1, which detailed the steps for sample preparation. 

3.4.1.2 CORROSION CONDITIONS 

The acid immersion test was combined with media solution, temperature and corrosion period. 

This is to simulate the acid attack at a controllable condition. The media solution used in the 

acid immersion test was sulfuric acid (H2SO4) in this study. It was found as the main corrosive 

compound in the final stage of the MICC process within the sewer network (Stanaszek-Tomal 
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and Fiertak, 2016). The H2SO4 solution was widely used as a media solution in several studies 

but in different concentrations, such as 1%, 3%, 5%, and 10 % sulfuric solution depending on 

their purpose of simulation (Sata et al., 2012, Chindaprasirt et al., 2004) (Mohamed, 2022, 

Sturm et al., 2018, Khan et al., 2020b). However,  serval media solutions were used depending 

on the specific application and the simulated corrosion type. For example, hydrochloric acid 

can be used to simulate conditions where chlorides are present, such as in seawater or industrial 

environments where chlorine is used (Mohit et al., 2021, Senhadji et al., 2019). Nitric acid can 

be used to simulate conditions where nitrates are present, such as in groundwater, seawater, 

fertiliser production or wastewater treatment plants (Senhadji et al., 2019, Fan et al., 2012). 

Other acids, such as acetic and phosphoric acids, may also be used for specific applications 

(Chatveera and Lertwattanaruk, 2014, Chen et al., 2022, Ren et al., 2022). It is important to 

note that the choice of acid used in the acid immersion test should be carefully considered based 

on the simulated conditions. The concentration of the sulphuric acid solution was used at 1% 

w/v, having a pH of approximately 10.05 for the acid immersion test. This concentration was 

selected for the test to mimic the final stage of MICC, where the acidophilic bacteria take place 

and produce more sulphuric acid, resulting in the most severe degradation of concrete (Grengg 

et al., 2018). The testing temperature is usually tested at 23±2 °C in accordance with ASTM 

C267-20 (Sata et al., 2012, Chindaprasirt et al., 2004, Mohamed, 2022, Sturm et al., 2018, 

Khan et al., 2020b). However, the temperature was modified from 23±2 °C to 28±2 °C in order 

to better simulate the corrosion development. The temperature at 28±2 °C were derived from 

the environmental survey at various sewer asset across water utility within Australia 

established in corrosion classifications under the CRC-P: Smart Linings for Pipes and 

Infrastructure from the University of Sydney, School of Chemical and Biomolecular 

Engineering (Valix, 2021). The period of immersion test indicated to remove the sample from 

the acid solution chamber was 1,7,14,28,56 and 84 days to determine the corrosion rate in 
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accordance with ASTM C267-20. However, the immersion time was modified in several 

studies to be longer or shorter to suit their material to determine the rate of corrosion (Sata et 

al., 2012, Chindaprasirt et al., 2004, Mohamed, 2022, Sturm et al., 2018, Khan et al., 2020b). 

Based on the preliminary test, the acid immersion test was performed for up to 28 days in this 

study. 

3.4.1.3 PROCEDURE OF ACID IMMERSION TEST 

The acid immersion test was performed in sulphuric acid at pH 10.05 and 28±2 C for up to 

28 days (see Figure 3-3). The pH of the solution was changed over time by a neutralisation 

reaction between mortar and acid solution. Therefore, the pH of the acid solution was 

monitored through the test with pH-temperature probes with a TPS WP-80D pH meter, and the 

pH of the solution was adjusted using 98% w/w H2SO4 to maintain the pH at 1±0.05. The pH 

adjustment was made every day for the first week and once a week for the following week.  

The mortar sample was periodically removed from the acid for up to 28 days. Then, the 

specimens were immediately rinsed with distilled water to remove the access acid and debris 

material. The mortar specimens were sliced into sections to analyse the corrosion depth using 

a universal indicator and optical microscope (if the depth corrosion is less than 5 mm) or 

callipers (if the depth corrosion is less than 5 mm) and residual UCS (see 3.6.1) a durability 

performance. This method has been widely used in many studies (Khan et al., 2020b, Sturm et 

al., 2018).  
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Figure 3-3 Accelerated corrosion test 

3.4.2 DIGESTER CHAMBER TEST 

3.4.2.1 SAMPLE PREPARATION 

Three commercially available one-part geopolymers mortar as sewer rehabilitation lining 

products were investigated in this study. It is denoted as OGPm-1, OGPm-2, and OGPm-3. 

One comparison non-geopolymer product was a commercially available calcium aluminate 

cement mortar denoted as CACm. The preparation of mortar coupons for the acid immersion 

test followed the procedures outlined in section 3.3.1, which detailed the steps for sample 

preparation. 

For the mortar durability test in the digester chamber, the cube mortar specimens were hung in 

the overflow drain of each digester chamber. The digester chamber is described in the following 

section 3.4.2.2. The cubes mortar specimen was set up as shown in Figure 3-4. The stainless 

steel wire, HDPE net, and Snap Hook were assembled to hold the cube sample and hang it 

within the overflow drains of the digester chamber. The proposed setup had to be durable and, 

at the same time, easy to handle, considering the aggressiveness of the environment and the 

duration of the experiment.  
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(a) Sample setup (b) Exposure surface 

Figure 3-4 Basket with all clips attached 

3.4.2.2 DIGESTER CHAMBER ENVIRONMENTAL SURVEY 

For the field test,  the coupons were also installed in three (3) digestor tanks based on the 

installation procedures at the wastewater treatment plant (WWTP), Sydney Water. The digester 

tank received the sewage from the sewer network. The gases produced along the sewer network 

and digester tank were the same main composition, known as sewer gas. The sewer gases 

typically comprise N2, CH4, H2S, CO2, NH3, and SO2. The latter four gases are corrosive when 

hydrolysed and oxidised in humid sewer environments. These sewer gases will form both weak 

and strong acids, specifically H2CO3, HNO2, HNO3 and H2SO3 (Sand, 1997b). 

The environmental condition of the three digester chambers was monitored H2S, CO2, %RH, 

and temperature. They were monitored during 2018 – 2022. Each selected site for the 

performance test monitored the sewer gases (H2S and CO2) and the condition that promotes the 

growth of bacteria and other microbes (temperature and humidity). The lists of the 

environmental parameters show in Table 3-3. The table also includes the methods, monitoring 
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period and statistical measure for each parameter. The 90th percentile provided a single 

statistical estimate of each parameter that defined the environmental condition.  

Table 3-3 Environmental parameter analysis of sewer assets 

Parameters Measurement Methods 

Periods of 

Monitoring 

Statistical Measure 

H2S (ppm) Odalog (e.g., AppTek 

Odalog 0-200ppm H2S 

logger) 

7-30 days 90th percentile 

Temperature (gas) 

(C) 

Odalog (e.g., AppTek 

Odalog 0-200ppm H2S 

logger) 

7-30 days 90th percentile 

Relative humidity 

(RH %) 

Optic fibre, photonics 7-30 days 90th percentile 

CO2 (ppm), SO2 

(ppm), NO2 (ppm), 

O2 (ppm) 

MultiRae multigas 

analyser 

Up to 2 days 90th percentile 

Infiltration Visual Spot check before 

application and 

before coring 

NA 

3.4.2.3 SAMPLE INSTALLATION 

The specimens prepared from section 3.4.2.1 were hung in the overflow drains of three digester 

chambers, which have different environmental conditions, as shown in Figure 3-5. Each mortar 

type was designated with colours for better identification during exposure. Tapes of those 

designated colours were placed on top with the identification number written over them. 

OGPm-1, OGPm-2, OGPm-3, and CACm were identified by labelling the sample, as shown in 

Figure 3-6. 
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Figure 3-5 Photos of Digester Chambers at North Head Wastewater Treatment Plant (NH-

WWTP), Sydney Water   

  

Figure 3-6. Basket with length adjustment  (left) and Cube coupons installed on the wires inside 

an access chamber (right) 

3.4.2.4 SCHEDULES 

The initial field test plan was scheduled to commence in June 2018 to complete the work by 

the end of 2022. As demonstrated in Figure 3-7, the sample collection was planned every six 

months. However, the sample collection schedule was impacted and rescheduled due to the 

COVID-19 pandemic, resulting in an extension of the sample collection period from NH-

WWTP to March 2022.  

60 cm 

Chamber 1 Chamber 2 

Chamber 3 
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Figure 3-7 Field test schedule for NH-WWTP 
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3.4.3 FIELD APPLICATION TEST (SHOTCRETE APPLICATION) 

The corrosion resistance performance of OGPm and CACm as protective lining mortars under 

the impact of MICC was carried through the live sewer assets. The protective lining mortars 

directly applied the coatings on live sewer assets. The direct application of protective coatings 

on the sewer asset allows both the corrosion resistance and the requirements of applying the 

protective coating to be examined. This section provides essential information to approach the 

performance of OGPm and CACm under live sewer assets. It will be divided into four parts as  

• site selection 

• sewer environment monitoring 

• surface preparation 

• coating application 

• cored sample transport and analysis 

3.4.3.1 MATERIALS 

Four commercially available one-part geopolymers mortar as sewer rehabilitation lining 

products were investigated in this study as presented mortar lining material in section 3.2. It is 

denoted as OGPm-1, OGPm-2, OGPm-3 and OGPm-4. One comparison non-geopolymer 

product was a commercially available calcium aluminate cement mortar denoted as CACm.  

3.4.3.2 LIVE SEWER ASSET ENVIRONMENTAL SURVEY 

Each selected site for the performance test monitored the sewer gases (H2S and CO2) and the 

condition that promotes the growth of bacteria and other microbes (temperature and humidity). 

The environmental survey was conducted for each asset using the same method in section 

3.4.2.2. The summary of environmental conditions is presented in Table 3-4. 
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Table 3-4 Site Locations and Environmental Conditions 

 

 

 

City Utility Address Type of Asset Asset ID 
Date of 

Construction 

Asset Age 

(years) 
Tgas(C) RH% 

H2S 

(ppm) 

CO2 

(ppm) 

Perth  
Water 

Corporation  

Hordern Street, 

Victoria Park in 

Western Australia 

Access 

Chamber 
AC3 1976 43 21.92 99.99 170 12880 

Access 

Chamber 
AC7 1938 81 21.56 99.99 180 6180 

Access 

Chamber 
AC9 1938 81 20.21 99.99 190 7800 

Brisbane  QUU  
Forest Lake Blvd, 

Forest Lake  

Access 

Chamber 
MH101132 1994 25 21.3 100 26 4500 

Access 

Chamber 
MH233216 2001 18 20.6 100 16 4500 

Access 

Chamber 
MH233215 2001 18 20.5 100 24 4500 

Access 

Chamber 
MH233213 2001 18 21.3 100 26 4500 

Melbourne 
Melbourne 

Water 

58 Afton St, 

Essendon West 
Pipe MW 1997 22 23 98 4.5 7700 

Sydney Sydney Water 
254 Toongabbie Rd, 

Girraween 
Pipe SWC 1963 56 24 98.7 1.6 6250 
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3.4.3.3 FIELD SITE SELECTION 

The selection of field sites was based on: i) asset condition assessment and ii) environmental 

conditions of the assets. The criteria used in selecting sites were the corrosivity of the asset (H2S, 

CO2, T, and %RH) and the deteriorated concrete host and its accessibility. The field sites were 

selected to ensure a broad representation of corrosivity from Australian sewers. Assets were also 

chosen to ensure they have a suitable remaining life over the project's time frame. The ease of 

accessibility to permit safe monitoring of the applied coatings was also considered. Corrosivity of 

the asset was established through asset condition assessment. The corrosion classification of the 

sewer asset was based on the sewer corrosion classification established by Valix (2021). 

3.4.3.4 SEWER ASSETS 

The field tests provide two personnel-entry pipes (1.8 m ID x 100 m length and 3.0 m ID x 20 m 

in length) and 16 maintenance holes (approximately 1.0 m ID and 2-3 m in height) as field test 

beds for assessing coating performance. 

3.4.3.5 SURFACE PREPARATION 

One of the essential steps in rehabilitating deteriorated sewer assets is surface preparation to 

promote the adhesion between the host structure (concrete substrate) and protective coating mortar 

(overlay) that affect the reliability and durability of the repair mortar. The adhesion depends on 

many phenomena taking place at the interface zone for bond-detrimental layers (including 

bleeding), wettability of concrete substrate by repair materials, secondary physical attraction forces 

induced in the system, the roughness of surface (an interlocking mechanism), and moisture content 

in the concrete substrate versus the repair system (Garbacz et al., 2005). To achieve the adequate 

adhesion between the host structure and protective coating mortar, the deteriorated concrete sewer 
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assets surface needs to remove all the unsound concrete until sound and homogeneous concrete is 

reached (Garbacz et al., 2006). Mechanical treatments (e.g. sandblasting, shotblasting) and water 

blasting are commonly used for concrete surface preparation. Unsound concrete is defined as 

laitance materials where the concrete section has lost its alkalinity and protective function. 

The criteria used to determine the depth of deteriorated concrete surface removal is the alkalinity 

of concrete, which can be represented by surface pH in the field. The criteria for the surface pH 

analysis are based on the acid neutralisation capacity (ANC) of the host structure. Figure 3-8 shows 

the ANC of OPC. It shows that OPC can resist the acid until pH 8. Below pH 8,  there is a rapid 

decline in pH with a further increase in acid to substrate ratio. To maintain the protective feature 

of OPC, the pH of the OPC structure must be at least pH 8.0. Therefore, surface pH > 8 is assessed 

when sound concrete is reached.  

A liquid pH indicator was sprayed on the host structure to assess the asset surface pH rapidly. Two 

types of indicators, Phenolphthalein and Universal indicator, were tested. However, using 

Phenolphthalein is more practical as it uses only one colour change; the indicator pH > 8.0 shows 

a pink colour, while pH < 8 is colourless. This indicator test was used for all the tests (see Figure 

3-9). After laitance materials removal, the concrete repair mortar was applied before the protective 

lining application. 
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Figure 3-8 Acid neutralisation capacity (ANC) of OPC 

  

Figure 3-9. Photos of access chamber surface pH with phenolphthalein indicator (left) and 

Universal indicator (right)  

 

Phenolphthalein 

pH < 8.0: colourless 

pH > 8.0: pink 

Universal indicator 

Rapid declined of alkalinity 
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3.4.3.6 SHOTCRETE APPLICATION IN LIVE SEWER ASSET 

Deteriorated sewer assets were cleaned and prepared prior to mortar lining application. Then, the 

geopolymer and calcium aluminate cement lining material (see Table 3-5 ) was applied on the 

surface repair mortar using the dry and wet spray technique, as described in shotcrete application 

in section 3.3.2. The number of protective linings that were applied to each asset for the field test 

trial is shown in Table 3-6. It is important to note that a surface repair motor (SRm) was applied 

between each lining. All lining mortar was uniformly applied with at least 20 mm thickness. 

Table 3-5 The list of the protective lining mortar 

Type of Coating 
Coating 

Names 

Water to Mortar ratio 

(W/M) 

(L/20 Kg Concrete) 

Application 

Method 

Bulk 

Density (kg/m3) 

Geopolymer 

OGPm-1 2.6 
Dry spray and 

coupon 
2101 

OGPm-2 2-3 
Dry spray and 

coupon 
2233 

OGPm-3 2.2 
Dry spray and 

coupon 
2143 

OGPm-4 3.2-3.4 Wet- Spray  2160 

Calcium 

aluminate 

cement 

CACm 1.8-2.5 
Dry spray and 

coupon 
2482 

Surface Repair SRm 2 Dry spray  2037 
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Table 3-6 Coatings Applied for Field Tests and Biogenic Digester 

T
ri

a
l 

S
it

e 
L

o
ca

ti
o
n

 

Type 

N
u

m
b

er
 o

f 
A

ss
e
ts

 

Geopolymer CAC 
Surface 

Repair 

T
O
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-1
 

O
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P
m

-2
 

O
G

P
m

-3
 

O
G

P
m

-4
 

C
A

C
m

 

R
P

m
 

Melbourne Water Pipe 1 1   1 1 1 1 5 

Sydney Water Pipe 1 1 1 1 1 1 1 6 

Water Corporation Access Chamber 5 1   1 1 1 1 5 

Water Corporation Access Chamber 4 1 1     1 1 4 

SA Water Access Chamber 5 1   1 1 1 1 5 

QUU Access Chamber 4 1   1 1 1 1 5 

TOTAL   20 6 2 5 5 6 6 30 

3.4.3.6.1 MAINTENANCE HOLES 

After removing deteriorated material from the sewer asset, shotcrete as surface repair mortar 

(SRm) was applied to the pre-cleaned asset at approximately 10 mm above the highest exposed 

aggregate before lining applications. As shown in a schematic diagram of lining application in an 

access chamber in Figure 3-10, each manhole is divided into four sections. Two coatings were 

applied through the depth of the access chambers with a thickness of 20 mm on two opposite 

sections. In between each coating, shotcrete was applied at the same thickness (20 mm) as the 

coating to provide a control material for the test. Moreover, under each coating mortar, including 

shotcrete between the coating mortar, were embedded Ni-Ag alloy rebars for the cover meter to 

measure thickness later in the future. The stainless steel labels were then installed to identify each 
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coating. the Table 3-7 shows the example of complete rehabilitation of access chambers in  QUU 

utility, Brisbane, QLD. 

 

Figure 3-10 Schematic diagram of lining application in an access chamber for field test 
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Table 3-7 Example of manhole rehabilitation using OGPm and CACm 

Manhole No. Location of coating material Real scenario 

MH233216 

 
 

MH101132 

 
 

MH233213 
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3.4.3.6.2 PERSONNEL-ENTRY PIPES 

In personnel-entry pipes, shotcrete as surface repair mortar was applied through the whole test 

section of the pipe to cover any exposed aggregates after the laitance material was removed with 

a thickness of 10 mm above the highest exposed aggregate. The surface was smoothed after 

application. The linings were then applied with a length of about 5 m and a thickness of 20 mm 

with a gap of 2 m. Shotcrete was applied in the gap between each coating with the same thickness 

of 20 mmm. The first and last 5 m section of the pipe was left uncoated to indicate the extent of 

corrosion of the pipe in the absence of lining and verify if uncoated sections directly after linings 

are more aggressively attacked by MICC. Similar to the maintenance holes, under each coating 

mortar, including shotcrete between the lining mortar, were embedded Ni-Ag alloy rebars for the 

cover meter to measure the thickness. The Stainless steel labels were then installed to identify each 

coating. Figure 3-11 shows the schematic diagram of the coating and shotcrete application in the 

personnel-entry pipe. 

 

Figure 3-11. Schematic diagram of coating application in a personnel-entry pipe field test 
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3.4.3.7 LINING THICKNESS 

The coating thickness during application was randomly tested by inserting a metal ruler in the 

uncured non-set concrete (see Figure 3-12). Another method that was adopted was the insertion of 

false rebars between the host structure and coating and the reading of the coating thickness with a 

cover meter. Various alloys, including stainless steel, copper and Ni-Ag alloys and dimensions, 

were tested as false rebars were considered. Ni-Ag alloy was chosen because it provided a strong 

signal and was sufficiently strong to allow thin bars to be used to minimise its interference with 

the coating and host structure adhesion and corrosion resistance that would enable its use over the 

project period. Ni-Ag alloy bars (10mm x 30 cm x 0.5 mm) were embedded between the coating 

and the host structure as false rebars (see Figure 3-13). The coating thickness was measured post-

application and during the monitoring period using a Profoscope cover meter.   

 

Figure 3-12. Measuring the coating thickness with a ruler 
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Figure 3-13 Ni-Al alloy rebars (top-left); false rebar installation in access chamber (top-right); 

false rebar installation in sewer pipe (bottom-left); cover meter testing of coating thickness 

(bottom-right) 

3.4.3.8 CORE SAMPLING 

After the protective lining mortar application, the corrosion resistance performance of the 

protective lining was assessed by the core test. The cored sample was stored in plastic bags with 

as much of the air expelled then, followed by bubble wrap. The packed cores are then stored in a 

plastic bottle for mailing to The University of Sydney (USYD). There are two types of sewer 

assets; i) Manhole and ii) personnel-entry pipe. The core sampling area is located at a different 

position. Figure 3-14 shows the schematic diagram for the coring sample in the sewer asset. The 

number of cores taken from maintenance holes is limited by the size of the asset. When sampling 
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maintenance holes, 2 x cores (5 cm ID x 3-5 cm in length) are extracted at least 10 cm below the 

top of the manhole. At the same time, the personnel-entry pipe, 2x cores (5 cm ID x 3-5 cm in 

length) are taken from the tidal, wall and crown. Subsequent samplings were extracted at least 10-

15 cm from the previous cored areas. In man entry pipes, 2x cores (5 cm ID x 3-5 cm in length) 

are taken from the tidal, wall and crown. Subsequent samplings were extracted at least 10-15 cm 

from the previous cored areas. The cores were stored in plastic bags with as much of the air 

expelled then, followed by bubble wrap. The packed cores are then stored in a plastic bottle for 

mailing to the University of Sydney (USYD). 

 

Access chamber 

 

Personnel-entry pipe 

Figure 3-14 Core sampling in a manhole (left) and personnel-entry pipe (right) 
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3.4.3.8.1 SAMPLE CORING SCHEDULE 

The schedule for the field test included: i) the condition assessment of the asset; ii) surface 

preparation; iii) coating application; iv) monitoring; and v) reinstatement of the asset. The initial 

plan was to start the work in June 2018, with the completion by the end of 2020 within four 

sampling to occur every 7-8 months. However, given the challenges of organising the field test in 

live sewers and unforeseen disruptions such as COVID-19, the schedule for the field test has been 

a work in progress. Figure 3-15 shows the latest schedule. As a result, the field test was extended 

until February 2022, allowing the period between some of the sampling to be between 5-6 months.   

However, given the challenges of organising the field test in live sewers and unforeseen disruptions 

such as COVID-19, the schedule for the field test has been delayed. Finally, the field test schedule 

will be extended until February 2022. 
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Figure 3-15 Field test schedule for coating performance assessment 
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3.5 CHARACTERISATION OF LINING MORTAR  

3.5.1 CHEMICAL PROPERTIES 

3.5.1.1 X-RAY FLUORESCENCE SPECTROSCOPY (XRF) 

The mineral components and composition of the mortar, both the mortar binder and aggregates, 

influence its performance. The chemical composition of the mortar is used to identify its quality 

and, hence its application. Although the mineral composition may be more important in 

establishing the quality of the mortar, its analysis is more challenging. Elemental analysis by 

X-ray fluorescence spectroscopy can be more straightforward, but it estimates the mineral 

composition by converting the elementals to their corresponding mineral oxides. Establishing 

the nature of the mineral oxides will, therefore, require other test methods, including SEM-

EDS, TGA and FTIR. 

X-ray fluorescence analyses of the mortar binders and aggregates were carried out by a 

commercial laboratory at the University of New South Wales, using a PANalytical Philips 

Axios-Advanced XRF spectrometer with a 4kW Rhodium (Rh) anode end window and super 

sharp ceramic technology X-ray tube. The sample preparation involved dissolving the concrete 

powder in a lithium tetraborate flux at high temperatures (> 1000 °C), which was then cast in 

a platinum/gold crucible to form homogenous fused beads (32 mm). Quantitative elemental 

analysis was carried out using the PANalytical SuperQ system with IQ+ and WROXI 

programs. 

3.5.1.2 ACID NEUTRALISATION CAPACITY (ANC) 

Acid neutralisation capacity reflects the ability of lining mortar to resist the change in pH. It is 

determined by the amount of acid/base consumed to achieve specific pH (Giampaolo et al., 

2002a). The ANC has often been considered a fundamental property in determining the 
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durability or resistance of concrete to chemical attack.  The method used in this study followed 

the standard according to EN 14429:2015 (EN14429:2015, 2015, 14429, 2005).  

The test used a separate batch test with a fixed L/S ratio of 1 gram of milled concrete with 10 

ml nitric acid. Concrete samples were pre-milled using a Planetary Mono Mill Pulverisette 6-

ball mill to generate a particle size of 200 microns. A minimum of 8 batch tests were performed 

to cover a final pH of 4 to 12. The amounts of acid added were based on preliminary titration 

of the concrete to establish maximum acid consumption. The ANC tests were carried out for 

48 hours in a rotating shaker. After 48 hours, the pH of the solutions was analysed and then 

repeated after 4 hours. If the pH changes by more than 0.3 pH unit, the shaking test is resumed 

for another 24 hours until the change in pH unit is less than 0.3. The data are represented by 

plotting the measured pH against the ratio of the amount of acid added (in milli-mole) per gram 

of substrate used in the test. The results were also plotted as a differential curve to identify the 

buffering pH regions.    

3.5.1.3 FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY 

The Fourier Transform Infrared (FTIR) Spectroscopy has been used to identify the functional 

groups in both organic and inorganic materials. The FTIR has shown to be a great technique to 

analyse the extent of geopolymer by revealing the Al-O and Si-O bond inside the three-

dimensional framework of SiO4 and AlO4 interlink with O atom and charge balance at Al3+ 

coordinator with alkali metal within the network of geopolymer (Lee and Van Deventer, 2003). 

The extent of geopolymerisation was estimated using Thermo Scientific Nicolet 6700-FTIR 

with attenuated total reflection (ATR) mode, as shown in Figure 3-16.  
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Figure 3-16 Thermo Scientific, Nicolet 6700-FTIR 

Powder of uncorroded and corroded samples was prepared by crushing and grinding into very 

fine powder. Background spectra were taken before the powder samples were directly pressed 

onto a diamond crystal, and their specific spectra were collected. The sample was placed in a 

sample holder and scanned with different wavelength numbers. The FTIR spectra were 

collected using a resolution of 4 cm-1, wavelength numbers between 550 cm-1 to 4000 cm-1, 

and scanned over 32 scans to obtain the average FTIR data. The FTIR data were processed 

with OMNIC Specta data processing software, followed by deconvoluting the peak solving the 

baseline adjusted multi-component spectra bands associated with the minerals phases 

according to a Gauss-Lorentz sum function as shown in Equation 3.1 (Jain et al., 2018). 

Parameters for the Gauss-Lorentz sum function are the wavelength (x), the specific component 

peak wavelength (xo), the component peak height (H), the component width (w) and the degree 

of mixing between Gaussian and Lorentzian functions (L). 

 ∑𝑓(x, xoH,w, L) = (1 − L)H𝑒
−[4𝑙𝑛2(

𝑥−𝑥𝑜
𝑤

)
2
]
+

𝐿𝐻

1 + 4(
𝑥 − 𝑥𝑜
𝑤 )

2 Equation 3.1 
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3.5.1.4 THERMOGRAVIMETRIC ANALYSIS (TGA) 

Thermogravimetric Analysis (TGA) is a quantitative analysis technique to study the thermal 

decomposition of materials. It is used to identify the mineral phases in cement and concrete 

from their decomposition temperature resulting in the release of water in the case of hydrates 

and CO2 in mineral carbonates (e.g., calcite). It can quantitatively measure hydration and some 

corrosion products from geopolymers and calcium aluminate cement. However, overlaps 

between phases can make establishing an accurate quantitative analysis challenging. For 

example, C-S-H (OPC hydrate) overlaps with the gypsum, ettringite and AFm phases. This 

was addressed using a deconvolution algorithm similar to FTIR deconvolution described in 

section 3.5.1.3. 

In this study, TGA was utilised to investigate the change of minerals on the OGPm and CACm 

using Perkin Elmer TGA 4000, as shown in Figure 3-17. Approximately 5-10 mg of the sample 

was heated at 15°C/min from 50 °C to 900 °C under 15 ml/min N2 gas. The result from TGA 

can provide a quantitative analysis of the fresh lining materials and corrosion products after 

exposure to aggressive environmental conditions. 

 

Figure 3-17 Thermogravimetric Analysis (TGA) 
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3.5.1.5 SCANNING ELECTRON MICROSCOPE (SEM-EDS) 

This study analysed the microstructure of hydrates and corroded concrete specimens using 

scanning electron microscopes (SEM). Phenom XL G2 Desktop SEM is equipped with an EDS 

detector and a basic identification software package (EID) to control the fully integrated EDS 

detector. This unit is a low vacuum and low resolution (< 10 nm) that provided rapid SEM 

analysis. The cored sample was visually used to confirm the depth of acid permeation by 

observing the change of morphology and corrosion products from a backscatter SEM image 

and the concrete specimen's area and line element mapping. The backscatter SEM-EDS images 

and elemental analysis were obtained using Phenom XL Desktop Scanning Electron 

Microscope (SEM) with integrated EDS, as shown in Figure 3-18.  

The mortar sample preparation involved sectioning the mortar samples using the diamond saw 

and mounted on the sample holder (aluminium mounds) using carbon tape. SEM-EDS 

backscatter images of the corroded and uncorroded sections were taken, and elemental mapping 

was conducted over the corrosion surface to identify the elements lost and sulphur deposition 

due to the neutralisation reaction with sulphuric acid. Microstructure and other corrosion 

products such as gypsum, ettringite, and calcite were also analysed. 

 

Figure 3-18. Phenom XL Desktop Scanning Electron Microscope 
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3.5.1.6 SURFACE pH 

The surface pH of mortar plays a crucial role in assessing its corrosion resistance and durability. 

The surface pH value indicates the level of acidity or alkalinity of a lining mortar surface, 

which has significant implications for its performance and long-term stability. The surface pH 

of mortars was randomly performed at the surface using a pH meter connected with a Metrohm 

flat membrane electrode, as shown in Figure 3-19. One exposed side of the cube was sprayed 

with DI water for surface pH measurement until hydrated. A pH probe was then applied to the 

centre of the hydrated surface, ensuring the probe only contacted the water but not the actual 

material surface. The pH reading was allowed to stabilise for 60 seconds before recording, and 

the pH measuring process was repeated at least three times at different places on the same 

exposure surface. 

 

Figure 3-19 Surface pH Testing Apparatus 
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3.5.2 PHYSICAL AND MECHANICAL PROPERTIES 

3.5.2.1 PARTICLE SIZE DISTRIBUTION 

The particle size distribution of mortar is a critical parameter that significantly influences its 

workability, mechanical properties, and overall performance. Understanding and analysing the 

particle size distribution is essential for optimizing mortar mixtures, ensuring proper material 

selection, and achieving desired properties in construction applications. In this study, the 

particle size distribution of mortar binder was determined by laser diffraction technique using 

the Malvern mastersizer 3000 instruments. At the same time, the particle size distribution of 

the aggregate was determined based mechanical sieve analysis technique.  

3.5.2.2 POROSITY 

The porosity of mortar is the ratio of voids or pore volume to the total volume of the concrete 

specimen. Porosity tests were conducted using the modified ASTM C642 (ASTM-C642, 

2013). The volumetric porosity can be estimated using water absorption methods. The mortar 

specimens used for the test were cut into 1 cm cubes. The dimensions were measured using a 

Vernier calliper to estimate the bulk volume (Vb). After that, the sample was dried at 45 °C for 

24 hours in the air oven. After removing the sample from the oven, allow it to cool down to 

approximately 25 °C and determine the mass of the sample. The sample was then returned to 

the oven. After another hour, the sample was measured again. If the mass was within 0.5% of 

the previous measurement, then the final mass was recorded as dry mass (Md). The dry sample 

was immediately immersed in water at 25 °C  for not less than 48 h. The sample was removed 

from the water, tab dried the surface with a towel, and determined the mass of the sample. The 

sample was returned to immersion in water for another 24 hours. The sample was determined 

the mass again. The final mass was recorded as wet mass (Mw) if the mass was within 0.5% of 

the previous measurement as a wet sample. The mass of water is multiplied by water density 

(ρ) to convert to the volume. The porosity was calculated based on Equation 3.2.  The Porosity 
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tests were conducted on uncorroded and corroded samples to compare porosity between 

corroded and uncorroded samples.  

 Porosity (%)  =  
(𝑀𝑤  − 𝑀𝑤 ) × 𝜌𝑤

𝑉𝑏
× 100 Equation 3.2 

3.5.2.3 UNCONFINED COMPRESSIVE STRENGTH 

Unconfined Compressive strength (UCS) of the lining mortar measures the resistance of the 

concrete to an axially applied crushing force. The UCS was determined in accordance with 

ASTM C109/C109M-21 for cube specimens (ASTM-C109/C109M-21, 2021) and ASTM 

C39/C39M-21 for cylindrical specimens (ASTM-C39/C39M-21, 2021) using A UTEST 

Automatic Compression Machine Model UTC-4231, as presented in Figure 3-20. The pacing 

rate of the load is 0.6 MPa/s for the cube and cylinder. The dimension of the samples was 

measured before the UCS test, and the height of the sample should not be less than 20 mm. 

 

 

(a) Mortar coupon 

 

(b) Crushed mortar coupon 

Figure 3-20 UTEST Automatic Compression Machine Model UTC-4231 (Left) and concrete 

coupons before and after crushing test (right) 
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3.6 EVALUATION OF CORROSION RESISTANCE PERFORMANCE  

3.6.1 DEPTH OF CORROSION 

Depth of acid permeation is used to evaluate the durability of the lining material. It was 

measured based on the neutralisation of acid and the distance into intact lining material. The 

samples were slice perpendicular to the exposed sewer surface using a Lortone inc Model FS8 

Lapidary Trim Saw equipped with an 8-inch diamond blade, as shown in Figure 3-21. The 

sliced sample was immediately dried and cleaned to eliminate any loose material from cutting. 

A universal indicator was sprayed on the crossed section of the sample to depict the depth of 

corrosion. The colour of the lining material surface is changed based on the alkalinity of the 

material. The non-acid permeation zone turns purple, while the acid permeation zone turns 

green to red depending on the residual alkalinity, as shown in Figure 3-22. The corrosion depth 

was measured using Leica DM2500 optical microscope integrated Leica Application Suite 

(LAS) software if the corrosion depth was less than 5 mm, while the depth of carrion was over 

5 mm using a calliper, as shown in Figure 3-23. 

 

Figure 3-21 Lortone inc Model FS8 Lapidary Trim Saw equipped with an 8-inch diamond 

blade 
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Figure 3-22 Colour scale for the Universal indicator 

 

Figure 3-23 a.Leica DM2500 optical microscope and b.Photo of the depth of acid permeation 

The corrosion depth was determined by measuring from the centre of the original cube, 

considering the expansion that occurred during the test, as shown in Figure 3-24. The depth of 

corrosion was calculated based on Equation 3.3. 
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Figure 3-24 Depth of corrosion calculation 

The corroded section of the concrete is known to expand because of the expansive nature of 

the corrosion products and may experience loss of material. Therefore, the total depth of 

corrosion (DoC) was estimated from the difference between the original thickness of the lining 

mortar (Loriginal) and the thickness of the intact lining mortar minus the depth of acid permeation 

(Lacid permeation) as following the equation below.  

 
DoC = (

LS0
2
−
LS
2
) + LA 

Equation 3.3 

 

3.6.2 RESIDUAL UCS 

The corroded mortar sample collected from the corrosion resistance performance test was 

measured by the residual UCS. The corroded mortar sample was prepared for measuring 

residual UCS by removing two sides of the corroded layer and four epoxy sides, as shown in 

Figure 3-25. After that, the length and width of the cube were measured three times on each 

Epoxy 
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side using Kincromec K11100 callipers at least three times at different locations along width 

and length. The average measurement is used to calculate the cross-sectional area of the cube. 

The residual UCS were performed as described in section 3.5.2.3. 

 

 

(a) Corroded mortar sample 

 

 

(b) Removed corrosion layer and epoxy 

mortar sample  

Figure 3-25 Corroded mortar sample (Left) and Measured Sides of Sample (Right) for UCS 

Testing 

 

Corroded layer 
Epoxy 

Compressive Force 
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4 CHARACTERISATION OF GEOPOLYMER AND CAC PROTECTIVE 

LINING MATERIALS  

4.1 INTRODUCTION 

Geopolymers are of interest in being used as a lining material. There are various commercial 

geopolymer lining products, but their uptake has been slow. This problem is attributed to a lack of 

performance data, service life models that could be used to design the protective system, and 

material specifications that could be used to select lining material. The lack of performance data 

and understanding of the critical properties that contribute to the corrosion resistance of cement-

based coating materials, including geopolymers, have hampered the selection of fit-for-purpose 

lining materials that would suit sewer applications.  

It should be noted that geopolymers are a subset of the broader family of alkali-activated binders 

(AAB). The feature distinguishing geopolymers from AAB is their 3D sialate network, while AAB 

tends to form linear structures (Sun et al., 2022, Lecomte et al., 2006). Most commercial products, 

however, regardless of the nature of hydrate phases, are referred to as geopolymers. Therefore, for 

this study, the products will be referred to as geopolymers.     

This section examined the properties that impact the durability of commercially available 

geopolymer and calcium aluminate cement mortar as protective linings for the first time. The 

impact of physical, mechanical and chemical characteristics of geopolymer and calcium aluminate 

cement mortars on their performance or corrosion resistance for sewer applications is accepted but 

not well established, in particular where it relates to commercial products. Studies have shown the 

impact of unconfined compressive strength (UCS) and porosity on the durability of the mortar 

(Khan et al., 2020b, Thokchom et al., 2009, Chindaprasirt et al., 2004, Sata et al., 2012). Chemical 

features, including mortar binder and aggregate ratio, binder hydration phases, acid neutralisation 
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capacity, efflorescent, alkali-aggregate reaction (AAR), impacted the corrosion resistance of the 

mortar (Khan et al., 2020b, Thokchom et al., 2009, Sturm et al., 2018, Xue et al., 2018, Hyeok-

Jung et al., 2018). These studies have examined the impact of mortar manufacturing conditions on 

the properties of the mortar, and some have extended the study also to evaluate the effect of these 

properties on the durability of the mortar. The manufacturing conditions considered have included 

the type of binder precursors, precursor composition, activating reagents, mortar mix design, 

water-to-cement ratio, aggregate quality and curing conditions  (Part et al., 2015, Jegan et al., 2023, 

Parthiban et al., 2022). However, most of these manufacturing conditions are research-based 

material products rather than commercial ones. This is understandable because such information 

would be commercial in confidence. This industry-led research focussed on the evaluation of 

commercial products to ensure outcomes can be commercially translated. Many of the 

manufacturing features of the mortars, including mortar mix design, were not available in this 

study.  This study focussed on identifying the specific mortar properties that impact the durability 

of the mortar coatings specific to sewer conditions instead of the manufacturing conditions.  

This chapter presents the physical and chemical characteristics of the four commercial 

geopolymers (OGPm) and the calcium aluminate cement mortar (CACm) control mortars used in 

this study. The characterisations of the geopolymers are presented in four (4) sections. The first 

section presents the chemical composition of binder and aggregate, which is primarily 

characterised by elemental compositions. The second section presents a mix of design and particle 

size before proceeding further with chemical and physical characterisation. The third section 

presents the physical properties and their early development during curing, specifically porosity 

and unconfined compressive strength (UCS). Finally, the fourth section presents the analysis of 

the microstructure of the cured mortar, including cement hydrates formed during curing and 
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alkalinity. Although features including conversion and efflorescence are also considered 

necessary, their effects were not included in the mortar evaluation. Tests were, however, performed 

to ensure these features were absent in the mortars tested.  

4.2 CHEMICAL COMPOSITION OF ONE-PART GEOPOLYMER AND CAC 

MORTAR  

The elemental composition of the binder and aggregate from each mortar was analysed by X-ray 

fluorescence spectroscopy (XRF) (Javed et al., 2022). The XRF test was carried out by a 

commercial laboratory at the University of New South Wales (UNSW), using a PANalytical 

Philips Axios-Advanced XRF spectrometer with a 4kW Rhodium (Rh) anode end window and 

super sharp ceramic technology X-ray tube.  In this study, commercial geopolymer and calcium 

aluminate cement mortar were supplied in a pre-mixed binder and aggregate with 20 kg/bag size. 

The pre-mixed mortars were reduced to the sample size for laboratory testing using the coning and 

quartering methods. Afterwards, the binder and aggregate were separated using a sieve analysis 

technique. Particles smaller than 75 µm sieve were considered components of the binder, while 

particles greater than 75 µm were considered an aggregate. This is justified based on the lowest 

fine aggregate use for masonry mortar from ASTM C144-18 (ASTM-C144-18, 2019).  After 

separation, the binder and aggregate samples were milled to reduce the particle size to 

approximately 50-70 µm. Following this, the samples were dried at 100 °C before delivery to the 

laboratory at UNSW for XRF analysis. 
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4.2.1 BINDERS  

Based on the literature on OGPm and CACm, the primary chemical composition associated with 

geopolymer formation is Silicon dioxide (SiO2) and Aluminium oxide (Al2O3). However, the 

inclusion of Calcium oxide (CaO)  has been recognized as a beneficial component in improving 

the performance of geopolymer mortar, particularly in strength and durability (Cong and Cheng, 

2021, Amran et al., 2020). In the case of CACm, the composition is primarily focused on Al2O3 

and CaO, which are vital components responsible for their properties (Ideker et al., 2019). 

This study investigated their properties and performance using commercially available OGPm and 

CACm. Four types of OGPm and one type of CACm were specifically chosen for the study. The 

bulk chemical compositions of the OGPm and CACm binders were determined and shown in Table 

4-1. The XRF analysis of the OGPm revealed notable percentages of SiO2, Al2O3, and CaO, 

indicating their significance as principal components. As expected, the CACm binder 

predominantly comprised Al2O3 and CaO, aligning with previous expectations. The chemical 

composition of CACm was consistent with the standard of CACm (Scrivener et al., 1999). 

However, the OGPm was observed to have varied chemical compositions (SiO2, Al2O3, and CaO) 

because it can be produced from various raw aluminosilicate precursors. Based on the technical 

data sheet (TDS) from OGPm, which is not present in this thesis due to the confidentiality of the 

product used in this study. The TDS of the OGPm indicated the OGPm were produced based on 

blending different aluminosilicate precursors such as Fly ash (FA) and ground granulated blast 

slag (BSF). The Si/Al ratio of OGPm in this study was observed to be between 0.69 and 4.63, 

consistent with the Si/Al ratio of geopolymers reported by Fletcher et al. (2005). 
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Table 4-1 XRF analysis of the chemical composition of OGPm and CACm binder 

Binder (wt%) 

Components 
OGPm-1 OGPm-2 OGPm-3 OGP-4 CACm 

Binder Binder Binder Binder Binder 

Na2O 0.37 0.44 0.52 0.54 0.19 

MgO 1.35 3.19 2.03 8.69 0.52 

Al2O3 5.95 27.60 14.41 9.01 43.70 

SiO2 27.55 19.16 48.11 26.18 8.57 

SO3 2.38 1.10 0.77 4.38 0.01 

K2O 0.76 0.17 0.67 0.41 0.22 

CaO 53.85 37.43 23.26 44.52 36.97 

Fe2O3 1.84 8.99 4.92 2.13 6.65 

LOI. 5.16 0.27 2.57 5.16 1.20 

 

The OGPm is produced from raw materials that contain silica (SiO2) and alumina (Al2O3), known 

as aluminosilicate. The aluminosilicate source used for the production of geopolymer can be 

divided into two categories: i) natural minerals such as metakaolin and volcanic ash and ii)  

industrial by-products that are rich in silicon and aluminium components such as fly ash (low-Ca 

aluminosilicate), blast furnace slag (high-Ca aluminosilicate) and waste glass cullets (Cong and 

Cheng, 2021, Castillo et al., 2021, Ma et al., 2022). Fly ash can be derived from various sources; 

the most important are coal power stations and other combustion and gasification plants, including 

biomass gasification and waste-to-energy plants (Khan et al., 2019b, Kaur et al., 2018). Slag is 

typically sourced from blast furnaces, but slags can also be sourced from steel, ferronickel and 

copper processing (Maragkos et al., 2009, Zhu et al., 2021b). This type of material is known for 

its properties, such as strength, durability, and eco-friendliness, as it uses industrial waste materials 

as an alternative to natural resources, reducing the carbon footprint of construction and 

manufacturing processes (Chowdhury et al., 2021, Wong, 2022).  
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Calcium aluminate cement (CAC) is produced from a mixture of bauxite (source of aluminium 

oxide (Al2O3)) and limestone (source of calcium oxide (CaO) as a raw material. The raw materials 

are fused at 1450 °C – 1550 °C depending on the chemical composition of the raw materials 

(Scrivener and Capmas, 1998). After cooling, The fused cement clinker is milled to a fine CAC 

cement powder. This type of cement is known for its high early strength, fast setting time, and acid 

resistance (Zapata et al., 2022). In general, the nature of the raw material used in manufacturing 

CAC binders is consistent. On the other hand, geopolymers are complicated by the variety of raw 

aluminosilicate precursor materials, as mentioned above. 

Figure 4-1 compares SiO2, Al2O3, and CaO in OGPm and CACm binder from XRF analysis and 

with chemical com. The SiO2 concentration among the geopolymer mortar shows that OGPm-1, 

OGPm-2, and OGPm-4 have concentrations of approximately 19.16 - 27.55 wt.%, while OGPm-

3 has a higher SiO2 content of 48.11 wt.%. These results suggest that the OGPm-3 binders may 

have been prepared from high SiO2 aluminosilicate material and additional SiO2 sources such as 

silica fume. The Al2O3 content is generally low in OGPm-1, OGPm-3, and OGPm-4 from 5.95 to 

27.60 wt.%, while OGPm-2 shows significant content at 27.60 wt.%. These results suggest that 

the OGPm-2 is prepared from high Al2O3 aluminosilicate material. The CaO content of OGPm 

was found to vary approximately from 23.26 -53.85 wt.%, with  OGPm-1 having the highest CaO 

content. The high calcium aluminosilicate precursors (CaO > 10 % wt.) such as blast furnace slag 

(BFS) have been proposed to preferentially form calcium aluminosilicate hydrate (C-A-S-H) with 

tobermorite like (mostly Q2, some Q1 and Q3) structure based on NMR analysis (Richardson et al., 

1994b, Provis et al., 2015, Richardson et al., 1994a), while low-calcium aluminosilicate precursors 

(CaO < 10% wt.) such as fly ash or metakaolin tend to form sodium aluminosilicate hydrate (N-

A-S-H) gel with a highly crosslinked 3D sialate (mainly Q4) network associated with geopolymer 
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(Brough and Atkinson, 2002). The presence of high-CaO material suggests that the binders are 

most likely to combine AAB and geopolymer phases. This is considered a high-Ca geopolymer. 

The aluminosilicate precursors for geopolymer production are typically metakaolin mineral and/or 

aluminosilicate waste, such as blast furnace slags and fly ash (Cong and Cheng, 2021).  

Comparing SiO2, Al2O3, and CaO composition of OGPm in this study with an average chemical 

composition of blast furnace slag (BSF) and fly ash (FA) as common aluminosilicate precursors 

from literature (see Table 4-2) in Figure 4-1, it was observed that the chemical compositions are 

comparable. For example, the CaO content of BSF within the concentrations found in OGPm-1 

and the OGPm-3 have similar CaO content to FA, while the SiO2 content in FA is similar 

concentration to OGPm-3 and other geopolymers has a similar SiO2 concentration to BSF. The 

mortar mix design cannot be decoupled from the bulk analysis of the binder. However, the 

comparable composition of the geopolymer binders with FA and BSF suggests these could be 

potentially produced from single or blends of FA and BSF. For the CACm binder, the CaO and 

Al2O3 contents are 36.97 wt.% and 43.70 wt.%, respectively. This composition is consistent with 

a standard grade for CAC, containing around 40-50 %wt Al2O3 generated from limestone and 

bauxite (Scrivener et al., 1999).  

The bulk elemental analysis of the mortars established from SEM-EDS of unhydrated bulk mortars 

is shown in Table 4-3. Although the oxide compositions are not expected to be similar to those 

established by XRF (see Table 4-1), these results show the main components in the OGPm are 

SiO2, Al2O3, and CaO and CACm consist mainly of Al2O3 and CaO. 
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Figure 4-1 SiO2, Al2O3, and CaO from XRF analysis of mortar binders 
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Table 4-2 Chemical compositions of fly ash, Blast furnace slag by XRF 

Material 
Chemical component (wt.%) 

References 
SiO2 Al2O3 CaO Fe2O3 MgO N2O K2O SO3 

Slag 21.32 5.61 61.72 3.12 3.94  0.79 2.51 (Kim et al., 2019) 

Slag 30.40 10.50 50.37 0.53 3.20    (Aziz et al., 2020) 

Slag 28.70 9.50 52.60 0.60 2.10   4.10 (Park et al., 2017) 

Slag 35.33 9.94 34.65 0.62 14.63 0.31 0.44 3.97 (Shi and Xie, 1998) 

Slag 34.24 13.75 42.26 1.10 5.88 0.28 0.32 0.24 (Karri et al., 2022) 

slag 31.63 13.42 36.35 1.32 9.12 0.34 0.46 0.00 (Yang et al., 2016) 

slag 40.00 5.91 46.98 0.32 5.87 0.64 0.50 1.62 (Krivenko et al., 

2014) 

Slag 31.00 18.00 37.20 5.45 9.70 0.09 1.04 1.40 (Samantasinghar and 

Singh, 2018) 

Slag 35.7 11.21 39.40 0.42 10.74 0.26 0.48 0.58 (Puligilla and 

Mondal, 2013) 

Slag 31.85 17.31 41.20 0.34 6.13 0.03 0.33 1.78 (Wang et al., 2022b) 

Fly ash 37.00 9.89 21.00 4.45 3.50 0.56  1.91 (Karri et al., 2022) 

Fly ash 50.94 24.56 2.86 13.25 1.98 0.69 2.69 0.00 (Krivenko et al., 

2014) 

Fly ash 57.41 28.50 2.143 5.45 0.54 0.60 1.26 0.90 (Samantasinghar and 

Singh, 2018) 

Fly ash 60.17 21.91 1.81 7.57 1.28 0.81 2.13 0.17 (Puligilla and 

Mondal, 2013) 

Fly ash 57.02 32.35 2.88 3.01 0.58 0.03 2.07 0.41 (Wang et al., 2022b) 
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Table 4-3 SEM-EDS of bulk mortar binder 

 

Mortar SEM EDS Chemical compositions 

OGPm-1 

  

Composition 
Element 

(wt.%) 

Oxide 

(wt.%) 

Si 18.92 46.32 

Al 2.81 6.08 

Ca 25.75 16.19 

Fe 1.37 2.27 

Mg 0.41 0.00 

Na 0.14 0.40 

S 1.10 0.00 
 

OGPm-2 

  

Composition 
Element 

(wt.%) 

Oxide 

(wt.%) 

Si 12.35 28.15 

Al 11.30 22.75 

Ca 23.96 35.72 

Fe 5.64 8.59 

Mg 1.04 1.84 

Na 1.29 1.85 

S 0.41 1.09 
 

OGPm-3 

  

Composition 
Element 

(wt.%) 

Oxide 

(wt.%) 

Si 26.11 63.88 

Al 5.91 12.77 

Ca 9.98 15.97 

Fe 2.62 4.28 

Mg 0.76 1.44 

Na 0.18 0.28 

S 0.48 1.37 
 

OGPm-4 

  

Composition 
Element 

(wt.%) 

Oxide 

(wt.%) 

Si 15.74 36.76 

Al 3.88 8.00 

Ca 24.38 37.25 

Fe 1.38 2.15 

Mg 5.87 10.63 

Na 0.09 0.13 

S 1.86 5.07 
 

CACm 

  

Composition 
Element 

(wt.%) 

Oxide 

(wt.%) 

Si 8.63 17.59 

Al 20.42 36.75 

Ca 28.69 38.24 

Fe 4.97 6.77 

Mg 0.38 0.60 

Na 0.04 0.05 

S 0.00 0.00 
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Figure 4-2 shows the microscopic characterisation of the binder contained in OGPm-1, OGPm-

2, OGPm-3, OGPm-4, and CACm using Scanning electron microscopy and energy dispersive 

spectroscopy (SEM-EDS). In general, bulk SEM images of the mortars show non-uniform 

materials. Superimposed on these photos are identification of the mineral phases. To identify 

the materials in the binder, the elemental composition of the mortar components was analysed 

using SEM-EDS. The SEM-BSE image with EDS analysis of specific binder material is shown 

in Table 4-4. The composition of the components was compared with reported compositions 

of fly ash, blast furnace slag, silica fume, and calcium aluminate cement (see Table 4-5). 

The fly ash particles in Table 4-4 have a notable spherical shape. The elemental analysis of the 

fly ash is consistent with the chemical composition of fly ash reported (Mohammed Razzaq et 

al., 2017, Wang et al., 2022a, Kuri et al., 2022, Gomaa et al., 2020). Table 4-5 reports the four 

principal constituents of fly ash based on SEM/EDS analysis as SiO2 (39.95-65.50 wt%), CaO 

(0.17-18.28 wt%), Al2O3 (31.92–37.06 wt%) and Fe2O3 (0.93-6.60 wt%). In this study, the 

chemical composition of fly ash is 53.29 wt.% SiO2, 2.43 wt.% CaO, 49.11 wt.% Al2O3 and 

4.48 wt% Fe2O3. These compositions are within the range of chemical fly ash composition 

from other studies reported in Table 4-5.  

According to ASTM C618, low and high calcium fly ash were classified as class F when the 

total composition of fly ash contained a minimum of 50 wt.% of SiO2 + Al2O3 + Fe2O3 with a 

maximum of 18 wt.% CaO and class C if the total composition of fly ash contained a minimum 

of 50 wt.% of SiO2 + Al2O3 + Fe2O3  containing more than 18 wt.% CaO (ASTM-C618, 2022). 

Therefore, this result suggested that the fly ash used in this study is low calcium fly ash (class 

F). Fly ash was also observed in OGPm-1, OGPm-3, and OGPm-4 (see Figure 4-2). The light 

colour of the angular particle shape was analysed using SEM-EDS in Table 4-4. This is 

expected to be blast furnace slag (BFS). The BFS is one of the common aluminosilicate 

precursors for geopolymer production. It is a by-product of iron production in blast furnaces 
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where iron ore, coke and limestone are used as feed (Cwirzen, 2020). The BFS mainly 

comprises silica, calcium oxide, magnesium oxide, ferrite and aluminium oxides with highly 

cementitious properties (Cwirzen, 2020). Slag is considered a high calcium aluminosilicate 

precursor for alkali-activated binders (AAB). The elemental analysis of the particle using EDS 

is consistent with the chemical composition of BSF reported in Table 4-5. In this study, the 

chemical composition of the angular particle-shaped particles is 36.66 wt.% SiO2, 34.65 wt.% 

CaO, 14.93 wt.% Al2O3 and 5.95 wt.% MgO. The chemical composition of BSF is reported to 

be in the range of  37.33-52.68 wt.% SiO2, 8.20-20.07 wt.% Al2O3, 28.74-34.55wt.% CaO, and 

0-13.10 wt.% MgO (Zhang et al., 2022, Matalkah and Soroushian, 2022). This suggests that 

the light-coloured angular-shaped particles appear to be BSF. The BSF was observed in 

OGPm-1, OGPm-2, OGPm-3, and OGPm-4 (see Figure 4-2). 

The shapes of fly ash and slag particles are different primarily because they are produced from 

different processes and materials, resulting in different shapes and physical and chemical 

properties. One of the main processes is the cooling rate of the material. Fly ash is created as a 

by-product. The shape of fly ash particles is spherical due to surface tension, and its structure 

is dependent on particle size, which is influenced by the cooling rate (Matsunaga et al., 2002).  

In contrast, slag is a by-product of the steel manufacturing industry (Saberian et al., 2022). It 

contained a calcium-silicate-based product removed from the top of molten iron during its 

extraction from ore in a blast furnace (Wang et al., 2020a). The slag is rapidly cooled, which 

inhibits the formation of rounded or spherical particles, leading to characteristic glassy and 

irregular shapes (Provis et al., 2015, Pal et al., 2003). 
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a. OGPm-1 b.OGPm-2 

  

c.OGPm-3 d.OGPm-4 

 

 

e.CACm  

Figure 4-2 SEM image of unhydrated OGPm-1, OGPm-2, OGPm-3, and OGPm-4 and CACm
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Table 4-4 SEM images of mortar precursors and corresponding EDS analyses: i) fly-ash, ii) blast 

furnace slags, iii) calcium aluminate cement 

Particle SEM Chemical compositions 

Fly ash 

 

Component Element (wt.%) Oxide (wt.%) 

Si 28.08 55.14 

Al 20.68 35.87 

Ca 1.21 1.55 

Fe 4.56 5.98 

Mg 0.69 1.05 

Na 0.33 0.41 

S 0.00 0.00 
 

Slag 

 

Component Element (wt.%) Oxide (wt.%) 

Si 18.67 36.66 

Al 8.61 14.93 

Ca 26.98 34.65 

Fe 0.12 0.16 

Mg 3.67 5.59 

Na 0.07 0.09 

S 0.51 1.17 
 

Calcium 

aluminate 

cement 

 

Component Element (wt.%) Oxide (wt.%) 

Si 3.31 6.54 

Al 16.06 28.04 

Ca 40.39 52.22 

Fe 8.79 11.61 

Mg 0.52 0.80 

Na 0.50 0.62 

S 0.07 0.16 
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Table 4-5 Chemical composition (wt%) of the composition of OGPm and CACm based on 

quantitative EDS microanalysis 

Mortar 

Components  
SiO2 Al2O3 CaO Fe2O3 MgO Na2O SO3 References 

Fly ash 65.50 31.82 0.33 2.36 0.00 0.00 0.00 
(Mohammed Razzaq et al., 

2017) 

Fly ash 49.79 48.77 0.22 1.22 0.00 0.00 0.00 (Wang et al., 2022a) 

Fly ash 49.23 32.66 10.24 5.61 1.41 0.86 0.00 (Kuri et al., 2022) 

Fly ash 39.95 26.94 15.37 5.55 1.91 10.28 0.00 (Gomaa et al., 2020) 

Slag 46.79 11.89 34.55 0.00 6.56 0.21 0.00 (Zhang et al., 2022) 

Slag 52.68 18.61 28.71 0.00 0.00 0.00 0.00 (Humad et al., 2019) 

Slag 36.99 8.20 33.12 0.00 11.77 9.93 0.00 
(Matalkah and Soroushian, 

2022) 

Slag 37.33 20.07 29.31 0.19 13.10 0.00 0.00 (Wang et al., 2022a) 

CAC 4.5 48.8 33.6 9.9 0.3 0.4 0.9 (Adesanya et al., 2023) 

CAC 3.1 49.7 39.2 2.7 0.5 0.3 1.3 (Adesanya et al., 2023) 

 

4.2.2 FINE AGGREGATES 

4.2.2.1 CHEMICAL COMPOSITION 

Sand, including some crushed stone, is generally used as the fine aggregate for mortar (Young, 

2021). However, the fine aggregates for specialty mortars can often be sand, similar siliceous 

materials, or clinker (Ng and Foster, 2013, Darvish et al., 2020). The elemental composition of the 

fine aggregates from  OGPm and CACm mortar used in this study is shown in Table 4-6. The 

aggregates mixed in OGPm were mostly high SiO2 aggregates containing more than 91wt.% SiO2 

except for the aggregated mixed in OGPm-2 containing only 71 wt.% SiO2. Figure 4-3 compares 

the composition of SiO2, Al2O3, and CaO from aggregate mixed in mortars with glass and sand 

from literature (See Table 4-7). It suggested that the fine aggregate that mixed in the OGPm-1, 

OGPm-3, and OGPm-4 was sand. The aggregates mixed in OGPm-1, OGPm-3, and OGPm-4 are 
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composed mainly of 91.61 to 97 wt.% SiO2. Meanwhile, the aggregate in OGPm-2 contained 71.24 

wt.% SiO2, 14.85 wt.% Na2O, and 9.33 wt.% CaO, which is consistent with the glass composition 

(Rajabipour et al., 2010, Abalouch et al., 2021, Gorospe et al., 2019). The aggregate composition 

in CACm is similar to Aluminous Aggregate (ALAG), which is referred to as synthetic calcium 

aluminate aggregate (ALAG). It contains mainly 39.5 wt.% Al2O3 and 36.1 wt.% CaO (see Table 

4-7) (Strauss Rambo et al., 2019, Scrivener et al., 1999). It was observed that the CACm binder 

and CACm aggregate presented similar chemical compositions (see Table 4-1 and Table 4-6  ). 

The similarity in the composition of binder and aggregate suggested that the CACm used in this 

study is 100% CAC. 

As mentioned, mortars are mixtures of cement binder, aggregate (sand and gravel), and water. The 

chemical composition of aggregates can significantly impact the properties and performance of 

mortars. The aggregate containing reactive minerals or chemical compounds can lead to chemical 

reactions within the mortar known as Alkali activated reaction (AAR). There are two main types 

of AAR: Alkali-Silica Reaction (ASR) and Alkali-Carbonate Reaction (ACR). ASR results from 

a chemical reaction between hydroxyl ions in pore water and silica from aggregates and cement of 

the concrete matrix (Paudel et al., 2020). This reaction forms a gel that absorbs water and swells, 

leading to the expansion of the concrete. The expansion can result in cracking and reduced 

durability of the concrete. However, it must be noted that the ASR effect usually takes several 

years due to slow reaction (Paudel et al., 2020). ACR is the reaction between the carbonate 

aggregates, such as dolomite or limestone, with typical texture used as a coarse aggregate of 

concrete with alkalis in the concrete (Qian et al., 2002). Dedolomitization was thought to be the 

underlying mechanism leading to expansion without any reactive silica involvement. However, 
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the ACR is less common than ASR but can still be problematic. This reaction forms a gel, which 

can also cause expansion and cracking. 

Table 4-6 Bulk chemical composition of aggregates from OGPm and CACm by XRF 

Aggregate (wt%) 

Components 
OGPm-1 OGPm-2 OGPm-3 OGP-4 CACm 

Aggregate Aggregate Aggregate Aggregate Aggregate 

Na2O 0.21 14.85 0.07 0.09 0.36 

MgO 0.03 4.01 0.02 0.07 1.00 

Al2O3 2.62 0.50 0.36 0.31 39.54 

SiO2 91.61 71.24 96.95 96.99 4.9 

SO3 0.07 0.20 <0.01 0.04 0.03 

K2O 1.47 0.06 0.02 0.02 0.28 

CaO 0.82 9.33 0.10 0.30 36.14 

Fe2O3 0.52 0.38 0.39 0.35 15.75 

LOI. 0.28 (+0.07) 0.06 0.01 0.21 
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Figure 4-3 SiO2, Al2O3, and CaO from XRF analysis of mortar aggregates 
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Table 4-7 Chemical composition (wt.%) of aggregate based on quantitative EDS 

microanalysisMortar Components 

Mortar 

Components 
SiO2 Al2O3 CaO Fe2O3 MgO Na2O SO3 References 

Glass 73.78 0.00 5.70 0.00 0.00 20.52 0.00 This study 

Glass 75.00 0.00 13.80 0.00 0.00 9.00 0.00 (Rajabipour et al., 2010) 

Glass 73.00 0.00 14.20 0.00 0.00 10.10 0.00 (Rajabipour et al., 2010) 

Glass 71.14 0.00 10.66 0.00 0.00 18.21 0.00 (Abalouch et al., 2021) 

Glass 81.62 0.00 10.02 0.00 0.00 8.36 0.00 (Gorospe et al., 2019) 

Sand 97.89 1.19 0.45 0.00 0.04 0.44 0.00 This study 

River sand 83.90 16.10 0.00 0.00 0.00 0.00 0.00 (Badapalli et al., 2022) 

Lake sand 100.00 0.00 0.00 0.00 0.00 0.00 0.00 (Badapalli et al., 2022) 

Beach sand 82.14 17.86 0.00 0.00 0.00 0.00 0.00 (Badapalli et al., 2022) 

Quartz sand 96.25 3.75 0.00 0.00 0.00 0.00 0.00 (Sulistiyono et al., 2020) 

Quartz sand 87.05 3.59 0.02 1.29 0.00 0.13 0.00 (Temuujin et al., 2010) 

Quartz sand 71.60 15.36 7.58 0.72 4.73 0.00 0.00 (Taciroğlu et al., 2022) 

ALuminous 

AGgregate 

(ALAG) 

2.79 39.88 36.02 14.48 0.00 0.00 1.05 
(Strauss Rambo et al., 

2019) 

The elemental composition of specific aggregate was analysed using SEM-EDS, as shown in 

Figure 4-4. The fine aggregates used in OGPm-1, OGPm-3, and OGPm-4 showed a chemical 

composition of 97.83 wt.% SiO2, 1.25 wt.%Al2O3, and 0.32 wt.%CaO are consistent with the 

chemical composition of sand reported in Table 4-7. The aggregate use in OGPm-2 shows a 

chemical composition of  73.78 wt.% SiO2, 20.52 wt.% Na2O, and 5.70 wt.% CaO is consistent 

with recycled glass from other studies and XRF analysis in this study (see Table 4-6 and Table 

4-7). For aggregate mixed in CACm presents 29.40 wt.% CaO and 33.34 wt.% Al2O3, the chemical 
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composition was consistent with the chemical composition obtained from XRF analysis and 

reported in the literature (see Table 4-6 and Table 4-7). These results confirmed that sand was used 

as fine aggregate for OGPm-1, OGPm-3, and OGPm-4, Glass was used as fine aggregate for 

OGPm-2, and ALuminous AGgregate (ALAG) was used as fine aggregate for CACm. 

Materials EDS 

 

 

Component Element (wt.%) Oxide (wt.%) 

Si 29.70 96.65 

Al 0.43 1.24 

Ca 0.15 0.32 

Fe 0.00 0.00 

Mg 0.02 0.05 

Na 0.26 0.53 

S 0.32 1.22 

Quartz sand EDS 

 

Component Element (wt.%) Oxide (wt.%) 

Si 26.69 69.48 

Al 0.00 0.00 

Ca 3.15 5.36 

Fe 0.00 0.00 

Mg 2.89 5.83 

Na 11.78 19.32 

S 0.00 0.00 
 

Glass EDS 

 

Component Element (wt.%) Oxide (wt.%) 

Si 6.95 11.70 

Al 22.43 33.34 

Ca 21.95 29.40 

Fe 6.08 6.84 

Mg 0.34 0.44 

Na 0.21 0.22 

S 0.01 0.02 
 

CAC aggregate  

Figure 4-4 SEM images of mortar aggregate and corresponding EDS analyses: i) quartz sand, ii) 

glass and iii) CAC aggregate 
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4.2.2.2 SHAPE OF AGGREGATE 

The aggregate particle shape characteristics and variations can affect the workability and strength 

of mortar and concrete (Hewlett and Liska, 2019). The shapes of aggregate particles can be 

described with the two principal parameters being "sphericity" and "roundness"(Hewlett and 

Liska, 2019). The particle surface texture also influences the strength of the mortar. The rough 

surface particle will have a high bonding area with mortar binder compared to the smooth surface 

particle of the same volume. However, the smooth surface particle influences the density of the 

mortar. The smooth surface particle requires a thin layer of paste to lubricate their movement 

during the packing process, allowing it to be the denser packing of mortar sample (Bashar et al., 

2014).  

The morphology of fine aggregates from geopolymer and calcium aluminate cement mortar was 

analysed using the Leica DM2500 optical microscope. The microscope image showing the 

aggregate morphology and corresponding elemental composition based on SEM/EDS analysis is 

provided in Figure 4-5 and Figure 4-4, respectively. The images and colour of the aggregates 

shown in Figure 4-5 suggest that the aggregate used varied for each mortar. The visual assessment 

of a particle grain shape based on the method by Powers (1953) is shown in Figure 4-6. The 

aggregate shapes in OGPm-1, OGPm-3, and OGPm-4 all have similar shapes, and these are sub-

rounded with high sphericity compared to the charts used for shape assessment. Meanwhile, the 

aggregate in OGPm-2 was observed to be very angular with low sphericity.  
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OGPm-1 OGPm-2 CACm 

  

 

OGPm-3 OGPm-4  

Figure 4-5 Shape of fine aggregates in geopolymer mortars 

 

Figure 4-6 Charts for the visual assessment of particle shape provided by Powers (1953) 

4.3 MORTAR MIX DESIGN AND PARTICLE SIZE DISTRIBUTION OF BINDER AND 

FINE AGGREGATES  

The particle size distribution of both the binder and aggregates mortar and the mix design directly 

affected the fresh and hardened characteristics of the mortars (Mehdipour and Khayat, 2017). 

Sand 

Glass 

Sand Sand 

Microsilica 

CAC 
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Mortar design with the appropriate mix of binder, fine aggregates, admixtures, fibres, and other 

additives can improve physical-chemical properties and mechanical properties (John et al., 2021). 

Therefore, the design of the mortar is an important consideration in its selection because the mix 

affects the mortar's physical properties, including mechanical properties (Beall, 2012, Mehdipour 

and Khayat, 2017). Most geopolymer designs consist of a binder that is composed of 

aluminosilicate precursor (e.g. fly ash, slag, geothermal silica), activators consisting of alkali 

(NaOH, KOH) and water glass or sodium silicate (NaSiO3) and additives (e.g.fibre, plasticiser) 

(Luukkonen et al., 2018b). Therefore, this section presents the mixed design of mortar used in this 

study, including the particle size distribution of aggregate and binder and aggregate grading 

4.3.1 MORTAR DESIGN 

Geopolymer mortars are prepared from activating aluminosilicate precursors using an alkali 

solution (Davidovits, 2020). As shown in Table 4-8, the key aluminosilicate precursors used are 

low-Ca aluminosilicate precursor (e.g. fly ash, metakaolin) and high-Ca aluminosilicate precursor 

(blast furnace slag). However, geopolymers can be made from single or multi-aluminosilicate 

precursors. This blended geopolymer provides several advantages, including improved mechanical 

strength, waste utilisation, durability, and sustainability (Zhang et al., 2020). The primary reaction 

of blended low-Ca and high-Ca aluminosilicate precursors can formulate various hydration 

products, including calcium silicate hydrate (C–S–H gel), calcium aluminosilicate hydrate (C-A-

S-H) gel, calcium-sodium aluminosilicate hydrate (C-N-A-S-H) gel and sodium aluminosilicate 

hydrate (N-A-S-H) gel (Zhuang et al., 2016). Moreover, geopolymer binders can be blended with 

other binders, such as ordinary Portland cement (OPC) or calcium aluminate cement (CAC), to 

improve mechanical strength (Cao et al., 2018). 
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Figure 4-7 shows the mixed proportion of binder to aggregate from OGPm and CACm in this 

study. The binder and aggregate ratio (B/A) affected the chemical and physical properties, such as 

the formation of hydration phases, shrinkage, and microcrack (Gameiro et al., 2014). This study's 

B/A of OGPm and CACm varied from 0.47–0.80. The B/A ratio closely follows other studies' 

reported B/A ratio values between 0.25 and 1.00 (see Table 4-8). These results confirmed that this 

study's B/A of OGPm and CACm agreed with other studies. 

  

Figure 4-7 Mixed proportion between binder and aggregate of OGPm and CACm mortar  
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Table 4-8 Particle size of binder and aggregate for geopolymer mortars 

  

Precursors 
Binder size (µm) Aggregate size (µm) Fineness 

modulus of 

aggregate 

Binder/Aggregate 

ratio 
References 

D10 D50 D90 D10 D50 D90 

Fly ash 8.10 32.80 92.78    1.25 0.33 (Görhan and Kürklü, 2014) 

Fly ash 0.35 3.40 18.25      (Kumar and Kumar, 2011) 

Fly ash  14.40  250 450 700  0.50 (Temuujin et al., 2010) 

Fly ash   45.00 150 800 1500  0.33 (Atiş et al., 2015) 

Fly ash 5.00 24.80 75.00     0.36 (Hadi et al., 2018) 

Fly ash 5.00 20.50 60.00    
 

0.36 
(Hadi et al., 2018, Sitarz et al., 

2020) 

Fly ash 4.00 17.00 43.00    
 

0.36 
(Hadi et al., 2018, Sitarz et al., 

2020) 

Fly ash 0.35 9.00 25.00    
 

0.36 
(Hadi et al., 2018, Sitarz et al., 

2020) 

Fly ash        0.77 (Hardjito et al., 2008) 

Fly ash  8.50     1.8 1 
(Phoo-ngernkham et al., 

2015) 

Fly ash 1.50 15.00 90.00    1.94 0.62 (Kuri et al., 2022) 

BFS 0.50 20.00 45.00 170 1000 2000  0.25 (Islam et al., 2014) 

BFS 1.30 6.50 60.00 150 600 2000  0.9 (Huseien et al., 2018) 

BFS  10.80  140 750 1580  0.50 (Luukkonen et al., 2018a) 

BFS 1.11 25.75 84.24      (Kumar et al., 2010) 

Fly ash + Slag    125 750 1500  0.67 (Sitarz et al., 2020) 
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4.3.2 PARTICLE SIZE DISTRIBUTION 

The particle size distribution of the binder and aggregate mortars are shown in Figure 4-9.  D10, 

D90, and D50 are terms used in particle size analysis to describe the size distribution of a sample 

of aggregate material. D10 represents the particle size such that 10% of the sample is smaller 

than this size. D50 is the median particle size distribution meaning that 50% of the total particle 

are smaller than this size and another 50% are larger than this size. D90 represents the particle 

size such that 90% of the sample is smaller than this size. In this study, D50 is used as 

representative of average particle size. The summary of the particle size analysis is presented 

in Table 4-9.  

Table 4-9 shows the median diameter (D50) of the OGPm binders is from  12.70-15.40 µm, and 

the control CACm is 14.70 µm. These are similar to the reported binder particle size, varied 

from 3.40 - 32.80 µm (see Table 4-8). The mortar binders are prepared by milling the 

aluminosilicate precursor, specifically blast furnace slag and calcium aluminate clinkers, to a 

particle size of less than 75 µm (Usha et al., 2016, Ng and Foster, 2013, Khan, 2019). It is 

generally agreed that binder particles larger than 45 µm are challenging to hydrate thoroughly 

(al-Swaidani et al., 2016). Therefore, based on their size, the mortar binder for the commercial 

geopolymers used in this study is expected to hydrate well over the required curing period. 

4.3.3 FINE AGGREGATE GRADING 

The grading of aggregates is based on the distribution of particle size that will reduce void 

formation when the mortar is compacted (Mehta and Monteiro, 2014). The particle size 

distribution of the aggregates significantly impacts the performance and the properties of the 

mortar, such as workability, compressive strength, shrinkage, and porosity (Lee and Estrada, 

2020, Nazari et al., 2011, Assi et al., 2018, Mehdipour and Khayat, 2017). If the aggregate size 

is uniform, more voids will form with the compacter mortar, while aggregates of different sizes 

will generate fewer voids and form stronger mortars (Mehta and Monteiro, 2014). In addition, 



123 

 

adequately graded aggregates will also require less cement to generate high-quality mortars 

without reducing the strength and workability of mortar, which can result in significant 

economic benefits. Moreover, the specific surface area of the aggregate controls the amount of 

water needed to wet and lubricate the mix. Increasing the fine aggregate content can affect the 

cohesion of the mortar mix between binder and aggregate. Therefore, controlling the aggregate 

grading will assist in achieving high concrete densities and strengths with minimum cement 

contents and this also reduces the risks of segregation and bleeding. 

The grading curves are represented by a cumulative percentage of mass passing through a sieve 

size plotted as a function of the sieve opening on a logarithmic scale (Lee and Estrada, 2020). 

There are essentially four (4) grading of aggregates: 

i) Well-graded aggregate – this type of graded aggregate is one where the aggregate sizes 

are present in approximately equal weights. 

ii) Gap-graded aggregate – this type of graded aggregate is characterised by a wide range 

of particle sizes but missing middle particle sizes. 

iii) Uniformly graded aggregate –this type of graded aggregate contains a large number of 

particles that approximately have the same size. 

iv) Open-graded aggregate – this type of graded aggregate presents a small percentage of 

small-size particles. 

The grading chart shown in Figure 4-8 can be used to characterise the aggregate grading curve. 

In this study, the aggregate grading curve is shown in Figure 4-9b. It is characterised using the 

grading chart. As shown, the mortars in this study follow the ‘well’ grading and are considered 

suitable. The aggregate analysis shows that the median particle size (D50) of OGPm and CACm 

mixed within the OGPm varies from 0.40 mm to 0.80 mm, and CACm is 0.90 mm (See Table 
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4-9 ). The particle size of the aggregate showed a similar size to the reported aggregate particle 

size, varying from 0.45- 0.8 mm (see Table 4-8).  

 

Figure 4-8 Aggregate gradings adopted from Lee and Estrada (2020). 

Table 4-9 The particle size of a binder and aggregates of OGPm and CACm (this study) 

Materials 

The particle size of the 

binder (µm) 

The particle size of aggregate 

(µm) 

D10 D50 D90 D10 D50 D90 

OGPm-1 3.17 14.70 38.80 110 400 900 

OGPm-2 2.94 15.40 46.90 130 800 2700 

OGPm-3 2.64 13.80 48.90 110 460 2000 

OGPm-4 2.54 12.70 38.00 100 400 1100 

CACm 2.03 14.70 50.80 140 900 3000 
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a. Binder 

 

b. grading curve of aggregate 

Figure 4-9 Particle size distribution of OGPm and CACm: (a).binder and (b). aggregate  
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Aside from determining aggregate grading using an aggregate grading chart, as shown in Figure 

4-8, an alternative assessment of the aggregate grading uses the coefficient of curvature (Cc). 

The coefficient of curvature is a measure of the aggregate grading curve at a specific point. 

(Islam et al., 2014). It is calculated using Equation 4.1.  

 
𝐶𝐶 =

𝐷30
2

𝐷10 × 𝐷60
 Equation 4.1 

Where D10 represents the particle size such that 10% of the sample is smaller than this size. D30 

is the particle size distribution, meaning that 30% of the total particles are smaller than this 

size, and another 70% are larger than this size. D60 represents the particle size such that 60% 

of the sample is smaller and another 40% is larger than this size. 

The coefficient of curvature value lies between 1 and 3, indicating a well-graded aggregate 

(Islam et al., 2014). The CC calculated in this study is presented in Table 4-10. It reveals that 

the OGPm-2 is the most well-graded aggregate, followed by CACm, OGPm-1, OGPm-3, and 

OGPm-4, respectively. 

Table 4-10 Coefficient of curvature of the mortar used in this study 

Material D10 D30 D60 CC 

OGPm-1 0.14 0.25 0.52 0.90 

OGPm-2 0.16 0.44 1.05 1.17 

OGPm-3 0.13 0.25 0.69 0.67 

OGPm-4 0.11 0.18 0.58 0.53 

CACm 0.16 0.45 1.34 0.93 

Figure 4-10 shows the correlation between the coefficient of curvature and the initial UCS of 

mortar. The result is highly scatted, but the UCS value appears to increase trend when the 

coefficient of curvature increases. This correlation confirmed that the mortar prepared from 
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well-graded aggregate exhibited better initial UCS due to well-graded aggregate mixed in the 

mortar, leading to optimum porosity and more dense material (Jamil et al., 2022).  

 

 

Figure 4-10 Correlation of coefficient of curvature and UCS at 28 days of curing  

Aside from the impact on physical and chemical properties, the aggregate particle size also 

impacts the application technique. In this study, the geopolymer mortars were applied using 

shotcrete technology in the field trial test, either by wet-spray or dry-spray methods. Wet spray 

involves the pre-mixed mortar mixed with water, and then the fresh mortar is pumped to the 

nozzle, where the compressed air accelerates it and is sprayed onto the application surface 

(Kaufmann et al., 2013, Taylor, 2011).  Dry spray involves pre-mixed mortar and then conveys 

the dry pre-mixed mortar through a pipe to the nozzle, where water is added to hydrate mortar 

and is sprayed onto the application surface (Taylor, 2011). Controlling the application, for 

example, to ensure the correct build or thickness is achieved and the lining adheres to the host 

material will determine the long-term durability of the lining materials. Mortar application was 

not addressed in this study. However, it is essential to control this feature from the mortar mix 

design and the particle size distribution of the mortar components.  A key requirement to reduce 

0

20

40

60

80

100

120

140

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40

U
C

S
 (

M
P

a)

Coefficient of curvature



128 

 

blockage during the shotcrete application based on WSA 161-2021 is that the maximum size 

of the aggregates must be less than 5 mm or 75% of the nozzle. WSA 161 is the Water Industry 

Standard for Alkali Activated Binder, Including Geopolymer Cement Mortar used to renovate 

wastewater structures and large diameter pipes Version 1.0 (WSA161-2021, 2021).  

Therefore, the particle size of the aggregate of all the mortars used in this study reaches the 

particle size requirement based on WSA 161-2021.   

4.4 PHYSICAL PROPERTIES OF MORTARS 

The two crucial physical properties that impact the performance of protective mortars are the 

initial porosity and strength, specifically unconfined compressive strength (UCS). The initial 

UCS of the mortar is considered an essential factor, even if it is not subject to support an 

external load. Nevertheless, the UCS reflects the inherent strength and integrity of the mortar 

material itself. High UCS has generally been directly correlated to higher corrosion resistance 

(Ng et al., 2018). The porosity is related to the void that potentially absorbs the corrosive 

compound and reacts further with the mortar binder. Moreover, It is usually linked to the UCS. 

Previous studies revealed that the UCS decreased when the porosity of the material increased 

(Rong-rong and Dong-dong, 2020, Jia et al., 2019). Therefore, determining the initial porosity 

and UCS as important physical properties is essential before the corrosion resistance 

performance test. The UCS was determined in accordance with ASTM C109/C109M-21 for 

cube specimens (ASTM-C109/C109M-21, 2021) and ASTM C39/C39M-21 for cylindrical 

specimens (ASTM-C39/C39M-21, 2021) and porosity was determine using modified ASTM 

C642 (ASTM-C642, 2013) 
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4.4.1 POROSITY 

The porosity of mortar refers to the amount of void within hydrated mortar material. It 

considers an essential physical property of mortar because higher porosity can promote acid 

permeation and deterioration of geopolymer. This section presents the porosity development 

of OGPm and CACm. The porosity was evaluated up to 28 days of curing under controlled 

humidity conditions at 25°C and 99% relative humidity using a water immersion test based on 

modified ASTM C642 (ASTM-C642, 2013). 

Figure 4-11 presents the development of the porosity of OGPm and CACm up to 28 days of 

curing. The porosity of OGPm at 28 days of curing was observed in the range of 15.6 to 24.5 

vol.%, with the lowest and highest porosity observed in OGPm-2 and OGPm-3, respectively. 

CACm showed porosity at 13.8 vol %, which is lower than OGPm and expected to have more 

excellent corrosion resistance. The porosity development trend in Figure 4-11 shows that 

porosity had formed within 24 hours and continues to change following curing time. Most of 

the mortar showed a general decline in porosity with time except for OGPm-3, which appears 

to increase with time. This could be attributed to the low final setting times of OGPm-3 

(measured at 48 hours – data not reported in this thesis) compared to less than 4 hours final 

setting times of the other mortars. However, the chemical composition of the binder could 

affect the development of porosity due to the hydration product filling the pore structure of 

geopolymer mortar. For example, OGPm-1 and OGPm-2 were commercially available 

geopolymers prepared from different aluminosilicate precursors. OGPm-1 is prepared from a 

high CaO aluminosilicate precursor. Meanwhile, the OGPm-2 is a hybrid geopolymer prepared 

from aluminosilicate precursors blended with calcium aluminate cement.  

For OGPm-1, the geopolymerisation process forms amorphous and semi-crystalline hydration 

products. These hydration products may not always pack together as efficiently as the 

crystalline phases, leading to higher porosity in the geopolymer matrix in OGPm-1. At the 
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same time, the OGPm-2 is considered a hybrid geopolymer as a geopolymer blended with 

CAC. The hydration products in CAC, such as calcium aluminate hydrates (e.g., C2AH8 and 

C3AH6) (Scrivener et al., 1999, Ideker et al., 2019, Shirani et al., 2020), tend to have a more 

ordered crystalline structure, which results in a more compact microstructure with lower 

porosity over time as the hydration product produce. Besides the chemical composition of 

mortar binder,  several other factors influence the porosity of mortar, including the water-to-

mortar ratio (W/M), size of aggregates, curing conditions, and mixing method (Shamsai et al., 

2012, Lafhaj et al., 2006, Pavía and Toomey, 2008). Because the curing conditions and mixing 

method used were constant for all mortars, it would be anticipated that the W/M and particle 

size of aggregate impact the porosity. 

 

 
Figure 4-11 Development of porosity of OGPm and CACm 

The W/M refers to the weight of water to mortar weight ratio for mixing mortar. As shown in 

Figure 4-12 (a), increasing the W/M resulted in higher porosity of the mortars. The completed 

28 days cured mortar was observed with the porosity values of OGPm in the range of 15.6 to 

24.5 vol.% and 13.8 vol.% for CACm. These were agreed and consistent with previous works 

(Shamsai et al., 2012, Lafhaj et al., 2006). The porosity is observed to increase with the W/M 
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ratio. Kim et al. (2014), Shamsai et al. (2012) and Lafhaj et al. (2006) tested the impact of water 

to mortar ratio and found that durability performance, especially porosity and compressive 

strength, were changed. Increased porosity exhibited low compressive strength. The porosity 

increased as the water increased due to the excess water filling in the space between the mortar 

paste and aggregate, resulting in a low-durability mortar (Kim et al., 2014). Adding water in 

the mortar is necessary for hydration reaction and mixing with other components such as 

aggregate and admixture. However, as mentioned above, adding too much water could result 

in low-durability mortar due to high porosity and low UCS.  

Figure 4-12 (b) shows the correlation between porosity and the coefficient of curvature (CC) of 

aggregate within OGPm-1, OGPm-2, OGPm-3, OGPm-4, and CACm. These plots showed the 

reduction in the porosity of hardened mortar as the CC increased from 0.53 to 1.17. These 

results agreed with those reported by Pavía and Toomey (2008), where the aggregate grade was 

linked to mortar porosity and strength. Uniform aggregates were found to have higher porosity, 

while distributed or well-graded aggregates resulted in higher packing density, low porosity, 

and higher strength, as observed in this study.  
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(a).Water and mortar ratio 

 

(b). Aggregate grading 

Figure 4-12 Correlation between porosity and water and mortar ratio (W/M) and aggregate 

grading 

4.4.2 UNCONFINED COMPRESSIVE STRENGTH (UCS) 

Unconfined compressive strength (UCS) is a term commonly used to describe the strength of 

a mortar. The UCS of all samples were tested based on the ASTM C109/C109M-21 for cube 

specimens (ASTM-C109/C109M-21, 2021) using A UTEST Automatic Compression Machine 

Model UTC-4231 based on Australian Standards AS 1012.9 (AS1012.9:2014, 2014). The early 
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strength development of mortar is essential for application in live sewer asset rehabilitation. 

Repair of live assets can occur over a limited period (4 hours), requiring mortars that can 

demonstrate early strength. Therefore, measurements of UCS over 28 days from 24 hours are 

essential to determining the suitability of the mortar for live sewer application. In this study, 

the UCS of mortar was determined after 1, 7, 14 and 28 days of curing at 21 ºC and 99 %RH.  

The strength development of OGPm and CACm can be influenced by various factors, including 

the chemical composition of the binder, W/C ratio, aggregate grading, and curing conditions 

(Amran et al., 2020). The UCS development results from the formation of hydration products 

such as C-S-H, C-A-S-H, N-A-S-H and C-N-A-S-H, where C=CaO, N=Na2O, A=Al2O3, 

S=SiO2, and H=H2O. Figure 4-13 shows the development of UCS of OGPm and CACm as a 

function of time. The results show that UCS depends on the mortar type after one day. The 

UCS of the geopolymers OGPm-1, OGPm-2, OGPm-3, and OGPm-4 were 44.2 MPa, 73.1 

MPa, 8.7 MPa, 54.2 MPa, while CACm showed 79.4 MPa, which was generally higher 

compared to OGPm. Over time, the UCS continued to increase but at a slower pace. However, 

the relative difference in UCS between geopolymer and CAC mortars remained the same. After 

28 days of hydration, The UCS of geopolymers OGPm-1, OGPm-2, OGPm-3, OGPm-4 were 

72.3 MPa, 102.8 MPa, 35.4 MPa, and  88.3 MPa, and CACm was 110 MPa. CACm showed 

generally greater strength than OGPm, which suggested its more excellent corrosion resistance.  

Among the geopolymers, the OGPm-3 has the lowest UCSs. It did not reach the minimum UCS 

requirement of 17 MPa after one day and 55 MPa after 28 days for alkali-activated binders and 

geopolymers (WSSA, 2021).  



134 

 

 

Figure 4-13 Unconfined compressive strength (UCS) of the lining material 

4.5 CHEMICAL PROPERTIES OF THE LINING MATERIAL 

This study used four commercially available one-part geopolymers to develop the service life 

prediction model. Additionally, one calcium aluminated cement mortar was used as a 

comparison mortar for corrosion resistance performance. These geopolymers were 

manufactured by blending low-calcium aluminosilicate precursors, such as fly ash, with high-

calcium precursors, such as slag. Besides, the geopolymers are combined with calcium 

aluminate cement (CAC) and ordinary Portland cement (OPC) to accelerate strength 

development at ambient conditions. The chemical properties of the protective mortar lining 

material are essential for its strength, durability, and high corrosion resistance when exposed 

to corrosive environmental conditions such as sewer environments. Therefore, chemical 

properties in this study focused on the hydration products and acid neutralisation capacity. The 

commercial OGPm and CACm were prepared using the recommended water-to-mortar ratio, 

compacted into 5 mm cube moulds and allowed to harden for 24 hours. The demolded mortars 

were then further cured at 21 ºC at 99 % relative humidity for up to 28 days. The hydration 
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phase development study of  OGPm and CACm involved collecting specimens from 1, 7, 14, 

21, and 28 days of curing, followed by mineralogical analysis using Fourier transform infrared 

spectroscopy (FTIR) and thermogravimetric analysis (TGA). The acid neutralization capacity 

(ANC) was performed using mortars cured for 28 days following the standard according to 

CENT/TS 14429 (EN14429:2015, 2015).  

4.5.1 HYDRATION PRODUCTS GEOPOLYMER 

4.5.1.1 HYDRATION PRODUCTS 

Hydration of geopolymer occurs when dry OGPm power is mixed with water resulting in 

various hydration products such as Sodium aluminosilicate hydrate (N-A-S-H), Calcium 

aluminosilicate hydrate (C-A-S-H), Calcium Sodium aluminosilicate hydrate (C-N-A-S-H), 

and Calcium silicate hydrate (C-S-H). This study defines the hydration product's nomenclature 

as C=CaO, N=Na2O, A=Al2O3, S=SiO2, and H=H2O. Low-calcium precursors for geopolymers 

primarily form a three-dimensional amorphous aluminosilicate network (N-A-S-H, Q4) 

(Duxson et al., 2005). The use of high-calcium aluminosilicate precursor will tend to generate 

linear aluminosilicate hydrate structures Q1, Q2 and Q3
 of (C-S-H, C-A-S-H and C-N-A-S-H) 

(Wong et al., 2021). Increasing the Ca content of the aluminosilicate precursor will tend to 

yield calcium silicate hydrate (C-S-H) (Yip et al., 2005).  Aside from the main hydration 

product, additional products such as smaller alumina and silica species, alkali-metal 

hydroxides, and water can also be generated and remain in the hydrate mortar (Khale and 

Chaudhary, 2007, Van Jaarsveld et al., 1998).  

The hydration product of OGPm is related to the strength and durability of its mortar. 

Therefore, it is essential to understand how specific hydration products are developed as a 

function of time and contribute to their performance. For example, most literature suggests the 

N-A-S-H phase of geopolymer is higher durability than the C-S-H phase in geopolymer or 
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OPC (Yang et al., 2022, García-Lodeiro et al., 2013, Zhao et al., 2019). This result was 

attributed to lower calcium content and structure of the hydrate. The lower calcium reduced the 

formation of expansive gypsum and ettringite as corrosion products, increasing the mortar's 

durability. Therefore, controlling the Ca content in the geopolymer mix is essential as it affects 

its hydration phases.  

Hydration phases of geopolymer are usually identified using FTIR. The FTIR spectrum of 

hydrate geopolymer is generally collected from 550-4000 cm-1. Generally, the spectra regions 

are divided into two regions: i). functional group region, and ii) fingerprint region. A peak 

higher than 1300 cm-1 is a characteristic “functional group region” (Medupin et al., 2017). The 

peak below 1300 cm-1 is known to be a characteristic “fingerprint region” of the binding gel 

(Revathi and Jeyalakshmi, 2021, Medupin et al., 2017). Most of the literature on geopolymer 

analysis suggested that the fingerprint region plays an essential wavenumber in identifying the 

specific absorption bands of the hydrate phases present in the geopolymer. Thus, the fingerprint 

region is utilised to analyse the hydration phases of geopolymer based on FTIR spectra in this 

study, and the identified wavenumber of each hydrate phase is shown in Table 4-11. Figure 

4-14 shows the FTIR spectrum for OGPm-4 cured for 28 days as representative of protective 

lining mortar in this study. The spectrum shows the specific functional groups of interest 

identified using the wavenumber of hydration phases in  Table 4-11. 
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Figure 4-14 FTIR spectrum of OGPm-4 after curing 28 days  
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Table 4-11 FTIR bands for geopolymer 

Wavelength 

(cm-1) 
Assignments Interpretation References 

precursors 

1060-1100  Unreacted 

aluminosilicate 

(Puertas and Fernández-

Jiménez, 2003, Palomo et al., 

1999, Hajimohammadi et al., 

2010, Hajimohammadi et al., 

2008) (Cong and Mei, 2021) 

930-965  Unreacted  Slag (Cong and Mei, 2021) 

Hydrates and carbonate 

940-960 Si–O stretching 

vibrations 

C-S-H (Puligilla et al., 2019, 

Revathi and Jeyalakshmi, 

2021, Zhao et al., 2019) 

960-970 asymmetric stretching 

vibrations of Si-O-T 

bonds (T: tetrahedral Si 

or Al) 

C-A-S-H (Ramos et al., 2020, Walkley 

et al., 2016, Komljenović et 

al., 2020) 

1005 asymmetric stretching 

vibrations of Si–O-T 

bonds (T: tetrahedral Si 

or Al) 

C-(N)-A-S-H (Aboulayt et al., 2020) 

1036-1058 attributed to 

asymmetric stretching 

of Al–O/Si–O bonds 

N-A-S-H (Zhao et al., 2019, Guo et al., 

2010, Ahmad et al., 2022) 

3400-3450 

stretching vibration 

and bending vibration 

of O–H bonds 

N-A-S-H, C-A-S-

H, C-S-H (water) 

(Ismail et al., 2012, Ramos et 

al., 2020, Lecomte et al., 

2006, Kapeluszna et al., 

2017) 

1650 

stretching vibration 

and bending vibration 

of O–H bonds 

N-A-S-H, C-A-S-

H, C-S-H (water) 

(Ismail et al., 2012, Ramos et 

al., 2020, Lecomte et al., 

2006, Kapeluszna et al., 

2017) 

3630-3640 
-OH stretching 

vibrations  

Ca(OH)2 (Lecomte et al., 2006, Beaino 

et al., 2022) 

Carbonate 

1410-

1450,870-

875 

Carbonate mineral 

 (Yaseri et al., 2019, Ramos et 

al., 2020, Ismail et al., 2012, 

Dong et al., 2014, Pasupathy 

et al., 2016) 

The FTIR spectra of the geopolymer mortars (OGPm-1, OGPm-2, OGPm-3, and OGPm-4) as 

a function of curing periods (from 1 to 28 days) are shown in  Figure 4-15. It needs to be noted 

that the geopolymer mortars used in this study are high-Ca geopolymers. 
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The main absorption bands are located between 900 and 1200 cm-1. The FTIR spectra of all 

geopolymer samples exhibited a broad and intense peak around 960-970 cm-1, which is 

assigned to the asymmetric stretching vibrations of Si-O-T bonds (T: tetrahedral Si or Al) in 

the chain structure of C-A-S-H (Hanjitsuwan et al., 2017, Alexander and Shashikala, 2022, 

Ismail et al., 2012, Hajimohammadi et al., 2008, Ramos et al., 2020, García-Lodeiro et al., 

2008). García-Lodeiro et al. (2008) also suggested that when the peak is centred at 

approximately 960-970 cm−1, C-A-S-H type gel is likely to be present, and when it is centred 

at approximately 1000 cm−1, N-A-S-H gel is likely to be present. As the curing time increases, 

the peak at 960-970 cm-1 becomes sharper in all geopolymer samples, indicating the evolution 

of C-A-S-H as the primary hydration progresses. During the development of all geopolymers, 

there is a shift towards lower and higher wavenumbers depending on the high or low calcium 

(Ca) aluminosilicate precursor. The high-Ca aluminosilicate precursors were activated and 

slightly displaced by the main absorption band toward the higher wavenumber due to the 

formation of C-S-H and C-A-S-H. Mikhailova et al. (2019) mentioned that the hydration peak 

of slag as a high-Ca aluminosilicate precursor shifts towards higher wavelengths. It is typical 

of alkali-activated slag pastes with silicon-rich solutions. Therefore, the C-S-H phases would 

be expected to form at a lower wavenumber than 960-970 cm-1. At the same time, the hydration 

peak shift of fly ash to a lower wavenumber is due to the precipitation of the geopolymer with 

an increased substitution of Si with Al (Puligilla and Mondal, 2015). The substitution of Al for 

Si led to a reduction of the Si–O–T angle. The smaller bonding force and the fact that the Al–

O bond is longer than the Si–O bond results in the main band shift to the lower wavenumber 

(Fernández-Jiménez and Palomo, 2005, Puligilla and Mondal, 2015, Usman Kankia et al., 

2021).  

Another broad peak at 1100 cm-1 is related to Si−O−Si vibrations of unreacted aluminosilicate 

precursor (Hajimohammadi et al., 2010). The peak presented at 796 and 778 (double band) and 
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697 cm-1 is attributed to quartz in the geopolymers (Fernández-Jiménez and Palomo, 2005, 

Criado et al., 2007, Ramos et al., 2020).  

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 4-15 Development of geopolymer as a function of time up to 28 days: (a).OGPm-1, 

(b).OGPm-2, (c).OGPm-3, and (d).OGPm-4 

As mentioned, the hydration process of mortar can lead to the formation of various types of 

gels, such as C-S-H, C-A-S-H, N-A-S-H, and C-N-A-S-H. Aboulayt et al. (2020) and studies 

on the hydration of blended fly ash and slag found that the slag-based geopolymer peak at 960 

cm-1 was shifted to a higher wavenumber when mixed with fly ash, probably as the result of 
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the overlapping of several components, reaction products (C-S-H, C-A-S-H, N-A-S-H, and N-

C-A-S-H). These results show that distinguishing between these different hydration products 

can be challenging. Infrared spectra obtained using FTIR can be complicated by overlapping 

peaks when two or more functional groups absorb at the same or similar wavenumber. 

Therefore, separating the overlapping peaks into their respective hydration phases requires 

deconvolution. The FTIR spectrums of geopolymer were deconvoluted to identify the hydrate 

phases using Microsoft Excel and the Levenberg-Marquardt method (see Equation 4-2) 

(Marquardt, 1963). The example of deconvolution is presented in Figure 4-16. 

 
∑𝑓(𝑥;𝑥0,𝐻,𝑊,𝐿) = 𝐻 ∗ (1 − 𝐿)exp [−4ln2 ∙

(𝑥 − 𝑥0)
2

𝑊2
] +

𝐿𝐻

[1 + 4
(𝑥 − 𝑥0)

2

𝑊2 ]
 Equation 4-2 

Where x = wavelength, x0 = the specific component peak wavelength, H = the component peak 

height, W = the component width, and L= the degree of mixing between Gaussian and 

Lorentzian functions. 

Figure 4-16 shows an example of peak deconvolution in the fingerprint region to identify 

hydrate phases. The wavenumber can be attributed to the Si-O-Si and Si-O-Al stretching 

vibration (Hanjitsuwan et al., 2017, Alexander and Shashikala, 2022). This FTIR peak is 

collected from OGPm-4 curing for 28 days. The OGPm-4 is fabricated from the blended 

aluminosilicate from fly ash and slag. Blended fly ash and slag are usually known as “hybrid 

geopolymers” (Jiang and Jin, 2022).  The broad peak centre is presented at 970 cm-1. This peak 

is attributed to C-A-S-H formation. This proposed peak is agreed with other high-Ca 

geopolymers (Komljenović et al., 2020, Aboulayt et al., 2020, Aiken et al., 2018). The 

deconvoluted peak at the lower wavenumber is approximately 940 cm-1. This peak is attributed 

to the C-S-H formation. The results of the deconvolute peak agree with other studies that the 

C-S-H is formulated at the peak around 940-960 (Puligilla et al., 2019, Revathi and 

Jeyalakshmi, 2021, Zhao et al., 2019). The deconvoluted peak at approximately 1040 cm-1 has 
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been attributed to the asymmetric stretching of Si–O–T, corresponding to N-A-S-H. This peak 

agreed with Longhi et al. (2019), Zhao et al. (2019), Guo et al. (2010). They suggested that N-

A-S-H is present at the peak of approximately 1035-1058 cm-1. In the hydration of high-Ca 

geopolymer studied by Aboulayt et al. (2020), the peak shift from 960-970 cm-1 to a higher 

wavenumber resulted from overlapping several hydrate phases such as N-A-S-H, C-A-S-H and 

C-N-A-S-H. Moreover, several studies agreed with these results, suggesting the hydration 

phases of hybrid geopolymer coexist with C-A-S-H, N-A-S-H, and additionally metastable C-

N-A-S-H (Ismail et al., 2014, Jiang and Jin, 2022). Therefore, the C-N-A-S-H phase is 

potentially formulated between 1035 – 970 cm-1. The deconvoluted peak of C-N-A-S-H is 

approximately 1000 cm-1. This deconvoluted peak agrees with Aboulayt et al. (2020). 

Therefore, the FTIR spectrums were deconvoluted to individual hydrate peaks based on 

wavenumber, as shown in Table 4-12. 

 

 

 

Figure 4-16 the example of deconvolution of the peak to quantify the amount of the geopolymer 

based on the Levenberg-Marquardt equation 

0

0.1

0.2

0.3

0.4

0.5

0.6

6007008009001000110012001300

A
b

so
rb

en
ce

 i
n

te
n

si
ty

 (
a
.u

.)

Wavenumber (cm-1)

OGPm-4

Si-OH

Fly ash

Quartz

N-A-S-H C-A-S-H

C-N-A-S-H

C-S-H
Slag



144 

 

Table 4-12 FTIR wavenumber for deconvolution of the FTIR spectrum 

Wavenumber (cm-1) Hydration phase 

940 C-S-H 

970 C-A-S-H 

1000 C-N-A-S-H 

1040 N-A-S-H 

All geopolymer samples were formulated C-S-H, C-A-S-H, N-A-S-H, and C-N-A-S-H as the 

hydration products. The development of hydration phases as C-S-H, C-A-S-H, N-A-S-H, and 

C-N-A-S-H of geopolymer mortar at the curing age of 1, 7, 14, 21 and 28 days are plotted in 

Figure 4-17. The results observed that the evolution of the C-A-S-H phase in all samples 

increased over time, as indicated by the sharpening of the intense peak at approximately 960-

970 cm-1 in all samples. These results suggested that C-A-S-H evolves as a function of time.  

The development of the C-S-H phase was observed to form in high-Ca geopolymer but 

decreased with increasing the curing time. Cong et al. (2023) suggested this phenomenon 

occurred because of the decalcification of C-S-H, and the calcium component was consumed 

by forming C-A-S-H phases. The C-A-S-H phases are formed by the interaction between 

calcium hydroxide and N-A-S-H and C-N-A-S-H in geopolymer materials (Cong et al., 2023). 

The formation of C-S-H and/or C-A-S-H phases can improve the mechanical properties and 

durability of geopolymer materials by filling the pores and bridging the gaps in the geopolymer 

matrix. This reaction decreases the N-A-S-H and C-N-A-S-H phases, increasing the curing 

time, as shown in Figure 4-17.  

Interestingly, the N-A-S-H is observed to have an extremely low percentage, approximately 

1.4 % in OGPm-2, compared to other geopolymers. Other geopolymers formed between 20-27 

% of N-A-S-H. This result may be due to the chemical composition of the aluminosilicate 
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precursor used in OGPm-2 being high calcium-sodium aluminosilicate precursors. It is well 

known that the basic structures of geopolymer are the network structures of [SiO4] tetrahedrons 

and [AlO4]
- tetrahedrons connected by shared oxygen atoms (Wang et al., 2020c). Therefore, 

the N-A-S-H and C-A-S-H were correlated with the Si/Al ratio to prove this assumption. The 

correlation between hydration phases with Si/Al ratio (a) N-A-S-H and (b) C-A-S-H were 

plotted in Figure 4-18. The results indicated that N-A-S-H formation is favoured at higher Si/Al 

ratios (see Figure 4-18a), while C-A-S-H is favoured at lower Si/Al ratios (see Figure 4-18b). 

Incorporating Al into the geopolymer network can lead to more crosslinking, resulting in a 

denser and more crystalline structure of C-A-S-H (Luo et al., 2022b). On the other hand, a 

higher Si/Al ratio can form more N-A-S-H, which has a more open and disordered structure 

due to more Si-O-Si linkages resulting increase in porosity (Wang et al., 2021, Castillo et al., 

2021). Thus, the Si/Al ratio can be used to consider a mixed design of geopolymer with specific 

desired properties. 
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Figure 4-17 Development of hydration phases of geopolymer as a function of time 

 
(a) N-A-S-H                                           (b) C-A-S-H 

Figure 4-18 The correlation between hydration phases with Si/Al ratio (a) N-A-S-H and (b) C-

A-S-H 
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Following a qualitative examination of the geopolymer's hydration phase proportions, the 

subsequent step involved a quantitative analysis using TGA to determine the proportions of the 

various hydration phases (C-S-H, C-A-S-H, C-N-A-S-H, and N-A-S-H) present in the 

geopolymer. However, in this study, the commercially available geopolymer is blended with 

various aluminosilicate precursors, including fly ash, blast furnace slag, silica fume, and 

ordinary portland cement. Therefore, the additional peak shown suggests the presence of 

hydration products from the different chemical components of the aluminosilicate precursor. 

Rosas-Casarez et al. (2014)  suggested that the peak of TGA-DTG of geopolymer is generally 

shown in the three regions: i). free water evaporation, ii). water-associated with 

hydration/geopolymerisation product, and iii). carbonate mineral. The results from this study 

agree with the suggestion from Rosas-Casarez et al. (2014). 

The first region is associated with free water evaporation, which is present in the pores of the 

hydration products. The temperature in this region was not more than 100 ℃ (Hosan et al., 

2016, Ariffin et al., 2013, ul Haq et al., 2014, Valencia Saavedra and Mejía de Gutiérrez, 2017, 

Long et al., 2017, Ma et al., 2018). The second region occurs between 100-300 °C. It is 

associated with hydration products with different phases depending on the decomposition 

temperature. The C-S-H were decomposed at 100-109 °C (Long et al., 2017, Qu et al., 2021). 

C-A-S-H were approximately decomposed at 160 °C (Gao et al., 2017, Luo et al., 2022a). The 

dehydration of C-N-A-S-H happened at 150-200 °C (Fořt et al., 2019). And finally, N-A-S-H 

were decomposed by loss of hydroxyl groups at high temperatures between 200-400 °C 

(Istuque et al., 2019). However, they still exhibited other phases such as hydrotalcite at 330-

350 °C (Gao et al., 2017, Ma et al., 2018), Ca(OH)2 at 425-440 (Chindaprasirt et al., 2014, 

Duan et al., 2017, Cong and Mei, 2021), and carbonate minerals at 550-700 °C (Ismail et al., 

2012, Ariffin et al., 2013, Adesanya et al., 2018, Duan et al., 2017, Chindaprasirt et al., 2014),  

due to the different chemical composition within the geopolymer. 
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Therefore, the TGA-DTG of geopolymers were analysed in the hydration product by 

deconvoluting the spectrum of the TGA-DTG peak into individual hydration phases based on 

the decomposition temperature of each hydration phase using Microsoft Excel and the 

Levenberg-Marquardt method (see Equation 4-2) (Marquardt, 1963). Figure 4-19 shows an 

example of the deconvolution of the TGA-DTG peak of 28 days cured OGPm-4 based on the 

decomposition temperature mentioned above. The deconvolution of the peak exhibited the 

individual hydration phase presented in the geopolymer. 

 

Figure 4-19 the example of deconvolution of the TGA-DTG peak to quantify the amount of 

the geopolymer based on the Levenberg-Marquardt equation. 

Figure 4-20 presents the correlation of hydrate gel from OGPm-4 using FTIR and TGA 

analysis. The FTIR analysis was used to identify the formation of different hydrate gel phases 

based on chemical functional groups. In contrast, TGA analysis was used to measure the weight 

loss associated with the dehydration of these phases. The correlation of the hydrating gel 

analysed using FTIR and TGA revealed an interesting trend. It was observed that an increase 

in the FTIR peak area of C-S-H, C-A-S-H, C-N-A-S-H, and N-A-S-H results was consistent 
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with an increase in the TGA results. This observation indicates a direct relationship between 

the formation of hydrate gel and the weight loss associated with the dehydration of the gel. The 

strong correlation between the two results suggests that the FTIR analysis is a reliable method 

for identifying the formation of hydrate gel phases and that TGA analysis can quantify the 

amount of these phases present in the material. This correlation also indicates that the TGA 

technique is sensitive enough to detect the changes in the thermal properties of the material 

resulting from the formation of the hydrating gel. 

 

Figure 4-20 Correlation of FTIR and TGA-DTG result from OGPm-4 

4.5.1.2 CORRELATION OF HYDRATION PRODUCT WITH  POROSITY AND UCS 

The hydration process of geopolymer leads to the formulation of the hydrate phase as C-S-H, 

C-A-S-H, C-N-A-S-H, and N-A-S-H. These hydrate phases play an essential role in the initial 

porosity and UCS. Porosity refers to voids or empty spaces within the mortar, as mentioned in 

section 4.4.1. The porosity can directly impact the mortar’s durability resulting from corrosive 

compound's permeability, such as moisture, sewer gases and chemical attack.  
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Figure 4-21 shows the correlation between hydration products and the porosity of mortar. It 

has been observed that the C-A-S-H and N-A-S-H formation showed a strong correlation with 

porosity. This suggested that the increasing or decreasing porosity depends on the C-A-S-H 

and N-A-S-H formation. The N-A-S-H gel is a 3D structure in geopolymers that is often more 

open and less compact (Aiken et al., 2018). While the formation of coexisting hydration 

products such as C-S-H and C-A-S-H could fill the void, resulting in improved porosity and 

mechanical properties (Yip et al., 2005, Cong et al., 2023).  

  

 
 

Figure 4-21 Correlation of hydration product and porosity 
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Figure 4-22 shows the correlation between the hydration product and the UCS. It observed that 

the C-S-H and C-A-S-H presented a strong positive correlation with the UCS. The UCS was 

increased when the amount of C-S-H and C-A-S-H were increased. These results agreed with 

Cong et al. (2023) that the UCS was improved by increasing the C-S-H and C-A-S-H in the 

mortar matrix. (Cong et al., 2023). It is because the C-S-H and C-A-S-H were formed and acted 

as fillers to fill the void spaces between the particles, enhancing the packing efficiency (Cong 

et al., 2023, Yip et al., 2005). This improved densification and reduced porosity contribute to 

the increased strength of the geopolymer.  

The negative correlation observed between N-A-S-H and UCS highlights a clear trend where 

an increase in the N-A-S-H percentage correlates with a decrease in the UCS of the lining 

material. This outcome is attributed to the microstructure of N-A-S-H, characterised by high 

porosity, which adversely affects the UCS. An increase of N-A-S-H in the sample was observed 

to reduce the UCS due to The N-A-S-H gel is a 3D structure in geopolymers that is often more 

open, less compact (more porous) and a highly contained pore solution  (Bernal et al., 2013, 

Aiken et al., 2018). Therefore, the highest N-A-S-H exhibited the lowest UCS. In contrast, C-

N-A-S-H showed no discernible correlation with UCS, indicating that the addition of C-N-A-

S-H does not directly influence the UCS of the lining material. 

 

 



152 

 

 
 

 
 

Figure 4-22 Correlation of hydration product and UCS  
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4.5.2 ACID NEUTRALISATION CAPACITY (ANC) 

The acid neutralisation capacity (ANC) refers to the ability of the OGPm and CACm to resist 

the acid when exposed to aggressively corrosive environmental conditions such as sewer 

environment. The ANC of mortar is determined by bulk mortar against the change of pH of the 

solution. The ANC of mortar can be measured using various methods, including acid titration 

or pH measurements after exposure to acidic solutions (Wahlström et al., 2009). The acid 

neutralisation behaviour of the mortar was evaluated by plotting the pH of each extract as a 

function of milli-equivalents of acid added per gram of dry solid (Sanchez et al., 2000). In this 

study, the ANC was determined based on EN 14429:2015 standard (EN14429:2015, 2015, 

14429, 2005). 

4.5.2.1 CHARACTERISATION OF ANC 

A high ANC is used to infer the resistance of the mortar to resist acid attack and maintain its 

structural integrity. A typical ANC curve is shown in Figure 4-23. It comprises three regions: 

ideal ANC, practical ANC, and the buffering region. The ideal ANC measured the acid 

concentration at the initial bending region when the mortar resisted changing the pH of the 

solution after adding the acid. The ideal ANC was identified around pH 10.4, which presented 

1.3 mmol of H+/g substrate. The practical pH was measured at pH 7.0. This pH is assumed to 

be when the mortar is still sound. The practical ANC showed approximately 1.9 mmol of H+/g 

substrate. Both ANC ideal and ANC practical indicate the short-term front-end defence 

provided by the mortar. As noted in Figure 4-23, the later part of the ANC curve is characterised 

by the ability of the mortar to demonstrate a buffering effect or further resistance to change in 

pH. As shown in Figure 4-23, the buffering effect controls the pH between pH 3-4. This pH is 

important because the growth of sulphur-oxidising bacteria (SOB) is responsible for generating 

biogenic sulphuric acid, which is pH-dependent (Grengg et al., 2018). Their growth occurs at 

pH < 4. Therefore, the ability of the mortar to buffer may control the microorganism growth 
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and mortar corrosion. It needs to be noted that the ANC shown in Figure 4-23 is for calcium 

aluminate cement mortar (CACm). Therefore, the interpretation of ANC should consider the 

short-term corrosion resistance effects from ideal ANC or practical ANC and the longer-term 

corrosion resistance from the buffering pH.   

 

Figure 4-23 Characterisation of Acid Neutralisation Capacity (ANC) 

4.5.2.2 ANC OF PROTECTIVE LINING MORTAR 

The ANC curve of all OGPm and CACm was estimated and shown in Figure 4-24. It shows 

the amount of hydrogen ion (H+) consumed by OGPm-1, OGPm-2, OGPm-3, OGPm-4, and 

CACm to resist the change in the acid solution.  

Determination of ANC of the mortar used in this study was demonstrated by using OGPm-1 as 

representative of geopolymer lining mortar. OGPm-1 showed a gradual resistance to changes 

in the pH of the solution (approximately pH 12 to pH 10) up to the point of adding 4.2 mmol 

of H+. However, upon further addition of acid, the pH of the solution decreased dramatically 
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to approximately pH 1. However, the ANC is typically measured at pH 7 as practical ANC 

because it represents a neutral solution, considered a baseline condition for measuring acid 

neutralisation capacity and sound mortar. Therefore, the practical ANC of OGPm-1 presented 

approximately 5.20 mmol of H+/g substance. The summary of the practical ANC of all mortar 

is shown in Table 4-13. However, it is essential to note that OGPm-2, OGPm-4, and CACm 

exhibited a buffering effect at pH approximately 4, which will be discussed in more detail 

below. 

 

Figure 4-24 Characterisation of Acid Neutralizing Capacity (ANC) of geopolymer 
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Table 4-13 Acid Neutralizing Capacity (ANC) of geopolymer 

Mortar 
CaO 

(wt.%) 

Al2O3 

(wt.%) 

MgO 

(wt.%) 

ANC practical 

(mmol of H+/g 

substrate) 

Buffering effect 

(mmol of H+/g 

substrate) 

OGPm-1 53.85 5.95 1.35 5.4 n.a. 

OGPm-2 37.43 27.60 3.19 3.8 12 

OGPm-3 23.26 14.41 2.03 2.6 n.a. 

OGPm-4 44.52 9.01 8.69 3.4 6 

CACm 36.97 39.54 0.52 4.4 15 

 

Table 4-13 shows the practical ANC and buffering effect for OGPm and CACm. Among the 

OGPm, the practical ANC presented 5.4, 3.8, 2.6, 3.4 and 4.2 mmol of H+/g substance for 

OGPm-1, OGPm-2, OGPm-3, OGPm-4, and CACm, respectively. Among the OGPm, the 

OGPm-1 has the highest ANC, followed by OGPm-2, OGPm-4 and OGPm-3. The OGPm-2 

and OGPm-4 have the capability to neutralise the acidic solution to reach approximately pH 4 

and resist changing the pH of the solution. At this point, it is defined as the “buffering effect”, 

which refers to the ability of a mortar to resist the changes in pH when an acid or base is added 

to the solution. The amount of acid added to the solution and the solution still maintained at 

pH 3-4 is defined as “buffering ANC”. It indicated that from this point of buffering ANC, the 

additional acid could be neutralised without causing a significant change in pH. The OGPm-2 

and OGPm-4 presented the buffering ANC at 12.5 and 6 mmol H+ per gram substrate, 

respectively. Meanwhile, OGPm-1 and OGPm-3 can reach a pH of 0.22-0.41. They did not 

present the buffering ANC. The CACm revealed practical ANC around 4.2 mmol H+ per gram 

substrate and buffered ANC at 15 mmol H+/g. Interestingly, OGPm-2 and OGPm-4 have 

similar behaviours that resist pH reduction around pH 3-4 compared to CACm. These results 

may be attributed to the chemical composition of geopolymers and CAC mortar, such as CaO, 

MgO, and Al2O3. 
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Calcium oxide (CaO) is an alkaline compound that can react with acids to neutralise them, 

thereby increasing the ANC of the mortar. Therefore, mortars with higher CaO content can 

have higher ANC values (Scrivener et al., 1999). This is because the Ca(OH)2 can be 

formulated and neutralised when the acid is attacked.  

Aluminium oxide (Al2O3) can also contribute to ANC by forming aluminium hydroxide 

(Al(OH)3) in the presence of water and acid and filling up the pore (Damion et al., 2022, 

Scrivener et al., 1999). In addition, The Al(OH)3 is stable down to the pH of approximately 3-

4, generating additional OH- and neutralising further acid attacks (Scrivener et al., 1999). The 

Al(OH)3 dissolved and consumed hydrogen ions (H+) from the acid, known as neutralisation at 

this pH. 

High MgO content in geopolymer mortar can form hydrotalcite during the hydration process. 

The Mg(OH)2 and Al(OH)3 were leached out from the hydrotalcite when the acid attacked and 

neutralised the acid solution. Jobbágy and Regazzoni (2011) suggested that in the range 5 ≤ pH 

≤  9, Mg(OH)2  were leached out. When the pH was below 4.7, total dissolution of hydrotalcite 

occurred and leached out Mg(OH)2 and Al(OH)3. the leached Mg(OH)2 and Al(OH)3 were used 

to neutralise the acid attack. This result leads to the OGPm-4 showing the buffering ANC. 

4.5.2.3 CORRELATION OF CHEMICAL COMPOSITION AND ANC 

The practical ANC and buffering ANC values from Table 4-13 were found to be correlated 

with the essential chemical composition, including CaO, MgO, and Al2O3, in OGPm and 

CACm. This correlation can be attributed to the generation of OH- during the corrosion process, 

as these chemical components contribute to the neutralisation of acids. 

Figure 4-25 shows the correlation between practical ANC and essential chemical compositions 

of mortar binders such as CaO, MgO, and Al2O3. The correlation observed reveals a different 

correlation between ANC and the primary chemical composition of mortar binders. The 
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practical ANC strongly correlated with CaO as a positive correlation. It suggested that CaO 

significantly affected the practical ANC and the overall performance of geopolymer mortar. 

The correlation between ANC and Al2O3 was an optimum non-linear correlation. The ANC 

was decreased when the Al2O3 increased to approximately 15 wt.%. After reaching the Al2O3 

at about 15 wt.%, the ANC was increased. After the acid attack on the mortar sample,  the 

Al2O3 were leached out as Al(OH)3, which is stable down to the pH of approximately 3-4, 

generating additional OH- and neutralising further acid attacks (Scrivener et al., 1999). The 

Al(OH)3 dissolved and consumed hydrogen ions (H+) from the acid, known as neutralisation at 

this pH. Therefore, if the chemical composition of the mortar sample is further increased, it is 

expected to achieve a higher ANC value. This study presented the lowest ANC at 2.6 mmol 

H+/g substrate at Al2O3, approximately 15 wt.%. At the same time, the MgO presented a weak 

correlation with the ANC. Therefore, controlling the chemical compositions of aluminosilicate 

precursors such as CaO, MgO, and Al2O3 is essential in improving corrosion resistance 

performance and durable geopolymer mortars when exposed to corrosive environmental 

conditions such as sewer environments. 
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Figure 4-25 Correlation of practical ANC and  CaO, MgO, and  Al2O3  
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4.6 SUMMARY  

In this chapter, four geopolymer mortars (OGPm) and one CAC mortar (CACm) were 

characterised to reveal their composition, mineralogy, and corresponding physical properties 

to support the durability assessment in Chapter 5. A key challenge noted at the beginning of 

this chapter is that because these are all commercially available mortar, there is very little 

information about their precursors and general properties. A summary of the learnings from 

these characterisations is provided below.  

Cement Composition and Mineralogy 

It was of interest to determine the nature of the cement binders. For example, most geopolymer 

coatings are marketed as geopolymer. However, the binder could be an Alkali-activated binder 

(AAB) or a hybrid geopolymer by blending different aluminosilicate precursors. Based on the 

XRF results, the high calcium content of the geopolymer binders that ranged from 23.3 to 53.9 

wt.% suggest the precursors are high calcium aluminosilicate binders. This means that the 

hydrates from these binders are likely to be a blend of geopolymer and AAB hydrates. FTIR 

and TGA verified the composition of hydrates. The geopolymer phase (N-A-S-H) was found 

to be present in 1.4 to 26.7%. The rest of the hydrates established were 31-49.7 % C-A-S-H, 

24-34.3 % C-N-A-S-H, and 12-19.7% C-S-H. On OGPm-2 was found to contain CAC hydrate. 

The fine aggregate mixed in OGPm-1, OGPm-3, and OGPm-4 was indicated as sand. The 

aggregate utilised in OGPm-2 was glass. The particle distribution of aggregate was the ‘well’ 

grading, which resulted in obtaining a higher density with minimum mortar binder content.  

Based on the XRF of the CAC binder and aggregate as comparison mortar,  it was found that 

the CAC binder showed standard grade composition of CAC binder, which contained 

approximately 37 wt% CaO and 43.7 wt.% Al2O3. While the aggregate of CAC mortar showed 

a composition of 39.5 wt.% Al2O3 and 36.1 wt.% CaO which is consistent with synthetic 
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calcium aluminate aggregate. This result suggested that the CAC used in this study was 100% 

CAC as standard grade CAC. 

The chemical composition of binder and aggregate mortar, hydration phases, and particle size 

of binder and aggregates are essential parameters that impact the chemical and physical 

properties of mortar (ANC, hydration product, porosity, and UCS). These properties of mortar 

play a significant role in determining the corrosion resistance performance when subjected to 

aggressive sewer environmental conditions.  

Physical properties  

The porosity of mortar must be considered a significant factor in acid corrosion resistance 

performance because it directly affects the acid permeability of the mortar. It means there are 

more interconnected voids or pores within its mortar structure. The initial porosity of mortar in 

this study was observed to vary from 13 – 24.5 vol.%. The other factor that links to the porosity 

is UCS. The UCS of the mortar needs to be considered an essential factor to consider,  even if 

it is not subject to an external load. However, the UCS reflects the inherent strength and 

integrity of the mortar itself. The UCS of the mortar used in this study varied from 35.4-110 

MPa. High initial UCS improve corrosion resistance performance. The correlation between the 

initial UCS and porosity exhibited a negative correlation, which means that the initial UCS was 

increased when the initial porosity was decreased. 

Chemical properties 

As mentioned, the geopolymers used in this study were high-Ca geopolymers known as alkali-

activated mortar (AAB) or hybrid geopolymers. N-A-S-H, C-A-S-H, C-N-A-S-H, and C-S-H 

were formulated during the hydration process as the main hydration products. The hydration 

products were related to the physical properties. The correlation between hydration products 

and physical properties such as initial porosity and UCS shows that the C-S-H, C-A-S-H, C-
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N-A-S-H and N-A-S-H were important hydration phases because they strongly influence initial 

porosity and UCS. the C-S-H, C-A-S-H, and C-N-A-S-H could improve the mortar by reducing 

the initial porosity, leading to increase the initial UCS. In contrast, the N-A-S-H influenced 

high porosity and low UCS in mortar.  

The acid neutralisation capacity (ANC) refers to the ability of the OGPm and CACm to resist 

the acid attack. The ANC of the OGPm and CACm varied from 2.6-5.4 mmol H+ per gram 

substrate. The buffering effect was also observed on OGPm-2, OGPm-4, and CACm at pH 

approximately 3.5±0.7 due to the leaching of Al(OH)3 from the mortar hydration product and 

dissolved at pH 3-4. At the buffering pH, it has been observed that the mortar consumed 

approximately 6-15 mmol of H+ per gram of substrate based on this study. The ANC had a 

strong correlation with CaO and a weak correlation with MgO. At the same time,  Al2O3 

exhibited an optimum non-linear correlation. The ANC was decreased when the Al2O3 was 

increased to approximately 15 wt.%. After reaching the Al2O3, approximately 15 wt.%, the 

ANC was increased. Therefore, the practical ANC can influence the short-term corrosion 

resistance effects from practical ANC and the longer-term corrosion resistance from the 

buffering ANC and is highly influenced by CaO and Al2O3, respectively. 
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5 THE DURABILITY OF LINING MORTAR UNDER LABORATORY 

AND FIELD TEST 

5.1 INTRODUCTION 

The durability of OGPm and CACm was tested to identify properties of mortars that impact 

their corrosion resistance. This chapter presented the durability evaluation results. The 

durability of geopolymer and CAC mortars was tested through three different approaches: i) 

lab-based accelerated corrosion test of precast mortars, ii) corrosion testing of precast mortars 

in live digester tank tests, and iii) corrosion testing of shotcrete applied mortars in live sewer 

assets.  

i) Lab-based accelerated corrosion test of precast mortars 

The lab-based accelerated corrosion test involved acid immersion of precast mortars. The test 

was designed to simulate the effects of exposure to acidic solutions such as biogenic sulfuric 

acid found in sewer environments (Hvitved-Jacobsen et al., 2002, Joseph et al., 2012, Grengg 

et al., 2018). In this study, the lining mortar was purposed for use under sewer environmental 

conditions. Therefore, the test involved immersing the 50×50 mm lining mortar coupons in 1% 

w/v H2SO4, having a pH of approximately 1±0.05 for the acid immersion test for up to 28 days. 

The pH of the solution was changed over time by a neutralisation reaction between mortar and 

acid solution. The pH of the acid solution was monitored with a TPS WP-80D pH meter, and 

the pH of the solution was adjusted using 98% w/w H2SO4 to keep the pH at 1±0.05. The pH 

adjustment was made every day for the first week and once a week for the following week (see 

the details of the method in section 3.4.1 in Chapter 3).  

ii) Corrosion testing of precast mortars in live digester tank tests 

Field corrosion testing of precast coupon lining mortars in live digester chamber was tested at 

North Head Waste Treat Plant (NHWTP), Sydney Water. These corrosion testing results 
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reflected the corrosion resistance performance impacted by MICC. Three live digester tanks 

were involved in this test, which represented different serwer environmental conditions varying 

from 4-146 ppm H2S, 2600-11900 ppm CO2, 28-30 °C, and 95-99.99 % relative humidity 

(RH). The mortar samples were exposed for up to 42 months in each digester chamber under 

the live sewer environment (see the details of the method in section 3.4.1 in Chapter 3). It had 

to be noted that the corrosion resistance performance test of the precast coupon of various new 

commercially available one-part geopolymers under a live sewer asset was performed for the 

first time. The corrosion resistance performance from this study contributed to a new result in 

the area of corrosion resistance performance of geopolymers impacted by MICC. 

For this study, the corrosivity of the North Head Digesters was defined according to the sewer 

corrosivity classification of the gas phase in wastewater assets recently proposed to the WSAA 

(Water Services Association of Australia) (Valix, 2021). Therefore, the sewer environment 

conditions as surrogate measurements were used to assess sewer corrosivity classification, 

considering the causes of MICC.   

To support the corrosivity classification of North Head digester tanks, gas surveys were 

performed following protocols described in section 3.4.2.2 in Chapter 3. During the 

environmental survey of the live sewer assets, various parameters were monitored to assess the 

environmental conditions that impacted the sewer corrosion. Key factors such as sewer gases 

(specifically H2S and CO2) and environmental conditions favourable for the growth of bacteria 

and other microbes, such as temperature (T) and relative humidity (%RH), were continuously 

monitored. This was achieved through the use of advanced environmental data loggers, 

including devices such as Odalog and MultiRae multigas analysers. (see section 3.4.2.2 in 

Chapter 3 ). 
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iii) Corrosion testing of shotcrete applied mortars in live sewer assets.  

Corrosion testing of shotcrete applied mortars in live sewer assets as concrete manholes and 

pipes in Perth, Sydney, Adelaide, Brisbane, and Melbourne. These corrosion testing results 

reflected the real-world application of the lining mortar and the corrosion resistance 

performance impacted by MICC. The shotcrete lining mortars were exposed under different 

sewer environmental conditions across Australia. The sewer environmental condition varied 

from 1.6-190 ppm H2S, 4500-12880 ppm CO2, 20-25 °C, and 98-99 %RH (see the details of 

the method in section 3.4.3 in Chapter 3). The lining mortar was exposed to the live sewer 

environment for up to approximately 26 months and cored as a cylinder shape with the size of  

5 cm ID x 3-5 cm in length (see section 3.4.3.8 Chapter 3). It had to be noted that the corrosion 

resistance performance test of shotcrete application under a live sewer asset was performed for 

the first time in this study. Therefore, the result from this study contributed to a new result in 

the area of corrosion resistance performance of geopolymers.  

The corrosion resistance performance of lining mortar of all performance tests was assessed by 

the depth of corrosion and UCS as a function of time (see section 3.6 in Chapter 3). In the case 

of shotcrete lining mortar application, a layer of protective lining mortar was applied over the 

repaired mortar surface. During this process, Ni-Ag alloy rebars were embedded between the 

two layers. The thickness of the protective lining mortars was determined using a cover meter, 

which detected the presence and position of the Ni-Ag alloy rebars. 

The corrosion resistance performance data obtained from the field tests analysis and 

geopolymer characterisation from Chapter 4 and the durability results in this chapter were used 

to develop a service life prediction model (see Chapter 6). The service life model established 

the coating selection criteria for ensuring the appropriate selection of materials based on sewer 

corrosivity classification requirements 
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5.2 EVALUATION OF CORROSION RESISTANCE PERFORMANCE OF 

MORTARS 

5.2.1 ACID IMMERSION TEST 

The acid immersion test is a widely used method for evaluating the effectiveness of lining 

mortar in protecting concrete from chemical attacks (Hvitved-Jacobsen et al., 2002, Joseph et 

al., 2012, Grengg et al., 2018). In this test, a sample of the lining mortar is placed in contact 

with an acid solution for a specified period, and the degree of chemical deterioration is then 

evaluated based on the depth of corrosion and residual UCS.  

5.2.1.1 CORROSION RESISTANCE PERFORMANCES 

The corrosion resistance performance of lining mortar is essential to evaluate when assessing 

durability and long-term performance in corrosive environments. It was evaluated based on the 

depth of corrosion and the residual UCS. However, for the depth of corrosion,  Aiken et al. 

(2018) suggested that considering only the loss of surface material is not ideal for estimating 

corrosion depth. Therefore, the corrosion depth was estimated by considering the loss of 

surface material and acid permeation through mortar identified using a pH indicator applied to 

the cross-sectioned slide mortar sample and examined the depth of corrosion through a Leica 

DM2500 optical microscope (see section 3.9 in Chapter 3). 

5.2.1.1.1 PHYSICAL APPEARANCES  

OGPm-1, OGPm-2, OGPm-3, OGPm-4, and CACm were immersed in pH 1 of H2SO4 for up 

to 28 days. The mortar samples monitored the corrosion resistance performance at 1,3,7,14,21, 

and 28 days of immersion.  Figure 5-1 presented the appearance changes observed in a mortar 

sample before and after exposure to a pH 1 acid solution for 28 days. Additionally, it presented 

a cross-section view of the corroded mortar sample. 
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All mortar samples observed that after 28 days immersed in the pH 1 of the sulfuric acid 

solution, the surface of all mortar samples changed from grey to white. This indicated the 

formation of corrosion products, such as gypsum, on the surface, which is investigated further 

in the next section. This was because the sulphuric acid reacted with the mortar binder, leaching 

Na+, Ca2+, and Al3+ toward the acid solution and forming expansive corrosion products such 

as gypsum and ettringite, which have little or no hydraulic properties and thus no structural 

integrity (Khan et al., 2020a, Mehta, 1983). At the same time, the OH- diffused forward to the 

acid solution and reacted with available H+ in mortar and acid solution as a neutralisation 

process (Khan et al., 2020b). While the bulk geopolymer coupons appeared to be structurally 

intact, noticeable degradation and material loss were observed on the surface of OGPm-1, 

OGPm-2, OGPm-3, and OGPm-4. Moreover, the mortar coupons showed a slight increase in 

thickness after 28 days of immersion in the acid solution in Figure 5-2, confirming the 

formation of expansive corrosion products (Okabe et al., 2007b).  

The deterioration behaviour by visual observation at the same acid solution concentration 

suggested that OGPm-1 was the highest corrosion resistance and OGPm-3 was the lowest 

corrosion resistance to the acid attack. Since all lining mortar coupons were exposed to the 

same environmental condition, the deterioration of the mortar lining must depend on the 

chemical composition of the mortar. The CACm coupons maintained their initial smooth 

greyish surface and remained structurally intact, exhibiting only minor deterioration on the 

surface. Therefore, in the next section, the corrosion resistance performance was determined 

based on the corrosion depth and correlated with their chemical and physical properties to 

understand the impact of their properties.   
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Condition OGPm-1 OGPm-2 OGPm-3 OGPm-4 CACm 

0 day 

     

After 28 

days 

immersed in 

acid solution 

     

Cross-

section after 

28 days 

     

Figure 5-1 Post Acid Immersion Image of Corroded Surface 
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Figure 5-2 Thickness of mortar before and after 28 days of corrosion in sulfuric acid pH 1 and 

27 °C 

5.2.1.1.2 DEPTH OF CORROSION  

During the acid immersion test, both OGPm and CACm exhibited corrosion that initiated from 

the surface, resulting in visible deterioration. The corrosion of coupon mortar was only forced 

to corrode in two directions by coating another four sides of the coupon with Sika High Strength 

Epoxy, as shown in Figure 5-3 (a). The corrosion depth was determined by examining the 

cross-section of coupon mortar by a spraying universal indicator, as presented in Figure 5-3 

(b). The colour variations observed in the mortar samples provided indications of their 

corrosion levels. The purple colour represented uncorroded mortar, with a pH range of 

approximately 9-13. The green to red colour indicated the deterioration of the mortar, 

corresponding to a lower pH range of approximately 1-7. The optical microscope was utilised 

to help measure the acid permeation less than 5 mm, and the vernier calliper was used when 

the acid permeation was more than 5 mm. The schematic of the corrosion depth calculation is 
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shown in Figure 5-4. It is calculated based on the original cube centre and takes into account 

the expansion or loss of material. The depth of corrosion was calculated based on Equation 5.1. 

 
Figure 5-3 Acid attack on the cross-section of mortar from acid immersion test 

 

 

Figure 5-4 Schematic diagram of the depth of corrosion calculation 



171 

 

 
𝐷𝑜𝐶 = (

𝐿𝑆0
2
−
𝐿𝑆
2
) + 𝐿𝐴 Equation 5.1 

Figure 5-5 presented microscopic images of OGPm and CACm after acid immersion for up to 

28 days after spraying the universal indicator. It visually observed that the acid permeation 

gradually progressed toward the mortar matrix as a function of time. Moreover, the acid 

permeation depth was exhibited differently between the lining mortar. This result suggested 

that the corrosion resistance differs depending on the lining mortar type. This suggestion agrees 

with Dorner (2000) that the corrosion resistance of concrete depends on the type and chemical 

composition of the cement as well as the pH of the attacking acid. Moreover, the porosity was 

also expected to influence the depth of permeation based on the study by Khan et al. (2020b).  

The corrosion resistance performance of the mortar was examined from the depth of corrosion. 

Figure 5-6 shows the corresponding plots of the corrosion depths of the four OGPm and  CACm 

as a function of time. It was observed that the corrosion depth was increased as a function of 

time. The corrosion behaviour was observed to occur in two stages. The initial stage exhibited 

accelerated corrosion, considered stage I corrosion, which persisted for a duration of up to 3 

days. This was followed by a subsequent stage characterised by slow corrosion, considered 

stage II corrosion. Based on the corrosion depth after 28 days of acid immersion test in Figure 

5-6, the CACm showed the highest resistance to corrosion as expected, followed by OGPm-1, 

OGPm-2, OGPm-4, and OGPm-3. The plot of corrosion depth as a function of time of all 

OGPm in Figure 5-6 was examined further by analysing the corrosion rates. The corrosion rates 

were estimated by fitting the line to the depth of the corrosion plot (see Figure 5-7). The slopes 

of the fitted line are reported as stage I corrosion rate (R1) and stage II corrosion rate (R2). 
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Immersion OGPm-1 OGPm-2 OGPm-3 OGPm-4 CACm 

1 Day 

     

14 Days 

     

28 Days 

     

Figure 5-5 Progression of Corrosion surface for OGPm and CACm after acid immersion up to 28 day  
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Figure 5-6 Plot of the depth of corrosion of OGPm and CACm as a function of time of exposure 

to sulphuric acid (pH 1, 30 °C) 

 

Figure 5-7 Fitted rates of corrosion 

A comparison of relative corrosion resistance based on R1 for the OGPm and CACm, shown in 

Figure 5-8(a), confirms their relative corrosion resistance established from the corrosion depth 
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in Figure 5-6. The relative corrosion resistance based on R1 of the mortar is CACm > OGPm-

1 > OGPm-2 > OGPm-4 > OGPm-3. In a similar comparison, the relative corrosion resistance 

based on R2 in Figure 5-8 (b) showed a similar trend in R1. Interestingly, The R2 of OGPm-1 

was comparable with CACm, which usually presented better performance and durability. The 

low R2 rates observed for all OGPm and CACm were an exciting feature for estimating the 

service life of lining mortar. Additionally, it occurred over a period of time and could, therefore, 

have an important bearing on the durability of OGPm. This result highlighted that the corrosion 

rates exhibited by the second-stage corrosion were an important feature of these protective 

lining mortars, which is reflected by the values of R2. The corrosion rate reduction in the second 

stage could be attributed to the increased diffusion resistance for the acid through the build-up 

of the corrosion layer and to pore blocking by gypsum.  

Once the OGPm and CACm were immersed in an acid solution, The dissolution of important 

elements from hydrates phases such as Na+, Ca2+, Fe3+ and Al3+ occurred at lower pH values, 

resulting in increasing the porosity (Dorner, 2000, Dorner and Beddoe, 2002, Yuan et al., 2013, 

Khan et al., 2020b). The increasing porosity provided more H+ and SO4
2- permeation pathways 

and reacted further with mortar binder, especially Ca2+. The SO4
2- was reacted with Ca2+, 

formulating expansive corrosion products such as gypsum and ettringite (Beddoe and Dorner, 

2005, Monteny et al., 2000, Khan et al., 2020b, Scrivener et al., 1999, Yuan et al., 2013). The 

corrosion products caused the deterioration of the lining mortar by generating more cracks and 

allowing more acid to penetrate the lining mortar matrix. Therefore, the corrosion resistance 

performance of the lining mortar depended on the transport mechanism and diffusion of 

sulphate and proton from the sulphuric acid solution (Albitar et al., 2017, Khan et al., 2020b). 

However, the corrosion products formed along the cracks limited acid diffusion through the 

pore by acting as a barrier between the sound mortar and acid solution. This phenomenon 

resulted in reducing the corrosion rate. Additionally, the OH- that leached out from the lining 
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mortar matrix was reacted with H+ as a neutralisation process, resulting in lower acid 

permeation. It is important to note that at a lower pH solution than 3.5, the Al(OH)3 was 

dissolved and neutralised more acid as in this study (Scrivener et al., 1999). 

 

(a) R1 

 

(b) R2 

Figure 5-8 The a) initial and b) final rates of corrosion of geopolymer and CAC exposed to 

H2SO4 at pH 1.0 and 30 °C 
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The initial porosity is relatively linked to the corrosion resistance performance of mortar. The 

porosity of the fresh OGPm ranged from 15.6% to 24.5%, whereas the fresh CACm exhibited 

a porosity of 13.8%. Figure 5-9 shows the correlation between R1 and R2 and initial porosity. 

They showed a strong linear correlation between R1 and R2 and initial porosity. The corrosion 

rate was increased with an increase in the initial porosity. 

 

 

 

Figure 5-9 Correlation between stage I and Stage II corrosion rate and initial porosity 
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As noted, OGPm-1 has the highest calcium (Ca) content and OGPm-3 is the lowest calcium 

(Ca) content. Figure 5-10 shows the correlation between the CaO content in the mortar and R1 

and R2. The Ca content in the lining mortar strongly correlated with R1 and R2. These results 

presented evidence to confirm that the CaO content in OGPm and CACm played an essential 

role in the corrosion resistance of the mortar. The corrosion rate in stages I and II revealed that 

the corrosion rate decreased when the Ca content in the mortar increased due to the formation 

of corrosion products such as gypsum and ettringite, as mentioned earlier. 

The formation of gypsum was also observed using SEM/EDS. Figure 5-11 shows the corroded 

microstructure of OGPm-1 and OGPm-3 using SEM/EDS after 28 days of acid immersion test. 

The corroded section developed a ‘mushy’ crystalline texture on the surface due to the 

decalcification from hydrate mortar binder reacting with SO4
2- to form expansive corrosion 

products such as gypsum and ettringite. The EDS line scan within the deteriorated region of 

OGPm-1 and OGPm-3 presented the high concentration of Sulphur (S) element as 

representative of gypsum on the surface and low concentration when the distance scanned 

further toward the sound mortar region. Moreover, It was noticed that the concentration of the 

S on the surface of OGPm-1 was more than OGPm-3, as expected. This is because the Ca 

content in OGPm-1 was higher than OGPm-3 based on the XRF analysis (See Table 4-1 XRF 

analysis of the OGPm and CACm binder chemical composition in Chapter 4). The Ca reacted 

with SO4
2-, formed more gypsum, and deposited within the pore from the surface toward the 

sound mortar.  

Another noticeable is that the depth of S permeation presented in OGPm-1 and OGPm-3 lining 

matric, the OGPm-3 observed a depth of S approximately 2 mm, while the OGPm-1 observed 

a depth of S approximately 0.8 mm. These results are attributed to the porosity of the lining 

mortar. The initial porosity of OGPm-3 was higher than OGPm-1, allowing more acid to 

permeate deeper toward the sound mortar. 
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This finding highlighted that the corrosion of lining mortar by acid attacks relied on the 

transport mechanism and diffusion of sulphate and proton from the sulphuric acid solution. 

However, the corrosion product, such as gypsum from the acid attacks, had an advantage in 

slowing down the corrosion rate by acting as a barrier to reduce acid diffusion. The formation 

of gypsum appears to depend on the calcium content of the binders. However, if the gypsum is 

formed excessively, it could accelerate the corrosion rate because gypsum and ettringite is 

expansive compounds and one of the most common causes of corrosion of lining mortar in 

sewer environments. 

 

Figure 5-10 Correlation between stage I and stage II corrosion rate and CaO content 
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OGPm-1 

 

 

OGPm-3 

 

 

Figure 5-11 The SEM/EDS of OGPm-1 and OGPm-3 after 28 days of acid immersion test  
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Another parameter assessing the corrosion resistance performance is the initial UCS. Both 

stage I and stage II corrosion rates were correlated with the initial UCS to confirm the durability 

of mortar related to the initial UCS. Figure 5-12 shows a strong negative correlation between 

the initial UCS and R1 and R2. The corrosion rates were decreased with decreased initial UCS 

of lining mortar. These results confirmed that the durability of the mortar is related to its initial 

UCS. It is attributed to the physical and chemical properties of lining mortar.  

High initial UCS is related to the low initial porosity and Ca content, which is key to the acid 

permeability of the mortar. As mentioned above, the Ca content is also presented as one of the 

essential elements in lining mortar. It could reveal the advantages or disadvantages of the 

corrosion resistance performance. Figure 5-13 shows the correlation between the corrosion 

rates at stage I and stage II and the initial porosity of the mortar. The results revealed a clear 

positive correlation between the corrosion rate and the initial porosity, indicating that both 

corrosion rates increased when the porosity increased. This suggests that a higher initial 

porosity in the mortar leads to greater corrosion in both stages. Combining the high porosity 

with low Ca content would lead to high corrosion depth. Therefore, A higher initial UCS 

generally corresponds to improved corrosion resistance, suggesting that a stronger mortar 

exhibits better durability in corrosive environments. However, it needs to control the Ca content 

appropriately in the lining mortar mix. 
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Figure 5-12 Correlation between the rate of corrosion and UCS 

  

Figure 5-13 Correlation between the rate of corrosion and porosity 
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H+/g substrate.  This behaviour is attributed to the available oxide composition, especially Ca, 

in the mortar (Giampaolo et al., 2002b). Once the acid attacks the mortar binder, several 

elements from the hydrate phase, such as Na+, Fe3+, Si4+, Al3+, and Ca2+, leach out, increasing 

porosity and providing more pores, allowing acid to penetrate further toward sound lining 
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mortar. During the acid permeation, the formation of gypsum and neutralisation coincide. 

Increasing the ANC reduced the corrosion rate. Increasing ANC is related to the Ca content in 

the mortar (see 4.5.2.3). However, if the ANC excessively increases, it potentially increases 

the corrosion rate due to the reaction between Ca2+ and SO4
2-, forming an expensive corrosion 

product such as gypsum. 

  

Figure 5-14 Correlation between the rate of corrosion and ANC 
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Additionally, the positive optimal correlation observed with N-A-S-H indicates that increased 

N-A-S-H content leads to higher corrosion rates in both stages. This relationship is likely due 

to the porosity of the mortar, as higher N-A-S-H content is associated with increased porosity 

(see section 4.5.1.2), allowing the corrosive compounds to penetrate and react with the mortar 

binder matrix. Therefore, optimizing the amount and type of hydration products is important 

for improving corrosion resistance performance. 
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Figure 5-15 Correlation between the rate of corrosion and hydration binders 
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5.2.1.1.3 RESIDUAL UNCONFINED COMPRESSIVE STRENGTH (UCS)   

The initial and residual UCS was measured with the corrosion progression to monitor the 

strength loss from the acid attack. The residual UCS were measured from the remaining sound 

concrete. Therefore, the corroded layer and the epoxy coating on all four sides of the corroded 

mortar sample were carefully removed, as shown in section 3.6.2. The UCS of deteriorated 

OGPm and CACm from acid immersion tests at different corrosion times were estimated to be 

similar to the initial UCS based on ASTM C109 (ASTM-C109/C109M-21, 2021). The initial 

compressive strengths of the OGPm-1, OGPm-2, OGPm-3, OGPm-4, and CACm are 72.3, 

102.8, 35.4, 88.3 and 108.5 MPa, respectively. 

The change of residual UCS of all lining mortar over time was plotted in Figure 5-16. Among 

the OGPm, the residual UCS of all lining mortars were initially increased and followed by a 

decrease with time. In the early period, the UCS was increased as the mortar absorbed the water 

and acid from the acid solution, leading to the development and deterioration of UCS. The 

initial increase in UCS is attributed to the hydration of calcium silicates and pozzolanic 

reactions (Albitar et al., 2017). For example, the OGPm-3 exhibited the highest increase in the 

UCS during the first 7 days after being exposed to acidic solutions, followed by a decrease in 

the UCS. The increase in UCS at the initial exposure time was similar to the study by Albitar 

et al. (2017). They suggested that the increase in UCS was attributed to C-S-H and C-A-H from 

the hydration of available calcium silicates and pozzolanic reactions (see Equation 5.2 and 

Equation 5.3) of fly ash or other silica sources, which result in internal confinement due to the 

pressure that the expanded elements exert and enhance the integrity of geopolymer mortar 

specimens (Sargent, 2015, Albitar et al., 2017). It needs to note that the pozzolanic reactions 

occur over long time scales (months to years) (Sargent, 2015), and according to Bergado et al. 

(1996) and Diamond and Kinter (1965), the pozzolanic reactions are not complete until five 

years post-mixing. 
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 Ca2+ + 2(OH)− + SiO2 → C− S − H Equation 5.2 

 Ca2+ + 2(OH)− + Al2O3 → C − A − H Equation 5.3 

The reduction in UCS  of OGPm and CACm was caused by the number of essential elements 

such as Al3+, Si4+, and Ca2+ leaching out, especially Ca2+, which leads to the formation of 

gypsum and ettringite, resulting in strength reduction due to expansion, cracking and material 

loss  (Alzeebaree et al., 2019, Xie et al., 2019, Khan et al., 2020b). These results indicated that 

acid attacks of the OGPm and CACm led to the deterioration of mortar based on UCS 

reduction. 

 
Figure 5-16 Compressive strengths of OGPm and CACm exposed to H2SO4 pH 1.0 at 27°C 
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CACm after 28 days in the acid immersion test exhibited a loss of UCS not more than 32% 

from their initial UCS. Among the OGPm, The OGPm-1 was the highest loss of the UCS, 

approximately 31% and OGPm-3 was the lowest loss of UCS, approximately 12.5%. This 

result would be attributed to the Ca content in the mortar lining. 

Interestingly, despite having a denser matrix and high initial UCS, OGPm-2 experienced a loss 

of UCS of about 14%, which was more than OGPm-3. This indicated that OGPm-2 matrices 

started to lose their structural integrity, which is linked to the decalcification from the OGPm-

2 matrices and the formation of a corrosion product such as gypsum. Lower UCS loss in 

OGPm-3 was potentially due to the lowest CaO content in the mix, resulting in the highest N-

A-S-H matrix compared to other OGPm. Based on the literature, the cross-linked N-A-S-H 

usually has high acid corrosion resistance compared to C-A-S-H (Aiken et al., 2018, Khan et 

al., 2020b, Lee and Lee, 2016). Therefore, the acid immersion test revealed the highest acid 

resistance performance based on the reduction of UCS, which was OGPm -2, followed by 

OGPm-4, OGPm-3, and OGPm-1, respectively. 

In comparison, CACm experienced a loss of UCS of about 9% with a decelerating trend. In a 

CACm acid attack, decalcification from CACm was leached, and CaSO4 and Al(OH)3 were 

formed (Scrivener et al., 1999). The Al(OH)3 was further dissolved when the pH was below 

approximately 4. Specifically, in the experimental conditions of this study, the pH of the 

solution was maintained at 1. At this low pH, the presence of OH- ions facilitated the 

neutralisation of H+ ions, effectively slowing down the degradation process of CACm. This 

mechanism played a crucial role in preserving the integrity and durability of the CACm under 

the given acidic conditions. Furthermore, the observed loss of UCS in this study confirmed that 

CACm exhibited superior corrosion resistance compared to OGPm. 
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Figure 5-17 Loss of UCS of OGPm and CACm with respect to exposure time in acid solution 

(pH 1) with 27 °C 

5.2.2 SEWER CORROSIVITY CLASSIFICATION 

Concrete, protective linings and other materials are sensitive to corrosion when exposed to 

harsh sewer environments (Jacobs, 2019, Valix, 2018, Valix et al., 2012, Okabe et al., 2007b, 

Hudon et al., 2011, Valix et al., 2011, Nielsen et al., 2005a). This means that lining mortar 

depends on its corrosion resistance performance and exposed environmental conditions. 

Therefore, the environmental conditions must be considered in mortar lining selection. 

Currently, only one classification for sewer corrosivity is designated as a “severe environment” 

(WSA-201, 2017). The information on the corrosivity of the sewer environment is an essential 

requirement for selecting material, selecting mitigation strategies (e.g., type of protective 

linings), and estimating service life (Mikhailov et al., 2004, Knotková, 2007). Recently, sewer 

corrosivity classification of sewers was developed as part of the CRC-P Smart Linings for Pipes 

and Infrastructure project. It refers to the severity of sewer concrete corrosion when the 

concrete is exposed to corrosive or harsh environmental conditions.  

Sewer deterioration can occur from the impact of Microbially Induced Concrete Corrosion 

(MICC) on the gas phase. It can also be impacted by tree root intrusion (Hawari et al., 2017), 
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soil corrosivity and chemical and abrasion in the submerged phase (Damvergis, 2014, De Belie 

et al., 2004). In general, the impact of MICC is considered the most aggressive. For the study 

undertaken in the CRCP, only the effect of MICC was classified. The impact of MICC is 

complex and will typically involve the growth of microbes, generation of acid, and acid attack 

(Grengg et al., 2018). The sewer corrosivity classification, therefore, used the environmental 

conditions as surrogate measures to infer the corrosivity of the sewer. Sewer environmental 

conditions included H2S, CO2, temperature, and relative humidity. This is because the H2S, 

CO2, temperature, and relative humidity significantly influenced the corrosion of the concrete 

sewer assets as a precursor of MICC in different stages. H2S and CO2 gases, through abiotic 

and biotic processes, can undergo conversions that lead to the formation of corrosive 

compounds such as H2SO4 (sulfuric acid) and H2CO3 (carbonic acid). These acids then attack 

the concrete matrix within sewer systems, forming calcium carbonate, gypsum, and ettringite. 

(Jiang et al., 2015a, Grengg et al., 2018). 

To generate the classification, an environmental survey of  16  sewer assets (manhole and pipes) 

and a condition assessment of the concrete assets that have been in service for 20-81 years were 

undertaken. The classification was verified by the corrosion of various protective coatings 

under different exposure conditions. 

The final classification recommended by the CRCP Smart Linings projects is shown in Table 

5-1. As shown, the corrosivity is divided into five classifications. These are Classification 1: 

very low corrosivity (C1), classification 2: low corrosivity(C2), classification 3: Medium 

corrosivity (C3), classification 4: high corrosivity (C4), and classification 5: very high 

corrosivity (C5). These are correlated to the environmental condition limits, also referred to as 

the ‘dose’ and corrosion impact on the concrete sewer asset. The corrosion impact was reported 

as the range of corrosion depth (in mm) at 10 and 100 years of service. The corrosion impact 

was also reported in terms of residual UCS (in MPa) at 10 and 100 years of service. The 
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temperature and relative humidity were broadly reported from 15-28 and 95-99 %RH, 

respectively, with no specific correlation to H2S. This was similar to the previous sewer 

environmental survey within Australia by Valix and Shanmugarajah (2015). However, 

sensitivity analysis showed that the changes in temperature and RH under specific categories 

do not affect the change in the corrosion rates to alter the classification (Valix, 2021).  A sewer 

concrete corrosion model was developed for a more accurate corrosion prediction. This is 

embedded in the Sewer Decision Tool developed under the CRCP Smart Linings project.    
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Table 5-1 Classification of Sewer Corrosivity adopted from Valix (2021) 

Corrosion 

Classification 

Corrosion 

Impact 

Environmental Conditions Predicted Corrosion of Concrete Asset 

H2S (ppm) CO2 (ppm) Tg(°C) RH (%) 

Depth of Corrosion (mm) Residual UCS (MPa) 

10 years of 

service 

100 years of 

service 

10 years 

of service 

100 years 

of service 

Category 5 Very High >155 <2500 15-28 95-99 >61 >180 <25 <19 

Category 4 High 135-155 2500-4000 15-28 95-99 54-61 158-180 25-34 19-26 

Category 3 Medium 70-135 4000-9300 15-28 95-99 29-54 85-158 26-36 20-28 

Category 2 Low 15-70 9300-9400 15-28 95-99 6.8-29 20-25 27-43 21-33 

Category 1 Very Low <15 9400-9500 15-28 95-99 2.4-6.8 7.0-20 33-49 25-38 
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5.2.3 DIGESTER CHAMBER TEST 

This section presents the acid resistance performance of four lining mortars (OGPm-1, OGPm-

2, OGPm-3, and CACm) under a digester tank which presented a sewer environment. The main 

focus of this section is to evaluate the corrosion resistance performance of lining mortar against 

the MICC under a sewer environment. The cured mortar cube of OGPm-1, OGPm-2, OGPm-

3, and CACm were placed in the three digester tanks, presenting different environmental 

conditions. The mortar samples were periodically collected, and the corrosion resistance 

performance was from 6 to 42 months, with samples within this interval where possible. 

Regular sample collection was interrupted by the Covid-19 shutdown. The details of this test 

were presented in (see section 3.4.1 in Chapter 3). The corrosion depth and residual UCS were 

used to assess the corrosion resistance performance and compared to the initial mortar coupon. 

The test results provided the impact of MICC on the proper preparation of lining mortar 

samples under different corrosivity environmental conditions. This section also presented the 

visual of mortar samples after exposure to the digestion chamber under different aggressive 

environmental conditions. Moreover, the chemical and physical properties of lining mortar 

were also correlated to understand the impact of the properties on the durability of lining 

mortar.  

5.2.3.1 CORROSIVITY CLASSIFICATION OF NORTH HEAD CHAMBERS  

For the field test in the digester tanks, the lining mortar coupons were installed in three (3) 

digester tanks denoted as CC1, CC2, and CC3, based on the installation procedures at the 

wastewater treatment plant (WWTP), Sydney Water. The digester tank received the sewage 

from the sewer network (see 3.4.1 in Chapter 3). The gases produced in the digester tanks were 

consistent with the main gas composition in the sewer network, known as sewer gases. The 

sewer gases typically comprised N2, CH4, H2S, CO2, NH3, and SO2. The latter four gases are 
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corrosive when hydrolysed and oxidised in humid sewer environments. These sewer gases will 

form weak and strong acids, specifically H2CO3, HNO2, HNO3 and H2SO3 (Sand, 1997b). 

The environmental condition of the three digester chambers was monitored, including H2S, 

CO2, %RH, and temperature. They were monitored during 2018 – 2022. Figure 5-18 presents 

the environmental condition in CC1 as representative of environmental condition 

measurement. The environmental survey data were analysed further with statistical analysis. 

The 90th percentile was used to provide statistical estimates of the gas compositions and 

conditions from the overall survey (see Table 5-2). The environmental condition of chamber 1, 

chamber 2, and chamber 3 was classified as C4, C1, and C3, respectively, using Table 5-1. 
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(a) H2S and temperature 

 

(b) %RH and temperature 

 

(c) CO2 and temperature 

Figure 5-18 Environmental conditions in chamber 1: a) H2S and T, (b) %RH and T, (c) CO2  
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Table 5-2 Environmental conditions of each digestor chamber 

Conditions Chamber 1 Chamber 2 Chamber 3 

H2S (ppm) 146 4 94 

CO2 (ppm) 2600 11900 8150 

Temperature (°C) 30.38 28 27.73 

Humidity (%RH) 99.99 94.93 99.99 

Corrosivity 

classification 
C4 C1 C3 

5.2.3.2 CORROSION RESISTANCE PERFORMANCE 

5.2.3.2.1 PHYSICAL APPEARANCES 

After exposure of the OGPm and CACm in three digester chambers, which presented sewer 

corrosivity classification of C1, C3, and C4 for up to 42 months, the OGPm and CACm were 

periodically collected and assessed the corrosion resistance performance based on corrosion 

depth and residual UCS. 

Figure 5-19 presents corroded OGPm-1, a representative sample collected from C1, where the 

sewer corrosivity classification C4 was presented. The figure clearly shows the accumulation 

and expansion of corrosion products on the exposed surface of OGPm-1. The epoxy coating 

on the four sides of the lining cube was extremely cracked. Furthermore, the corroded surface 

of OGPm-1 exhibits noticeable material loss and expansion, indicating the extent of 

degradation caused by corrosion. It is important to note that not all geopolymers exhibit the 

same degree of deterioration as OGPm-1. The deterioration of lining mortar after exposure to 

sewer environmental conditions differed depending on the lining mortar and the corrosivity of 

environmental conditions (see Figure 5-20 - Figure 5-22). 
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Original cube 

Exposure surface after 42 

months in C4 of sewer 

corrosivity classification 

Side surface after 42 months 

in C4 of sewer corrosivity 

classification 

 
OGPm-1 

 
 

 
 

Figure 5-19 Corroded OGPm-1 and OGPm-2 after 42 months in C4 of sewer corrosivity 

The visual acid permeation of OGPm and CACm exposed in C1, C3, and C4 sewer corrosivity 

was assessed based on the procedure explained in section 3.6.1. The corrosion depth of all 

mortar samples was determined using a universal indicator, providing a visual representation 

of the extent of corrosion.  

Figure 5-20 presents the corrosion depth of OGPm and CACm samples after 31 and 42 months 

in C1 sewer corrosivity classification (very low corrosivity). The cross-sections of OGPm-1, 

OGPm-2, OGPm-3, and CACm were treated with universal indicators, allowing visual 

assessment. Surprisingly, all OGPm and CACm samples exhibited healthy structural integrity, 

indicating their high corrosion resistance performance at this corrosivity classification. 

However, upon evaluating the acid permeation of all mortar samples, it was evident that 

OGPm-3 exhibited green and yellow colours on the surface. This observation suggested that 

the pH of the mortar surface was lowered to approximately 5.5, indicating the initiation of 

deterioration. The colour change from purple to yellow or green indicated the acid attacks from 

the mortar surface toward the sound lining mortar of OGPm-3. Among the OGPm samples, 

OGPm-3 presented a significant acid permeation depth of approximately 7 mm compared to 

epoxy 

epoxy 
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other OGPm samples. Despite the high acid permeation, the OGPm-3 exhibited no material 

loss from the exposure surface. 

Figure 5-21 shows the corrosion depth of OGP and CACm samples after 31 and 42 months in 

C3 sewer corrosivity classification (medium corrosivity). The cross-sections of OGPm-1, 

OGPm-2, OGPm-3, and CACm were sprayed with universal indicators, allowing visual 

assessment. All OGPm and CACm samples exhibited great structural integrity. Despite all the 

lining mortar showing great structural integrity, the OGPm-3 visually exhibited the highest 

acid permeation, approximately 8 mm, compared to other lining mortar samples. It presented 

green and yellow mixed with orange from the surface toward the sound mortar lining, 

indicating a surface pH of around 3. At the same time, the OGPm-2 exhibited orange on the 

surface, indicating a surface pH of around 3. The other lining mortar exhibited a purple colour 

on the surface of each lining mortar. This observation suggested that the surface pH of OGPm-

2 and OGPm-3 were lower by approximately 3, while the surface pH of OGPm-1 and CACm 

were lower by approximately 8-9, suggesting mortar deterioration was presented at different 

stages of corrosion by MICC. The OGPm-2 and OGPm-3 were at stage 2 of corrosion, while 

the OGPm-1 and CACm were at stage 1 of corrosion (Islander et al., 1991b).  

Figure 5-22 presents the corrosion depth of OGPm and CACm after 31 and 42 months in C4 

of sewer corrosivity classification (high corrosivity). Comparing the OGPm-1, OGPm-2, and 

OGPm-3 at 31 and 42 months of exposure, it was observed that all OGPm significantly 

deteriorated from their surface toward sound mortar over time. All OGPm experienced the loss 

of material from the surface and the acid permeation toward sound mortar, assessing based on 

the colour of the universal indicators on the cross-section of mortar samples. The purple colour 

means sound mortar, with a pH of approximately 12.  However, the extent of material loss and 

acid permeation varied among the OGPm samples. For example, OGPm-1 exhibited significant 

material loss from the exposure surface and showed acid permeation towards the sound mortar 
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at 42 months, as seen in the green colour from the surface. At the same time, OGPm-3 

experienced severe mortar deterioration, where material loss and acid permeation from the 

exposure surface towards the sound mortar was almost 100% deteriorated. CACm 

demonstrated a low acid permeation level and a minor material loss at the deteriorated surface. 

In summary, the visual assessment of acid permeation was conducted on OGPm and CACm 

samples exposed to different sewer corrosivity classifications (C1, C3, and C4). The results 

confirmed that sewer corrosivity classification significantly impacted the corrosion 

performance of both OGPm and CACm. Moreover, OGPm and CACm demonstrated different 

corrosion resistance performances within the same sewer corrosivity classification. These 

results are attributed to the variations in chemical and physical properties of the OGPm and 

CACm.  
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Figure 5-20 Visual corrosion depth in C1 sewer corrosivity classification after 31 and 42 months 
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Figure 5-21 Visual corrosion depth in C3 sewer corrosivity classification after 31 and 42 months
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Figure 5-22 Visual corrosion depth in C4 sewer corrosivity classification after 31 and 42 months 
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5.2.3.2.2 DEPTH OF CORROSION 

The corrosion resistance performance of OGPm-1, OGPm-2, OGPm-3 and CACm after 

exposure up to 42 months in three digestion chambers representing C1, C3, and C4 of sewer 

corrosivity classifications was assessed based on corrosion depth and residual UCS. 

Figure 5-23 presents the corrosion depth of all mortar specimens exposed in three digestion 

chambers representing C1, C3, and C4 of sewer corrosivity classification (see Table 5-2) for 

up to 42 months. The OGPm-1, OGPm-2, OGPm-3, and CACm experienced an increase in 

corrosion depth with respect to time. However, low or high corrosion depth depends on the 

type of lining mortars. Among the OGPm, OGPm-3 showed the highest corrosion depth in all 

sewer corrosivity classifications compared to OGPm-1 and OGPm-2. The corrosion depth of 

OGPm-3 in C1, C3, and C4 were 29%, 33%, and 65% compared with initial thickness, 

respectively.  The corrosion depth of OGPm-1 in C1, C3, and C4 were 1.7%, 2.9%, and 42% 

compared with initial thickness, respectively. The corrosion depth of OGPm-2 in C1, C3, and 

C4 were 0.3%, 0.4%, and 17% compared with initial thickness, respectively. The results of 

lining mortar deterioration exposed in C1, C3, and C4 of sewer corrosivity classification 

indicated a clear association between the environmental condition (H2S, CO2, temperature, and 

%RH) and chemical and physical properties of geopolymer lining mortar. These results also 

agreed with studies by Khan et al. (2020b) and (Grengg et al., 2020) that exposed geopolymer 

samples in higher H2S influenced the higher corrosion depth. In CACm, the corrosion depth 

from C1, C3, and C4 of sewer corrosivity classifications was raised by approximately 0.4%, 

0.6%, and 10% compared with the initial thickness. The long-term durability of the CACm 

result was compared to OGPm durability results and confirmed that CACm is the superior 

material for resisting acid corrosion in sewer environments. However,  in comparison OGPm 

and CACm, it was observed that the corrosion resistance performance of OGPm-2 was 

comparable with CACm. This suggested that OGPm was able to provide comparable the acid 
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corrosion resistance to CACm. The depth of corrosion was also observed that at the same sewer 

corrosivity classification, the corrosion resistance performance of the OGPm in this study 

exhibited different depth of corrosion at the same exposure time. This can be attributed to 

chemical and physical properties of the mortar.  
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Corrosivity 

classification 
OGPm-1 OGPm-2 OGPm-3 CACm 

C1 

    

C3 

    

C4 

    
Figure 5-23 Depth of corrosion after exposure to the aggressive environment in the three digester chambers. 



205 

 

Physical properties 

The corrosion depth in geopolymer lining mortars was correlated with two fundamental 

physical properties: the initial unconfined compressive strength (UCS) and the initial porosity 

to understand the impact of these properties.  

Figure 5-24 presents the correlation between corrosion depth and initial porosity (a), and initial 

UCS (b) after 42 months of exposure in C1, C3, and C4 of sewer corrosivity classification. 

Figure 5-24 (a) generally shows a positive correlation between the corrosion depth and initial 

porosity. As the initial porosity of the geopolymer increases, the corrosion depth also increases. 

This result suggested that a higher initial porosity allowed biogenic sulfuric acid penetration 

into the OGPm and CACm matrix and formed corrosion products such as gypsum and 

ettringite. Scrivener et al. (2004), Albitar et al. (2017) and  Khan et al. (2020b) suggested that 

when the proton (H+) penetrated the mortar matrix, essential elements such as Ca2+, Al3+, Si4+or 

Na+ were leached out to pore space. At the same time,  H+ and sulphate (SO4
2-) were neutralised 

and transferred into a mortar matrix, forming a corrosion product, respectively (Khan et al., 

2020b). In contrast, a lower initial porosity limits acid penetration and improves corrosion 

resistance performance.  

The sewer corrosivity classification distinguishedly influenced lining mortar deterioration by 

increasing the corrosion depth with increasing the sewer corrosivity. The correlation between 

corrosion depth and initial porosity revealed a strong negative correlation in C4 of the sewer 

corrosion classification. An optimal correlation was observed for the initial porosity in C1 and 

C3 of the sewer corrosivity classifications. These findings suggest that in C1 and C3, the initial 

porosity must be maintained below 20 vol.% to effectively mitigate excessive acid penetration 

and prevent subsequent corrosion damage permeation, while in C4 could generate more 
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biogenic sulphuric acid to attack the mortar binder, resulting in exhibiting severe deterioration 

and more severe when increasing more porosity. 

Figure 5-24 (b) generally shows a negative correlation between the corrosion depth and initial 

UCS. The plot generally showed that the corrosion depth decreased when the initial UCS of 

the geopolymer increased. Moreover, corrosion depth was additionally impacted by the sewer 

corrosivity classification.  

The correlation between corrosion depth and initial UCS revealed a strong negative correlation 

in C4 of sewer corrosion classification. At the same time, in C1 and C3 of sewer corrosivity 

classifications, an optimal correlation was observed between the initial UCS and corrosion 

depth. The results showed that the corrosion resistance performance of all lining mortars was 

generally improved with increasing the initial UCS but performed differently in different sewer 

corrosivity. As we mentioned, the UCS is used to reflect the inherent strength and integrity of 

the mortar material itself. It is significantly related to the density of lining mortar material; less 

dense lining mortar allows more acid to penetrate further into the mortar matrix (Ng et al., 

2018, Rong-rong and Dong-dong, 2020, Jia et al., 2019). Therefore, high UCS revealed better 

corrosion resistance performance. However, the sewer corrosivity clearly shows the impact on 

the lining mortar performance. At C4 sewer corrosivity, all mortar showed the highest 

corrosion depth but lower with increased initial UCS. Meanwhile, the C1 and C3 sewer 

corrosivity showed optimal UCS of lining mortar. It exhibited that the initial UCS exceeded 

approximately 70 MPa, showing a corrosion depth of less than 2 mm. These results suggested 

that the mortar with initial UCS exceeding 70 MPa can effectively be used as lining mortar in 

C1 and C3 sewer corrosivity. 

These findings highlight the importance of considering both the sewer corrosivity classification 

and the physical properties of materials in order to optimise corrosion resistance performance. 
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By considering an appropriate initial UCS and porosity, sewer lining materials can effectively 

mitigate the corrosion issue and enhance their durability in corrosive environments.  

  

(a) Initial Porosity (b) Initial UCS 

Figure 5-24 Effect of initial porosity and UCS on the corrosion performance after 42 months 

of exposure to C1, C3, and C4 of sewer corrosivity classification 

Chemical properties 

Aside from the impact of physical properties on corrosion resistance performance, chemical 

properties are also important. The two significant chemical properties of lining mortar 

considered in the study are Acid Neutralization Capacity (ANC) and the hydration products of 

the mortar (C-S-H, C-A-S-H, C-N-A-S-H, and N-A-S-H).  

The ANC of lining mortar refers to its capacity to neutralise acidic substances (Damion and 

Chaunsali, 2022). In sewer systems, the presence of sulphur-oxidizing bacteria (SOB) and 

Sulphate-reducing bacteria (SRB) can lead to the presence of gases like hydrogen sulphide 

(H2S) and carbon dioxide (CO2) and strong and weak acid formation such as sulphuric acid 

(H2SO4) and carbonic acid (H2CO3) (Grengg et al., 2018, Okabe et al., 2007b). These acids 

potentially attack the mortar matrix, leading to lining mortar deterioration. The ANC of the 

mortar acts as a protection mechanism against deterioration by neutralising the acidic 

substances. Therefore, mortars with higher ANC can effectively reduce the acid attack and 

exhibit improved corrosion resistance. 
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Figure 5-25 presents the impact of ANC with corrosion performance based on corrosion depth 

after 42 months of exposure to C1, C3, and C4 of sewer corrosivity classification. It observed 

the optimum correlation between the depth of corrosion and ANC. Additionally, the correlation 

is similar in all sewer corrosivity classifications. The optimum value of ANC relied on 3.8-4.4 

mmol H+/g of mortar. The ANC lower than 3. 8 mmol H+/g of mortar allowed acid compounds 

such as H2SO4 and H2CO3 to penetrate and attack the mortar matrix due to less neutralisation 

process. However, if the ANC is higher than 4.4, it shows higher acid permeation. This is 

because essential elements, particularly calcium (Ca), can be leached out when acids attack the 

mortar matrix. This leaching process can lead to the formation of gypsum, a corrosion product 

that tends to expand and generate cracks within the mortar (Albitar et al., 2017, Jiang et al., 

2015b). These cracks provided more pathways and allowed more acid penetration. It is 

important to note the strong correlation between ANC and the calcium (Ca) content in the 

mortar, as discussed in section 4.5.2.3 of Chapter 4. The ANC of mortar is closely linked to the 

amount of Ca present. Specifically, higher levels of CaO in the mortar composition tend to 

result in a higher ANC. However, higher Ca content in the mortar binder composition generated 

more expansive corrosion products such as gypsum and ettringite when the sulphuric acid 

attacked. Therefore, considering the appropriate Ca content in the mortar formulation can 

improve the corrosion resistance performance by achieving appropriate ANC, providing a more 

effective defence mechanism against deterioration from MICC. 
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Figure 5-25 Effect of ANC on the corrosion performance after 42 months of exposure to C1, 

C3, and C4 of sewer corrosivity classification 

Another chemical property affecting corrosion resistance performance is the hydration 

products (C-S-H, C-A-S-H, C-N-A-S-H, and N-A-S-H) of OGPm. Figure 5-26 presented a 

correlation between corrosion depth and the hydration products of OGPm after 42 months in 

the C1, C3, and C4 of sewer corrosivity classification.  

The correlation between the corrosion depth and C-S-H, C-A-S-H and C-N-A-S-H observed a 

negative and optimum negative correlation dependent on the corrosivity classification. 

Generally, the corrosion depth was decreased when the content of C-A-S-H, C-S-H, and C-N-

A-S-H increased. This is because the C-A-S-H, C-S-H, and C-N-A-S-H improved the physical 

properties, such as initial UCS and porosity, by filling the void with those hydration products 

to have higher UCS and lower porosity (Aiken et al., 2018). Moreover, the Ca2+ and Al3+ 

content that can leach out from hydration product during the acid attacks influenced to gain 

higher ANC, resulting in improving corrosion resistance performance of mortar by limiting the 

acid penetration and acid neutralisation. In contrast, the correlation between corrosion depth 

and N-A-S-H observed a positive and optimum positive correlation dependent on the 
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corrosivity classification. The corrosion depth was increased when the N-A-S-H content was 

increased. This is attributed to the nature of the N-A-S-H structure, which presents a 3D 

structure that is more porous and less dense (Aiken et al., 2018). The higher N-A-S-H 

remarkably allowed acid penetration into the mortar matrix, increasing corrosion depth.  

The sewer corrosivity classification also impacted the depth of corrosion. Higher corrosivity 

classification exhibited a higher corrosion depth.  

At C4 sewer corrosivity, deteriorated mortar showed a corrosion depth of approximately 4-16 

mm. The corrosion depth exhibited a strong negative linear correlation with C-A-S-H, C-S-H, 

and C-N-A-S-H while exhibiting a positive linear correlation with N-A-S-H. At C3 and C1 

sewer corrosivity, deteriorated mortar showed a corrosion depth of 0-8 mm and 0-7 mm, 

respectively. The optimum value of hydration phases provided the lowest corrosion depth, as 

shown in Figure 5-26. These results suggested that to achieve the best corrosion resistance 

performance of OGPm in C3 and C1, the C-A-S-H, C-S-H, and C-N-A-S-H content should not 

be lower than 35 wt.%, 14 wt.%, and 30 wt.%, respectively. On the other hand, it is essential 

to limit the N-A-S-H content to no more than 20 wt.%. These results can be used as guidelines 

for geopolymer mortar selection to achieve better corrosion resistance performance.  
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C-A-S-H C-S-H 

  

C-N-A-S-H N-A-S-H 

  

Figure 5-26 Effect of hydration phases on the corrosion performance after 42 months of 

exposure to C1, C3, and C4 of sewer corrosivity classification 

5.2.3.2.3 STAGES OF CORROSION  

The corrosion depth of  OGPm-1, OGPm-2, OGPm-3, and CACm as a function of time up to 

42 months after exposure to C1, C3, and C4 sewer corrosivity is shown in Figure 5-23. Three 

phases characterised the lining mortar corrosion: i) Lag phase, ii) stage I corrosion rate (R1) 

and iii) stage II corrosion rate (R2). A schematic diagram of these phases is shown in Figure 

5-27. The R1 and R2 features are consistent with the corrosion observed under accelerated tests 

(see 5.2.1.1.2).  
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Figure 5-27 Schematic diagrams of corrosion depth as a function of time. 

The lag phase represents the initial corrosion period, characterised by the initiation of 

microbially induced concrete corrosion (MICC). The absence of microorganisms in the 

accelerated test means the lag phase cannot be observed. During this stage, the corrosion 

process is primarily driven by abiotic acid-based carbonation reactions and the formation of 

weak acids (Grengg et al., 2018). In the lag phase, the acid neutralisation capacity of the mortar 

plays a vital role in controlling corrosion initiation. The alkalinity of the lining mortar strongly 

influences the corrosion resistance during the lag phase. The high alkalinity of mortar provides 

excellent corrosion resistance against acid attacks from MICC, effectively neutralising weak 

or strong acids and slowing down mortar deterioration.  

The stage I corrosion phase represents the initial propagation of corrosion. During this stage, 

corrosion exhibits a rapid rate of corrosion, primarily driven by the colonisation of 

microorganisms such as fungi, neutrophile sulphur oxidising bacteria (NSOB), and Acidophil 

sulphur oxidising bacteria (ASOB), which generate biogenic sulphuric acid (Grengg et al., 

2018). The interaction between biogenic sulfuric acid and the lining mortar matrix leads to 

mortar deterioration by forming expansive corrosion products such as gypsum and ettringite 
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(Grengg et al., 2018, Ling et al., 2015, Okabe et al., 2007b). In this phase, the corrosion 

behaviour is closely linked to the porosity and the quantity of hydration products within the 

lining mortar.  

The stage II corrosion phase is characterised by a significant reduction in corrosion rates, 

indicating slower corrosion than stage I. During stage II corrosion, the presence of expansive 

corrosion products such as gypsum plays an important role in pore blocking and consequently 

reducing acid diffusion into the mortar matrix. This phenomenon results in slower mortar 

deterioration. The stage II corrosion phase offers protection by reducing acid permeation. It is 

essential to note that the lining mortar may still experience material loss or exhibit relatively 

higher corrosion depths. 

The corrosion depth as a function of time of OGPm and CACm after exposure to C1, C3, and 

C4 of sewer corrosivity classification up to 42 months in Figure 5-23 was exhibited in the 

different phases of corrosion, either complete or partial corrosion characteristics.  For example, 

in C4 of sewer corrosivity classification, OGPm-1 primarily showed only the stage I corrosion 

phase. OGPm-2 exhibited both the lag and stage I corrosion phases. OGPm-3 demonstrated 

corrosion characteristics throughout both the stage I and stage II corrosion phases. These results 

clearly suggested that different mortars exhibited varying corrosion behaviour under the same 

sewer corrosivity conditions. At the same time, the environmental condition was also observed 

to impact the corrosion characteristics. Figure 5-28 presents the corrosion characteristics of 

OGPm-1 at different corrosivity classifications. In C4, the OGPm-1 was observed only in the 

stage I corrosion phase, whereas, in C1, the OGPm-1 was observed in both stage I and II 

corrosion phases. These observations suggested that sewer corrosivity plays a significant role 

in corrosion behaviour, influencing the increase of corrosion depth over time. 
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Figure 5-28 Comparison of corrosion characteristics of OGPm-1 at C4 and C1 sewer 

corrosivity classification 

5.2.3.2.4 CORROSION RATE IN FIELD TEST 

The corrosion rate was employed to assess and compare the corrosion resistance performance 

of OGPm at different sewer corrosivity classifications. The corrosion rate was calculated at the 

lag phase, stage I corrosion rate (R1) and stage II corrosion rate (R2), similar to the accelerated 

corrosion test in the laboratory (see Figure 5-7).  

The corrosion rate of OGPm and CACm at three different digester tanks, represented for C1, 

C3, and C4 of sewer corrosivity classification, were determined based on corrosion depth in 

Figure 5-23. The corrosion phases are exhibited in Table 5-3. 
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 Table 5-3 The rate of corrosion phases of OGPm and CACm at the digester tank 

Mortar 

Sewer 

Corrosivity 

Classification 

Lag (day) 
R1 

(mm/year) 

R2 

(mm/year) 

OGPm-1 

C1 n.a. 0.27 0.06 

C3 n.a. 0.46 0.10 

C4 n.a. 3.04 n.a. 

OGPm-2 

C1 150 0.05 0.00 

C3 120 0.09 0.01 

C4 120 1.83 0.52 

OGPm-3 

C1 n.a. 3.65 0.43 

C3 n.a. 3.95 0.52 

C4 n.a. 9.13 1.22 

CACm 

C1 150 0.04 0.02 

C3 90 0.07 0.01 

C4 90 2.13 0.25 

Figure 5-29 compares the lag phase and corrosion rate at R1 and R2 of OGPm-1, OGPm-2, 

OGPm-3, and CACm at different sewer corrosivity classifications. Overall for the lag phase, it 

appeared in OGPm-2 and CACm. while OGPm-1 and OPGm-3 vary from 90 to150 days. it 

was also observed that higher corrosivity classification impacted the lag phase period. The lag 

phase was shorter in C4 and longer in C1. This is highly attributed to the ANC of the mortar 

and the sewer corrosivity classification. 

In the C4 sewer corrosivity classification, the stage I corrosion rate of OGPm appeared at 

various times depending on the type of OGPm. Among the geopolymers, OGPm-2 presented 

a lag phase for approximately two months before initiating the stage I corrosion phase, while 

OGPm-1 and OGPm-3 did not present the lag phase. The R1 of all geopolymers have been 

observed as OGPm-3 > OGPm-1 > OGPm-2 > CACm. The R1 of OGPm-2 was comparable to 

CACm. The R2 refers to a slower corrosion rate after a stage I corrosion phase. It is an important 

feature because it could determine the durability of the lining material. The R2 of all OGPm 

and CACm were determined and exhibited as OGPm-3 > OGPm-2 >CACm, but the R2 of 
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OGPm-1 did not present, which means that under C4, OGPm-1 continued significant 

deterioration.  

In the C1 and C3 sewer corrosivity classification, the R1 presented OGPm-3 > OGPm-1 > 

OGPm-2 > CACm. The R1 of OGPm in C1 and C3 were consistent with the R1 in the C4 sewer 

corrosivity classification. The R2 of OGPm-1, OGPm-2, and OGPm-3 presented that the 

corrosion rate of  OGPm-3 > OGPm-1 > OGPm-2 > CACm.  Moreover, comparing the R2 of 

OGPm with CACm, it has been observed that the R2 of OGPm-2 was comparable with CACm, 

which consisted of corrosion resistance performance based on R2 in C4. 

The corrosion rate at stage II corrosion was used to evaluate the corrosion resistance and 

durability of the geopolymer mortar. Based on the R2 among the OGPm, it has been observed 

that OGPm-2 had high corrosion resistance, followed by OGPm-1 and OGPm-3 in the C1 and 

C3 sewer corrosivity classifications. While at a higher sewer corrosivity classification of C4, 

the  OGPm-2 had high corrosion resistance, followed by OGPm-3 and OGPm-1. Since the R2 

of OGPm-1 was not presented in C4, it suggested that OGPm-1 were continuously attacked by 

the acid with a stage I corrosion rate.  

As mentioned, the R2 becomes an essential indicator to determine the corrosion resistance 

performance of mortar. The corrosion rate reduction was not only attributed to the 

neutralisation alone since freshly available biogenic sulphuric acid from microorganisms 

continuously produced and attacked the sound mortar. The other factor could be differences in 

permeability and pore blocking. The initial porosity of the OGPm mortars is from 15-23%, 

while the CACm mortar has a porosity of 13%. While porosity explains the corrosion resistance 

of CACm to be relatively higher than that of OGPm mortars, the similarity in the porosity of 

the OGPm cannot explain the relative difference in their corrosion resistance. 
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(a) Lag phase 

 
(b) The stage I corrosion rate (R1) 

 
(c) The stage II corrosion rate (R2) 

Figure 5-29 ( a) Stage I corrosion rate and (b) Stage II corrosion rate of OGPm and CACm 

exposed to H2SO4 at pH 1.0 and 30 °C and three corrosivity classification  
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As the acid decalcifies the binder, the dissolved calcium will primarily form an expansive 

corrosion product such as gypsum, mainly if corrosion occurs at low pH (Yuan et al., 2013). 

The expansive nature of gypsum will fill the concrete pores, contributing to the diffusion 

resistance to the acid. Based on the chemical composition of mortars in Chapter 4, OGPm-1 

shows the highest calcium (Ca) content and OGPm-3 is the lowest. Figure 5-30 presented the 

correlation of Ca content in OGPm and CACm with CaSO4 as corrosion production from 31 

months of exposure in C4 of sewer corrosivity classification as representative of corroded 

mortar. The CaSO4 content was obtained from TGA analysis. It observed that among the 

OGPm, Ca contents correspond to the formation of CaSO4.  These results suggested that the 

tendency to form gypsum appears to depend on the calcium content of the binders. Comparing 

the OGPm and CACm, despite the OGPm having similar Ca content with CACm, The CACm 

showed lower CaSO4 formation due to lower porosity and high ANC of CACm, which led to 

low Ca leaching and CaSO4 formation compared to OGPm.  

 

Figure 5-30 Correlation between CaO and CaSO4 formation from C4 sewer corrosivity 

classification after 31 months of exposure 
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Figure 5-31 and Figure 5-32 show the SEM backscattering image and Ca and S maps of the 

uncorroded and corroded sections of OGPm-1 and OGPm-3 after 12 months of exposure to C4 

sewer corrosivity classification. As shown, the formation of gypsum in OGPm-1 is more 

extensive than in OGPm-3. This observation is also consistent with the Ca content of OGPm. 

Moreover, we have also noticed that the formation of CaSO4 in the OGPm-3 was formed along 

the crack in the OGPm-3 matrices. This evidence that the formation of CaSO4 potentially 

slowed down the acid diffusion further into the OGPm-3 matrices, leading to the corrosion rate 

reduction. Comparing the formation of CaSO4 in OGPm to CACm, the observation revealed 

the presence of formulated CaSO4 within the pores or cracks. The CaSO4 is known to have 

expansive properties, and its accumulation within the pore led to pore stress, mechanical 

damage, and increased permeability of the mortar. 

Although the Ca content alone may not be the only factor affecting the corrosion resistance of 

the mortars, these results highlighted the importance of the Ca content on their durability. If it 

has too much Ca content in OGPm, It potentially forms more expansive corrosion products 

such as gypsum and ettringite, resulting in severe mortar deterioration. The CACm showed 

superior performance with high corrosion resistance based on the corrosion depth and is 

expected to retain high residual strengths. 
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Figure 5-31 SEM backscattering images and Ca and S maps of the corroded sections of OGPm-

1 and OGPm-3 after 12 months of corrosion field test (129 ppm H2S, 26 °C and 99% RH 
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Figure 5-32 SEM backscattering images and Ca and S maps of the uncorroded sections of 

OGPm-1 and OGPm-3 after 12 months of corrosion field test (129 ppm H2S, 26 °C and 99% 

RH 

5.2.3.2.5 COMPARISON OF CORROSION RESISTANCE IN LABORATORY AND 

FIELD TEST 

The corrosion resistance performance from acid immersion tests, which simulate a chemical 

attack, and exposure to live sewer environments involve microbiologically induced concrete 

corrosion (MICC). Therefore, correlating the results of these different test methods provides 

valuable information to reflect the corrosion behaviour between the two methods. This study 

Uncorroded section 

OGPm-1 OGPm-3 CACm 
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investigated and presented the stage I and II corrosion rates observed in the acid immersion 

test and the live sewer environmental conditions in Figure 5-33. The positive correlation 

between these two test methods indicates that the acid immersion test is consistent with the 

corrosion behaviour experienced in live sewer environments. These results confirmed the 

impact of sewer corrosivity, higher sewer corrosivity revealed a higher corrosion rate in both 

stages of corrosion. Moreover, these results highlight the strong correlation of corrosion rate 

between the immersion test and field test.  

  

(a) Stage I corrosion rate (b) Stage II corrosion rate 

Figure 5-33 Correlation of R2 from field test and R2 from accelerated corrosion test 

Table 5-4 shows the measured depth of corrosion of geopolymers exposed within three 

digestion chambers, which presented the sewer corrosivity classifications from C1, C3, and C4 

in this study and other field studies. The corrosion rate in this study was measured at both stage 

I and II corrosion rates. However, the directly calculated corrosion rate was also calculated to 

compare with other previous in-field case studies for comparison purposes. It is important to 

note that the directly calculated corrosion rate is determined by dividing the final corrosion 
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depth by the exposure time. This corrosion rate provides a measure of the average corrosion 

progression over the given duration of exposure. 

The directly calculated corrosion rate was estimated after 42 months of exposure time for the 

purpose of comparison to other studies. The rate of corrosion presented in the different 

corrosion rates is due to the chemical and physical properties of the geopolymer. Due to the 

low-Ca geopolymer studies in the field, OGPm-3 was chosen as a representative for comparing 

corrosion rates with other studies that used low-Ca geopolymer in their study. The corrosion 

rate of OGPm-3 was compared to those reported in the literature, as shown in Figure 5-34. The 

scatter plot revealed a trend of higher corrosion rates associated with increased H2S 

concentration.  

Table 5-4 Measured corrosion depth per year (mm/yr) within geopolymers exposed to sewer 

environment in previous case studies. 

Sample type Field conditions 
R1 

(mm/yr) 

R2 

(mm/yr) 

Direct 

calculated 

(mm/yr) 

References 

Coupon OGPm-1 106 ppm H2S 3.01 N/A 3.01 This study 

Coupon OGPm-2 106 ppm H2S 1.83 0.52 1.23 This study 

Coupon OGPm-3 106 ppm H2S 9.13 1.22 4.71 This study 

Coupon OGPm-1 2 ppm H2S 0.27 0.06 0.12 This study 

Coupon OGPm-2 2 ppm H2S 0.06 0.00 0.02 This study 

Coupon OGPm-3 2 ppm H2S 3.65 0.43 2.10 This study 

Coupon OGPm-1 81.7 ppm H2S 0.46 0.10 0.21 This study 

Coupon OGPm-2 81.7 ppm H2S 0.09 0.00 0.03 This study 

Coupon OGPm-3 81.7 ppm H2S 3.95 0.52 2.4 This study 

Coupons of FA- GPm 53 ppm H2S - - 6 
(Khan et al., 

2020b) 

Coupons of FA- GPm 27 ppm H2S - - 3.5 
(Khan et al., 

2020b) 
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Sample type Field conditions 
R1 

(mm/yr) 

R2 

(mm/yr) 

Direct 

calculated 

(mm/yr) 

References 

Coupon Metakaolin GP-1 65 ppm H2S - - 28 
(Grengg et al., 

2020) 

Coupon Metakaolin GP-1 65 ppm H2S - - 3.8 
(Grengg et al., 

2020) 

 

 

 
Figure 5-34 Comparison of the corrosion rate of low Ca geopolymer 

5.2.3.2.6 RESIDUAL UCS  

The UCS of lining mortar is an important factor used to assess the corrosion resistance 

performance of mortar due to its direct influence on the structural integrity and durability of 

the mortar material. The corrosion products, such as gypsum and ettringite, formed during the 

corrosion process, which mainly caused the deterioration of mortar. This study evaluated the 

UCS degradation of the specimens exposed to different sewer corrosivity by measuring 

compressive strength at different exposure times. 
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Figure 5-35 presents the development of the UCS of mortars before and after exposure in three 

different sewer corrosivity classifications, C1, C3, and C4, in the digestion chambers (see Table 

5-2 ) for up to 42 months. The initial UCS after 28 days of curing under a curing environment 

of OGPm-1, OGPm-2, OGPm-3, and CACm were achieved at 72.31, 102.85, 35.42, and 108.5 

MPa, respectively. After OGPm-1, OGPm-2, OGPm-3, and CACm exposure to C1, C3, and 

C4 sewer corrosivity classification, the UCS of mortar generally degraded to a lower UCS over 

time. Remarkably, some of the mortar, such as OGPm-1 and OGPm-3, exhibited an initial 

increase in the UCS, followed by either an extreme or slight decrease.  

The increase in UCS at the initial exposure time was similar to the study by Albitar et al. (2017). 

They suggested that the increase in UCS was attributed to C-S-H and C-A-H from the hydration 

of calcium silicates and pozzolanic reactions (see Error! Reference source not found. and 

 REF _Ref137121012 \h Error! Reference source not found.). It needs to be noted that the 

pozzolanic reactions occur over long time scales (months to years) (Sargent, 2015), and 

according to Bergado et al. (1996) and Diamond and Kinter (1965), the pozzolanic reactions 

are not complete until five years post-mixing. 

After the initial increase in UCS, the UCS gradually decreases over time due to the ongoing 

hydration process of the matrix, which fills the existing pores. This hydration process leads to 

internal confinement within the mortar, resulting in expansion pressure. The internal pressure 

generated by the expanding matrix can exert significant forces on the surrounding material, 

leading to various forms of damage, such as cracking, delamination, or mechanical 

deterioration. (Vafaei and Allahverdi, 2017). At the same time, the mortars were attacked by 

the acid, and expansive corrosion products such as gypsum and ettringite were formulated. 

Additionally, the UCS degradation was influenced by sewer corrosivity classification, which 

means the high sewer corrosivity generated more acid and attacked the mortar.  
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Figure 5-35 Residual UCS of OGPm and CACm from the three digestion chambers, which 

presented C1, C3, and C4 of sewer corrosivity classification 
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As mentioned,  the corrosivity classification also influenced the severe UCS degradation. The 

loss of UCS of all sewer corrosivity classifications is shown in Figure 5-36. At the same mortar, 

the degradation of UCS was observed to be different at different corrosivity classifications.  

At C1 of sewer corrosivity classification,  OGPm-1 and OGPm-3, their UCS initially 

experienced an increase during the early phase of exposure time, followed by a subsequent 

decrease or stability. Meanwhile, the UCS of OGPm-2 and CACm were reduced over time.  

After 42 months, the UCS of OGPm-1 and OGPm-3 approximately increased 8% and 95% 

from the original UCS,  respectively. Meanwhile, the UCS of OGPm-2 and CACm 

approximately lost 25% and 18% from the original UCS value, respectively. This suggested 

that in C1, OGPm-3 exhibited better corrosion resistance performance impacted by MICC, 

followed by OGPm-1, CACm and OGPm-2. 

At C3 of sewer corrosivity classification, the UCS of OGPm-3 and OGPm-1 initially 

experienced an increase during the early phase of exposure time, followed by a subsequent 

decrease or stabilisation. This behaviour of OGPm-3 and OGPm-1  was similar in C1. 

Meanwhile, the UCS of OGPm-2 and CACm were reduced over time. After 42 months, the 

UCS of OGPm-3 and OGPm-1 were increased by approximately 55% and 2% from the original 

UCS. Meanwhile, the UCS of OGPm-2 and CACm approximately lost 30% and 28% from the 

original UCS value, respectively. These results suggested that in C3 sewer corrosivity, OGPm-

3 exhibited better corrosion resistance performance, based on the residual UCS, impacted by 

MICC, followed by OGPm-1, CACm and OGPm-2. In comparison, C3 with C1, the corrosion 

resistance performance of mortar has remained consistent with C1 sewer corrosivity. 

At C4 of sewer corrosivity classification, UCS of all mortar types exhibited a decreasing trend 

over time. However, the UCS of OGPm-3 initially increased during the early phase of exposure 

time, followed by a subsequent decrease. After 42 months, the UCS of OGPm-1, OGPm-2, 
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OGPm-3, and CACm were approximately lost  86%, 64%, 70%, and 38% from the original 

UCS, respectively. This suggested that in C4, CACm exhibited better corrosion resistance 

performance impacted by MICC, followed by OGPm -2, OGPm -3, and OGPm -1. 

A comparison of all geopolymers in three sewer corrosivity classifications observed that 

OGPm-3 presented the best corrosion resistance based on the residual UCS, followed by 

OGPm-1 and OGPm-2 in C1 and C3. However, OGPm-2 exhibited the best corrosion 

resistance performance, followed by OGPm-3 and OGPm-1 in C4. This suggested that the 

OGPm-2 had better corrosion resistance performance for high sewer corrosivity classification. 

Although OGPm-2 showed better corrosion resistance performance than OGPm-1 and OGPm-

3, after 42 months of exposure, it lost the UCS by approximately 64%. Comparing the corrosion 

resistance performance of OGPm-2 with CACm, it was observed that the CACm showed better 

corrosion resistance than OGPm-2 in all sewer corrosivity classifications. 
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Figure 5-36 Loss of UCS of OGPm and CACm after exposure to C1, C3, and C4 of sewer 

corrosivity classification  
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5.2.4 FIELD APPLICATION TEST 

This section presents the live sewer environment’s experimental investigations of four lining 

mortars (OGPm-1, OGPm-2, OGPm-3, OGPm-4 and CACm). The main focus of this section 

is to evaluate the corrosion performance of lining mortar against the MICC under a live sewer 

environment and actual lining application. The depth of corrosion and residual UCS were used 

to assess the corrosion resistance performance throughout the monitor. The field lives sewer 

assets in different locations across Australia, including Sydney, Melbourne, Perth, Brisbane 

and Adelaide. The results from the actual field test provided real corrosion resistance 

performance under a live sewer environment. Moreover, this is the first time the corrosion 

resistance performance of geopolymers under a live sewer environment has been tested with a 

real lining application scenario. 

5.2.4.1 CORROSION PERFORMANCE 

Lining mortar as OGPm-1, OGPm-2, OGPm-3, OGPm-4, and CACm were applied in the live 

sewer assets such as concrete manholes and pipes in Perth, Sydney, Adelaide, Brisbane, and 

Melbourne. Corrosion performance was evaluated based on the depth of corrosion and the 

residual UCS, if possible.  

5.2.4.1.1 CORROSIVITY CLASSIFICATION OF FIELD LOCATION  

Each selected site in Sydney, Perth, and Brisbane  (see Table 5-5 ) for the performance test 

monitored the sewer gases (H2S and CO2) and the conditions that promote the growth of 

bacteria and other microbes (temperature and humidity). Figure 5-37 shows the example of 

sewer environmental data from Sydney Water. The sewer environmental data were analysed 

further with the 90th percentile to estimate the representative data of each environmental 

parameter. The 90th percentile was used to provide statistical estimates of the gas compositions 

and conditions from the overall survey (see Table 5-5).  Finally, each selection site for 
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corrosion resistance performance tests was classified using the sewer corrosion classification 

developed by Valix (2021) (see Table 5-2). It observed that the location sites were classified 

as C5, C2, and C1 sewer corrosion classifications in Perth, Brisbane, and Sydney, respectively. 

Table 5-5 Site Locations and Environmental Conditions 

  

City Utility Asset ID Tgas(C) RH% 
H2S 

(ppm) 

CO2 

(ppm) 

Corrosivity 

classification 

Perth  
Water 

Corporation  

AC3 21.92 99.99 170 12880 C5 

AC7 21.56 99.99 180 6180 C5 

AC9 20.21 99.99 190 7800 C5 

Brisbane  QUU  

MH101132 21.3 100 26 4500 C2 

MH233216 20.6 100 16 4500 C2 

MH233215 20.5 100 24 4500 C2 

MH233213 21.3 100 26 4500 C2 

Sydney Sydney Water SWC 24 98.7 1.6 6250 C1 
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Figure 5-37 Collation of 4 environmental surveys of H2S, T, RH and CO2 in SWC NOOS from 

4th March to 13th September 2020.  
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5.2.4.1.2 PHYSICAL APPEARANCE 

Lining mortars were applied in a manhole and concrete pipe in Perth, Brisbane, and Sydney. 

The environmental condition of the field locations was classified C5, C2, and C1 (see Table 

5-5), respectively, based on the sewer corrosivity classification established by Valix (2021). 

After exposing the lining mortar in the live sewer for up to 26 months, depending on the field 

location site, The lining mortar samples were periodically cored from various locations and 

delivered to the University of Sydney to evaluate the corrosion resistance performance based 

on the depth of corrosion. It needs to be noted that the residual UCS of mortars was not 

determined due to the insufficient thickness of the lining mortar. Table 5-6 presents an example 

of the physical appearance of up to 986 days of OGPm and CACm cored samples after 

application and being exposed to aggressive environmental conditions in the live sewer 

manhole at a sewer network managed by Queensland Urban Utilities (QUU), Brisbane, 

Australia. The environmental condition of the sewer assets exhibited 16-26 ppm H2S, 4500 

ppm CO2, 20-22 °C and 100 %RH. This environmental condition was indicated to be a C2 

sewer corrosivity classification. Overall, the core sample deteriorated over time, and the degree 

of deterioration depended on the type of geopolymer (chemical composition). The OGPm 

observed visually presents the corrosion depth from the surface, showing white or yellow at 

the corrosion layer. Qu et al. (2021) suggested that the white and yellow corrosion products 

were primarily attributed to the formation of gypsum and ettringite. The OGPm-1 and OGPm-

4 exhibited a layer of corrosion and loss of their material when the exposure time was increased. 

However, the OGPm-3 had shown negligible material loss but noticeably presented the 

corrosion depth. The corrosion behaviour has consistently shown negligible material loss but a 

high corrosion depth from mortar coupon with acid immersion test and mortar coupon with 

digester chambers. CACm had no apparent change in visual appearance after 986 days. It 

suggested that CACm had higher corrosion resistance than OGPm.  
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Table 5-6 The core sample of OGPm and CACm from QUU at different time 

Time 

(days) 

OGPm-1 OGPm-3 OGPm-4 CACm 

160 

    

471 

 
  

 

640 

 
   

986 
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5.2.4.1.3 DEPTH OF CORROSION 

The corrosion depth of cored samples from the field location test was similarly determined 

based on material loss and the depth of acid permeation suggested by Khan et al. (2020b) and 

Lloyd et al. (2012). The cored mortar sample was cut and sprayed with universal indicators 

(see Figure 5-38). the corrosion depth was estimated by considering the loss of surface material 

and acid permeation through mortar identified using a pH indicator applied to the cross-

sectioned sample and examined through a Leica DM2500 optical microscope or vernier calliper 

(see section 3.6.1 in Chapter 3). 

 

Figure 5-38 Depth of corrosion of cored sample 

The corrosion depth of  OGPm-1, OGPm-2, OGPm-3, OGPm-4 and CACm after exposure to 

C1, C2, and C5 sewer corrosivity classification is shown in Figure 5-39. Mortar corrosion-

based corrosion depth is characterised by three phases, similar to section 5.2.3.2.3. The 

corrosion depth from the live sewer field test exhibited different stages of corrosion depending 

on the chemical and physical properties and sewer corrosivity classification. For example, 

corrosion of OGPm-3 at C2 in Figure 5-39, OGPm-3 exhibited three stages of corrosion: lag, 

stage I corrosion (R1), and stage II corrosion (R2). However, in higher sewer corrosivity 

classifications such as C5, OGPm-3 only exhibited R1 and R2 stages. This is because the acid 
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extremely attacked the mortar matrix and caused severe deterioration, leading to the inability 

to capture the lag phase of corrosion. 

Figure 5-39 presents the corrosion depth of OGPm-1, OGPm-2, OGPm-3, OGPm-4, and 

CACm after the deterioration in live sewer assets, which has different sewer corrosivity 

classifications (C5-C1). All OGPm and CACm samples were observed to have high corrosion 

depth as the sewer corrosivity classification increased. These results exhibited a clear 

relationship between the severity of sewer corrosion and corrosion depth. The difference in 

corrosion depth was observed between OGPm-1, OGPm-2, OGPm-3, and OGPm-4 in the same 

sewer corrosivity classification. For example, at C1 with 13 months, the corrosion depth of 

OGPm-1, OGPm-2, OGPm-3, and OGPm-4 were presented 0.6, 0.65, 3.25, 0.37, and 0.09 mm, 

respectively.  These results suggested the different corrosion depths attributed to the chemical 

and physical properties of the lining mortar. This will be explained further in the following 

section. Comparing the corrosion depth of OGPm and CACm, it was shown that CACm 

exhibited a low depth of corrosion, approximately 8 mm, after being exposed to C5 for 26.3 

months, indicating a superior corrosion resistance performance compared to OGPm, which 

presented 22.8 mm corrosion depth after being exposed to C5 for 26.3 months. 
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Figure 5-39 Depth of corrosion of OGPm and CACm exposed to live sewer assets 

The corrosion depth was correlated with physical and chemical properties, as shown in Figure 

5-40, Figure 5-41 and Figure 5-42.  The correlation plot exhibited negative and positive 

correlations, indicating the impact of chemical and physical properties, such as ANC, hydration 

product, porosity, and UCS, on OGPm and CACm deterioration.  

Porosity and UCS showed strong positive and negative correlations, respectively. Higher 

porosity influenced higher corrosion depth due to higher porosity allowing biogenic acid to 
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penetrate further and react with the mortar matrix, generating expansive corrosion products. 

While the UCS of lining mortars were used to reflect the inherent strength and integrity of the 

mortar material, the mortar performed better in resisting the acid corrosion when the mortar 

showed higher initial UCS due to the higher UCS reflected by the dense mortar and lower acid 

penetration, resulting in lower corrosion depth. These results agreed with Aiken et al. (2018) 

and  Luna Galiano et al. (2016) that porosity and UCS were related to corrosion resistance 

performance. Lower porosity had greater compressive strength, resulting in lower 

deterioration. Aiken et al. (2018), Khan et al. (2020b), and Grengg et al. (2020) found that the 

corrosion resistance performance was significantly impacted by porosity and UCS after being 

exposed to a sewer environment.   

  

Figure 5-40 Correlation between the depth of corrosion of OGPm and CACm exposed to C1 

live sewer assets for 13 months 

Another factor that impacts the corrosion resistance performance of mortar is ANC. The ANC 

showed the optimum correlation (see Figure 5-41). It was observed that the ANC from 2.6-4.2 

mmol H+/g substrate decreased the corrosion depth as the ANC increased, while the ANC 

increased by more than  4.2 mmol H+/g substrate, and the corrosion depth increased. This is 

attributed to decalcification and dealumination from the geopolymer matrix generating more 
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OH- and forming gypsum and ettringite as corrosion products (Khan et al., 2020b, Grengg et 

al., 2020).  

 
Figure 5-41 Correlation between the depth of corrosion and ANC of OGPm exposed to C1 live 

sewer assets for 13 months 

Hydration products such as C-S-H, C-A-S-H, C-N-A-S-H, and N-A-S-H were correlated with 

the depth of corrosion and found positive and negative correlations, as presented in Figure 

5-42. For C-S-H and C-A-S-H, the correlation has shown that the corrosion depth decreased as 

the C-S-H and C-A-S-H increased. However, the C-A-S-H slightly increased after C-A-S-H 

reached 40 %. The C-S-H and C-A-S-H had poor stability when the acid attacked and leached 

out as Ca(OH)2 and Al(OH)3 (Shi et al., 2003, Kong et al., 2022, Khan et al., 2020b). The OH- 

was leached out and neutralised H+, resulting in a lower corrosion depth. Even though the Ca 

content in the mortar improved its neutralised capacity, it also exhibited a disadvantage when 

it formulated the gypsum and ettringite, which expanded and generated more cracks and 

allowed acid to penetrate further and attack the mortar binder (Khan et al., 2020b, Wu et al., 

2020). C-N-A-S-H was one of the main products in alkali-activated mortar (Ismail et al., 2014, 

Khan et al., 2020b). It improved the strength of the mortar (Yaghoubi et al., 2019, Ismail et al., 

2014, Shoaei et al., 2019). The correlation of C-N-A-S-H and corrosion depth was shown as 

weak correlation. While N-A-S-H exhibited a positive correlation, increased N-A-S-H led to 
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an increase in the depth of corrosion. This is attributed to the N-A-S-H nature, which is less 

dense and more porous, which is generally found in low calcium geopolymer (Aiken et al., 

2018, Khan et al., 2020b). This hydration phase allowed the acid to penetrate further and react 

with the mortar binder, increasing the corrosion depth. Moreover, Khan et al. (2020b) also 

explained that when the acid attacks the N-A-S-H. The N-A-S-H gel dealuminated and led to 

increased porosity and acid penetration, leading to the deterioration of pore structure, which 

increases the corrosion depth.  

  

  

Figure 5-42 Correlation between the depth of corrosion and hydration product of OGPm 

exposed to C1 live sewer assets for 13 months 
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5.2.4.1.4 CORROSION RATE IN LIVE SEWER ASSETS 

To assess the corrosion resistance performance of OGPm and CACm, the corrosion rates were 

determined using a similar methodology as described in the previous section (5.2.1.1.2). The 

corrosion behaviour was categorised into three phases: lag, stage I corrosion rate (R1), and 

stage II corrosion rate (R2). It needs to be noted that the corrosion characterisation is unable to 

capture all corrosion phases in all sewer corrosivity classifications (see Table 5-7). Among the 

OGPm, lag phases were revealed at low sewer corrosivity classification. For example, the lag 

phase could take up to 240 days before initiating the stage I corrosion rate. However, CACm 

was revealed to capture the lag phase in all sewer corrosivity classifications. This result 

suggested that the CACm was a superior material against acid corrosion due to its better 

chemical and physical properties, such as ANC, porosity, and UCS. This allowed the slowing 

down of the deterioration of CACm. 

Table 5-7 The corrosion phases of OGPm and CACm 

Mortar 

Sewer 

Corrosivity 

Classification 

Lag 

(day) 

R1 

(mm/year) 

R2 

(mm/year) 

OGPm-1 

C5 - 17.52 2.19 

C2 60 2.78 0.54 

C1 80 1.46 0.15 

OGPm-2 C1 120 1.96 0.22 

OGPm-3 

C5 - 36.50 4.98 

C2 200 24.82 1.46 

C1 240 7.71 - 

OGPm-4 

C5 - 8.21 2.71 

C2 - 6.21 0.85 

C1 80 0.67 0.18 

CACm 

C5 60 7.58 1.14 

C2 200 1.39 - 

C1 280 0.30 - 

 

Figure 5-43 compares the corrosion rate of R1 and R2 of OGPm-1, OGPm-2, OGPm-3, and 

CACm at C1, C2, and C5 sewer corrosivity classifications. Corrosion resistance performance 
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based on R1 at C1 as representative corrosivity classification to compare all mortar was seen 

that OGPm-3 was the highest stage I corrosion rate, followed by OGPm-2, OGPm-1, and 

OGPm-4, respectively. At high sewer corrosivity classification, OGPm-3 was observed to have 

a high corrosion rate, as expected. The higher corrosivity classification produces more biogenic 

sulphuric acid due to high H2S concentration in the gas phase and continuously attacks the 

mortar matrix. A similar comparison of R2 observed that R2 was lower than R1. As mentioned 

earlier, the absence of R2 indicates that the acid penetration continued to diffuse into the OGPm 

matrix and formed expansive corrosion products, such as gypsum, limiting the acid permeation. 

This observation was particularly noticeable in the low sewer corrosivity classification, 

suggesting that the mortar matrix remained sensitive to an acid attack without sufficient 

protection. Consequently, the corrosion depth is expected to continue to increase over time, 

eventually leading to the stage II corrosion phase. 

Figure 5-44 shows the SEM backscattering image and sulphur (S) mapping of the uncorroded 

and corroded sections of OGPm-1 and OGPm-3 after 16 months of exposure to C2 sewer 

corrosivity classification as representative of a corroded sample. The S was mapped as 

representative of gypsum, which formed on the surface of the corroded section. The SEM with 

S mapping were evidence of the pore blocking by the corrosion product deposited on the 

corroded surface, similar to the cube sample exposure to the sewer corrosivity classification in 

the digester chamber. The uncorroded samples were shown low S concentration. The SEM 

image of OGPm-1 and OGPm-3 exhibited the gypsum deposit on the surface. However, the 

concentration of S on the surface of OGPm-3 was lower than OGPm-1 due to the OGPm-1 

having Ca content more than OGPm-3, resulting in formulating less gypsum.  
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(a) Lag phase 

 
(b) Stage I corrosion rate 

 
(c) Stage II corrosion rate 

Figure 5-43 Lag phase, stage I corrosion rate (R1) and stage II corrosion rate (R2) of OGPm-1, 

OGPm-2, OGPm-3, OGPm-4 and CACm  
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OGPm-1 OGPm-3 

Uncorroded section corroded section Uncorroded section corroded section 

    

    

0.53 wt.% S 9.13 wt.% S 0.74 wt.% S 8.61 wt.% S 

Figure 5-44 SEM backscattering images and S maps of the uncorroded and corroded sections of OGPm-1 and OGPm-3 after 16 months of exposure 

to C2 sewer corrosion classification 
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5.2.4.1.5 COMPARISON OF DIFFERENT CORROSION TESTS UNDER SEWER 

ENVIRONMENTAL CONDITIONS 

The durability test of OGPm and CACm using wet and dry spray shotcrete provided a realistic 

corrosion resistance performance impacted by MICC. This test allowed a more accurate 

evaluation of their durability in shotcrete application. This section compares the corrosion 

resistance performance of OGPm and CACm obtained from shotcrete application and cured 

cube mortar samples after being exposed under the same sewer corrosivity classification to 

understand the impact of sample preparation methods. This section also compares the 

performance test method between the shotcrete field and immersion tests to understand the 

impact of MICC and chemical attack on the mortar. 

Figure 5-45 compares the lag phase,  R1 and R2 of shotcrete application and cube sample 

preparation of OGPm-1, OGPm-3, and CACm under C1 of sewer corrosivity classification. In 

comparing the lag phases of shotcrete and cube samples, the shotcrete appeared to have a more 

extended period before initiating the stag I of corrosion. Based on the knowledge that at the 

initial period of corrosion attributed to the practical ANC, the fresh mortar shotcrete would 

have a high ability to neutralise the acid generated under the sewer environment compared to 

cured mortar sample due to freshly applied mortar generally has a higher ability to neutralise 

acids compared to cured mortar due to factors such as its high alkalinity, presence of reactive 

components in the paste, high porosity, and active hydration process. The high alkalinity and 

availability of reactive components, such as fly ash and slag, in fresh mortar facilitate acid 

neutralisation reactions (Potgieter-Vermaak et al., 2006, Yan et al., 2000), while the increased 

porosity (see in section 4.4.1. ) allows for better acid penetration and interaction with alkaline 

compounds (Chen et al., 2013, Huo et al., 2018). Additionally, the hydration process of fresh 

mortar contributes to the release of hydroxide ions and improves its acid neutralisation capacity 

of mortar. In contrast, cured mortar has low alkalinity, low reactivity, and low acid 
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neutralisation capacity compared to fresh mortar, simultaneously resulting in higher 

deterioration.  

However, it exhibited that the corrosion rate in both R1 and R2  of OGPm-1, OGPm-3, and 

CACm obtained from the shotcrete application was higher than in both  R1 and R2 obtained 

from the cured cube sample. This is because the cured mortar generally exhibits better acid 

resistance than fresh mortar due to the formation of hydration products, increased chemical 

stability, reduction in alkalinity, and improved density and porosity. The hydration process 

during curing leads to the formation of hardened products that create a denser and more 

compact matrix, providing a protective barrier against acid penetration. The chemical stability 

of the hydration products enhances the mortar's resistance to acid dissolution and degradation. 

Additionally, the reduced alkalinity and increased density of the cured mortar contribute to its 

improved acid resistance by limiting acid penetration. However, the R2 has not appeared in all 

OGPm-3 and CACm because the mortar was still in stage I of corrosion. 

Additionally, the corrosion resistance performance of CACm was compared with OGPm. It 

was observed that CACm was still a better corrosion-resistant lining mortar.  Despite the field 

shotcrete application appearing to exhibit worse corrosion resistance performance, this is 

valuable data because this first corrosion performance data presented a real scenario of 

corrosion with practical sewer rehabilitation.   
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Figure 5-45 Comparison of corrosion rate of practical application and cube sample preparation 

under C1 of sewer corrosivity classification  
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The corrosion resistance performance from acid immersion tests, which simulate a chemical 

attack, and exposure to live sewer environments involve microbiologically induced concrete 

corrosion (MICC). This compared the R1 and R2 exposure to acid immersion tests and field 

live sewer assets. Stage I and stage II of corrosion, the corrosion rates observed in the acid 

immersion test and the live sewer environmental conditions are shown in Figure 5-46.  

The positive correlation between these two test methods indicates that the acid immersion test 

is consistent with the corrosion behaviour experienced in live sewer environments. Moreover, 

the difference in sewer corrosivity classification also impacted the corrosion rate; higher sewer 

corrosivity exhibited a higher corrosion rate at C5 > C2 > C1. It was also noticed that all sewer 

corrosivity corrosion rates were aggressively higher in a live sewer than in the immersion test. 

This is related to the microorganism growth in the sewer environment, such as SOB, which 

produces biogenic sulphuric acid and plays an essential role in sewer corrosion (Grengg et al., 

2018). Once the sulphuric acid attacked the mortar, the gypsum and ettringite were formulated 

as the primary corrosion product with increased porosity and presented as the corroded layer 

from the mortar surface (Monteny et al., 2000, Khan et al., 2020b).  

In the case of pure sulphuric acid attacks, the formation of the corrosion layer acted as a barrier 

to further attack. The fresh sulphuric acid must penetrate through this layer before the acid 

reaches the sound mortar. In the case of sulphuric acid produced by SOB, the corrosion layer 

becomes an excellent condition for the growth of the SOB because the increasing porosity of 

the corroded layer allows the SOB to penetrate and grow further into the inner of the corroded 

layer (Monteny et al., 2000). Fresh biogenic sulphuric acid formation can occur near the sound 

mortar and immediately attack the mortar, resulting in more corrosion depth than pure 

sulphuric acid attacks.  
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Figure 5-46 Correlation between the corrosion rate of shotcrete application and acid immersion 

test (pH 1 sulphuric acid) 

5.3 DURABILITY TEST AS A FUNCTION OF MORTAR PROPERTIES 

The field test showed that mortars' durability plays an essential role in ensuring long-term 

corrosion resistance performance. Various alkali-activated mortars, including geopolymer 

(OGPm-1, OGPm-2, OGPm-3, and OGPm-4) and CACm, were subjected to various sewer 

corrosivity and pH 1 sulphuric acid. The deterioration of the mortars was assessed based on the 

corrosion depth over time. Chemical and physical properties, sewer environmental conditions, 
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and time influence the durability of mortars. Therefore, this section aimed to understand the 

impact of the physical and chemical properties on the durability of lining mortar by correlating 

the chemical and physical properties and corrosion rate.  

The ANC, hydration phases, porosity, and UCS as the initial properties of the lining mortar 

were correlated with the stage I corrosion rate (R1) under the C1 sewer corrosivity classification 

to understand the impact on the corrosion resistance performance. Moreover, the corrosion 

resistance performance of different sample preparations was also compared based on R1. It is 

important to note that this section only correlated the chemical and physical properties and R1 

under C1 of sewer corrosivity to compare corrosion resistance performance because all lining 

mortars could capture the R1. In contrast, only some lining mortars could capture R2. 

5.3.1 PHYSICAL PROPERTIES 

5.3.1.1 POROSITY 

Figure 5-47 presents a correlation between porosity and R1. It shows a positive non-linear 

correlation. The correlation suggested that there was an optimum corrosion rate along with 

increasing the initial porosity of the protective lining. The corrosion rate dramatically increased 

after the initial porosity increased by more than 20 vol.%. This was because higher porosity 

allows more acid and other corrosive compounds to penetrate the mortar lining matrix and react 

with the mortar binders, enhancing the corrosion process and increasing R1. Therefore, 

reducing porosity mitigates acid permeation and reduces the corrosion rate, improving the long-

term corrosion resistance performance. These results agreed with Aiken et al. (2018), Khan et 

al. (2020b), and Grengg et al. (2020) that the corrosion resistance performance was impacted 

by porosity after exposure to a sewer environment. the corrosion depth was increased as the 

initial porosity increased. Comparing the corrosion rate of all sample preparation and 

performance tests, it showed consistent results. The shotcrete application samples exhibited the 

highest R1 values after exposed C1 sewer corrosivity in the field, which was attributed to the 
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higher porosity of fresh lining mortar compared to the cured samples (see section 4.4.1), 

followed by 28 days cured cube exposed C1 sewer corrosivity in the field and 28 days cured 

cube exposed in pH 1 of sulphuric acid, respectively. Therefore, the results suggested that a 

maximum porosity of approximately 20 vol.% is recommended for optimal corrosion 

resistance performance in geopolymer mortar. 

 

Figure 5-47 Correlation of R1 and initial porosity at C1 of sewer corrosivity classification 

5.3.1.2 UCS 

Figure 5-48 shows the negative non-linear correlation between the initial UCS and R1. 

Increasing the initial UCS observed that the corrosion resistance performance was improved. 

This is due to higher initial UCS attributed to low porosity and dense mortar material, which 

could provide better protection against corrosive compounds (He et al., 2021, Ali et al., 2022). 

The corrosion performance was also influenced by the sample preparation method, specifically 

the application of shotcrete and the use of cured cube mortar samples. This correlation indicated 

an optimal initial UCS enhanced the corrosion resistance performance. It was observed that a 

minimum UCS of 70 MPa was reached, a desirable UCS for better corrosion resistance 

performance. 
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Moreover, it is evident that the UCS is related to the porosity of the mortar material. Ali et al. 

(2022) suggested that higher porosity results in lower UCS. Therefore,  initial porosity and 

UCS must be carefully considered to provide better corrosion resistance performance and more 

durable mortar. 

 

Figure 5-48 Correlation of R1 and initial UCS at C1 of sewer corrosivity classification 

5.3.2 CHEMICAL PROPERTIES 

5.3.2.1 ANC 

Figure 5-49 presents the non-linear correlation between practical ANC and R1. The correlation 

indicated the optimum practical ANC at approximately 4.5 mmol H+/g substrate. Lower and 

higher practical ANC than 4.5 mmol H+/g substrate exhibited an increasing corrosion rate. As 

explained in section 4.5.2.3, the ANC was strongly correlated with CaO within the mortar 

binder. Decalcification from hydration phases from the lining mortar is attributed to acid 

neutralisation and formation of corrosion products such as gypsum and ettringite (Giampaolo 

et al., 2002b, Khan et al., 2020b).  Therefore, increasing the practical ANC reflects an increased 

ability to neutralise acids that attack the mortar binder,  providing improved protection against 

corrosive compounds. Nevertheless, if the ANC increases too much, the access leaching Ca2+ 
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will formulate the gypsum and ettringite, generating more cracks and providing a pathway for 

corrosive compounds to penetrate further and react with binder mortar (Khan et al., 2020b).  

Comparing the corrosion resistance performance of both the shotcrete application and 28 days-

cured cube samples showed a consistent correlation. However, it exhibited different corrosion 

resistance performances based on the R1. The method of preparing the sample affected the 

practical ANC of the mortar as explained in section 5.2.4.1.5 that fresh shotcrete mortar has a 

higher ability to neutralise acids compared to cured mortar due to high alkalinity and 

availability of reactive components in fresh mortar facilitating acid neutralisation reactions 

(Potgieter-Vermaak et al., 2006, Yan et al., 2000). This correlation suggests that for optimal 

corrosion resistance performance in geopolymer mortar, it is recommended to have a minimum 

practical ANC of 4.5 mmol H+/g substrate. 

 

Figure 5-49 Correlation of R1 and practical ANC at C1 of sewer corrosivity classification 

5.3.2.2 HYDRATION PHASES 

The hydration phases of alkali-activated mortar, including geopolymer, are C-S-H, C-A-S-H, 

C-N-A-S-H, and N-A-S-H. Figure 5-50 shows the correlation between the hydration phase (C-

S-H, C-A-S-H, and N-A-S-H) and R1. It exhibited a negative non-linear correlation between 
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C-S-H and C-A-S-H correlated with R1 (see Figure 5-50 (a) and (b)). At the same time, N-A-

S-H exhibited a positive non-linear correlation (see Figure 5-50 (d)). In contrast, The C-N-A-

S-H appeared to have a very weak correlation with R1 (see Figure 5-50 (c)). This correlation 

suggests that an increase in the content of the C-S-H and C-A-S-H phases is associated with an 

improvement in corrosion resistance performance. The presence of these hydrate phases in the 

mortar matrix contributes to the enhanced durability of the mortar because the C-S-H and C-

A-S-H can improve the mortar by filling the void and acting as micro-aggregate in the 

microstructure of mortar, resulting in decreased porosity and increased UCS (Phoo-ngernkham 

et al., 2013). Increasing the N-A-S-H phase in the mortar appears to lower corrosion resistance 

performance. This is attributed to the nature of N-A-S-H phases which has a more open and 

disordered structure due to more Si-O-Si linkages, resulting in high porosity (Wang et al., 2021, 

Castillo et al., 2021). In the comparison of the corrosion rate from the shotcrete application and 

28-day cured cubes, the shotcrete application exhibited the highest corrosion rate because the 

formation of the hydration phase was not completed, resulting in a lower ability to resist 

corrosion compared to 28-day cured cubes. 

The correlation of hydration phases with R1 suggested that alkali-activated mortar, including 

geopolymer mortar, must cautiously consider the hydration phases to achieve optimal corrosion 

resistance. This study recommends that the lining mortar have a minimum content of 14% C-

S-H and 35% C-A-S-H phases. These hydrate phases contribute to the strength and durability 

of the mortar, enhancing its resistance to acid corrosion. At the same time, it advised limiting 

the content of N-A-S-H phases to a maximum of 22.5% because the excessive N-A-S-H phases 

may negatively affect the corrosion resistance properties of the mortar, potentially leading to 

reduced performance. 
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(a) C-S-H 

 

(b) C-A-S-H 

                  
(c) C-N-A-S-H 
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(d) N-A-S-H 

Figure 5-50 Correlation of R1 and C-S-H, C-A-S-H, and N-A-S-H at C1 of sewer corrosivity 

classification 

Overall, when comparing the corrosion resistance performance based on the stage I corrosion 

rate (R1), it was observed that the cube mortar samples performed better than the fresh lining 

mortar shotcrete application under C1 sewer corrosivity environment conditions. When 

comparing the corrosion resistance performance of cured mortar coupon exposed to C1 sewer 

corrosivity classification and pH 1 of the sulphuric acid immersion test, it was observed that 

the samples exposed to the sewer environment exhibited worse performance than the acid 

immersion test. These results suggested that mortar corrosion is more complicated under 

Microbially Induced Concrete Corrosion (MICC). 

5.4 SUMMARY 

This chapter focused on the evaluation of alkali-activated mortar durability, including one-part 

geopolymer mortar (OGPm) samples, specifically OGPm-1, OGPm-2, OGPm-3, and OGPm-

4, along with calcium aluminate cement mortar (CACm), as a comparative analysis of their 

acid corrosion resistance performance. Durability was established from 3 measures, lag phase, 

R1 and R2. The durability of the mortars was correlated to the various 28 days physical and 
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chemical properties of the mortar to establish their relative influence on durability. 

Performance of mortar lining material 

Cured cube mortar samples and practical field applications were used to evaluate the corrosion 

resistance performance impacted by chemical attack and MICC.  

Acid immersion test 

Cured mortar coupons were exposed to sulphuric acid, simulating the final stage of corrosion 

impacted by MICC. The corrosion of mortar as a function of time was observed to have a stage 

I and stage II corrosion rate. The R2 was an essential feature of these protective lining mortar. 

These results suggest that the reduction in corrosion rate in the second stage could be attributed 

to the increased diffusion resistance for the acid through the build-up of the corrosion layer and 

to pore blocking by gypsum. Therefore, the corrosion resistance performance of mortars was 

related to the CaO composition and porosity.  

MICC 

The cured mortar sample and practical field application were investigated to evaluate the 

corrosion resistance performance of geopolymer mortar impacted by MICC.  After exposing 

the geopolymer mortar to aggressive sewer environments, which were classified as C1 (very 

low corrosivity) to C5 (very high corrosivity),  the corrosion of geopolymer mortar of both 

sample preparation methods was characterised into three (3) phases characterised mortar 

corrosion: i) Lag phase, ii) stage I corrosion rate (R1) and iii) stage II corrosion rate (R2). 

However, the degree of deterioration of mortar was different. The shotcrete field application 

appeared to show higher degradation than cured mortar sample. It needs to note that not all 

lining mortar can capture all 3 phases of corrosion. It depends on the chemical and physical 

properties. 
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The durability of the mortar lining material 

The chemical and physical properties were correlated with the stage I corrosion rate (R1) to 

evaluate the properties of mortar, such as initial UCS, initial porosity, ANC, and hydration 

product impact on the mortar's durability. The results found that physical properties such as 

initial porosity and UCS had positive and negative impacts on the durability of the mortar. The 

initial porosity negatively impacted the mortar's durability, while the initial UCS had a positive 

impact. Similar to physical properties correlation, the chemical properties such as ANC and 

hydration phase were also correlated with the R1. The C-S-H and C-A-S-H have a positive 

impact on mortar durability, while N-A-S-H has a negative impact on mortar durability. 14% 

C-S-H and 35% C-A-S-H phases N-A-S-H phases to a maximum of 22.5%. The practical ANC 

exhibited a positive impact on mortar durability. 

Overall, the durability of mortar is related to its physical and chemical properties and its 

exposure to environmental conditions. Therefore, physical properties (porosity and UCS), 

chemical properties (ANC and hydration phases; C-S-H, C-A-S-H, C-N-A-S-H, and N-A-S-

H) and sewer environmental condition were involved in developing the service life prediction 

model and presented in Chapter 6.
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6 SERVICE LIFE PREDICTION MODELS FOR ALKALI-

ACTIVATED BINDERS, INCLUDING GEOPOLYMER  EXPOSED 

TO SEWER CONDITIONS OF VARIOUS CORROSIVITY 

6.1 INTRODUCTION 

The deterioration of sewer asset structures is a significant challenge for modern society. It is 

linked to the loss of the economy, health and environmental concerns (Wang et al., 2020b). 

Various mitigation strategies have been trialled and implemented to extend the service life of 

the sewer assets. Rehabilitation of sewer assets using mortar lining material is an effective 

mitigation strategy for long-term sewer asset protection.  

Cement-based coatings have been of interest because of their potential to extend the life of 

assets by more than 50 years (Valix, 2011). In addition, cement-based linings are more likely 

to interact and bond with the existing concrete host. They are less likely to suffer from 

delamination attributed to water infiltration into the assets (Valix, 2011). Geopolymers have 

been interested in lining mortar applications because of their excellent corrosion resistance 

compared to ordinary Portland cement (OPC). Recently, many types of geopolymers have been 

available for sewer assets rehabilitation.  

However, the geopolymer mortar as lining material can continue to deteriorate under sewer 

environmental conditions after rehabilitating sewer assets. Therefore, to facilitate water utilities 

in prioritising remedial and replacement of the lining material, service life prediction becomes 

an essential issue for water utilities. To obtain a reliable service life prediction model is required 

to understand the deterioration process and how the sewer environment and properties of 

geopolymer influence the deterioration process. Therefore, the two challenges in implementing 

geopolymers in sewer assets rehabilitation are i) lack of the selection criteria of geopolymer 

mortars to fit specific aggressive environmental conditions of the sewer assets and ii) the 

prediction of service life under the given conditions.  
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However, Chapter 5 shows geopolymers' performance under different corrosion classifications 

established under the CRC-P: Smart Linings for Pipes and Infrastructure from the University 

of Sydney, School of Chemical and Biomolecular Engineering (Valix, 2021). In this chapter, 

the service life model has been developed by observing the corrosion performance and relevant 

environmental and other potential parameters that influence the corrosion of geopolymers, such 

as hydration products, geopolymer properties, and aggregate composition. 

6.2  SCOPE OF SERVICES LIFE PREDICTION MODEL 

The service life prediction models were developed based on the three-stage corrosion 

behaviour of lining mortar for alkali-activated binders, including geopolymers. These models 

involved three main corrosion factors: time, sewer environmental conditions (H2S, CO2, %RH, 

and T), and chemical and physical properties of alkali-activated binders, including 

geopolymers (porosity, UCS, ANC and hydration phases; C-S-H, C-A-S-H, C-N-A-S-H, and 

N-A-S-H). The models apply only to the classification of sewer corrosivity adopted from Valix 

(2021), which has H2S < 200 ppm as the main corrosive compound this study covers. 

6.3 PREVIOUS SERVICE LIFE MODEL 

The traditional approach to predicting the corrosion rate is a semi-empirical model method by 

Pomeroy (1990), as shown in Equation 6.1.  

 
𝐶𝑟 =

11.5𝑘𝜙sw

𝐴
 

Equation 6.1 

The parameter of the model identified as Cr = corrosion rate (mm/year); k = correction factor 

related to the acid formation based on climate conditions, ϕsw = sulphide flux at the air-wall 

interface [g H2S/(m2 hr)]; and A = alkalinity of the sewer pipe material express as (g CaCO3/g 

concrete). The Pomeroy model is constructed based on the loss of concrete material by the acid 

production rate and the amount of reactive material that consumes the acid. If the rate of acid 
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formation is slow, the k appears to be closed unity, but it may be as low as 0.3 to 0.4 in rapid 

acid production (Pomeroy, 1990). 

Another service life model was developed by Wells and Melchers (2015), as shown in Equation 

6.2, using a semi-empirical method. This model is developed based on an Ordinary Portland 

Cement (OPC) concrete cube. The corrosion resistance performance of the OPC cubes was 

tested in a live sewer in Sydney, Perth, and Melbourne. Based on the corrosion resistance 

performance and environmental conditions such as H2S, temperature, and relative humidity,  

the corrosion rate equation of the OPC cube is formulated. 

 
𝐶 = 𝐴 × [𝐻2𝑆]

0.5 ×
(0.1602𝐻 − 0.1355)

(1 − 0.9770𝐻)
× 𝑒(

−45000
𝑅𝑇⁄ ) 

Equation 6.2 

Where: where C is the rate of corrosion (mm yr− 1), [H2S] is the concentration of hydrogen 

sulphide in the sewer atmosphere (ppm), H is the relative humidity of the sewer atmosphere 

(%), R is the universal gas constant (= 8.314 J mol−1 K−1) and T is the temperature of the sewer 

atmosphere (K). 

The development of the service life model was based on OPC concrete and the environmental 

condition and alkalinity of the OPC. The rate of corrosion model is restricted to OPC only. 

Considering the parameters involved in the service life prediction model, it should involve 

environmental conditions and lining material properties. The research gap in this chapter 

involves with   

1. Lack of sample preparation to obtain realistic and reliable corrosion resistance 

performance data. 

2. Lack of various environmental conditions involved in the development of the service 

life prediction model 
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3. Lack of consideration of hydration product and chemical composition of binder and 

aggregate 

4. Lack of consideration of properties of fresh geopolymer such alkalinity, porosity, and 

unconfined compressive strength (UCS) 

This chapter aims to develop the service life prediction model for geopolymer mortar using the 

semi-empirical method. The service life prediction model will be developed based on sewer 

environmental conditions, binder and aggregate chemical composition, and initial chemical and 

physical properties. This service life prediction model of geopolymer mortar is performed for 

the first time in this study. 

6.4 SERVICE LIFE MODELS   

Failure prediction models are established to foresee the estimated service life of the mortar 

with respect to the material corrosion resistance against aggressive sewer environmental 

conditions. Figure 6-1a shows the example of corrosion performance plotted between the 

corrosion depth and time at different corrosion classifications, as presented in Chapter 5. 

Generally, the plot of corrosion depth over time presents 3 phases; lag phase, corrosion stage I 

(R1), and corrosion stage II (R2), as shown in section 5.2.3.2.3. However, the corrosion depth 

over time may present all the phases due to the different corrosion rates at different corrosion 

classifications. At C1 and C2, the plot shows three (3) corrosion phases, while  C3, C4, and C5 

show a partial corrosion phase. 



263 

 

263 

 

 

Figure 6-1 Corrosion of geopolymer coating (OGPm-3) as a function of time and sewer 

classifications 

Based on the corrosion performance data, a conceptual model for the corrosion of cement 

mortar is proposed in Figure 6-2. The service life (tL) of the protective mortar is defined by the 

time from when it is first established to the time when it fails to act as a corrosion barrier. The 

mortar provides a barrier against the corrosive media by neutralising acids that permeate the 

mortar. As a result of an acid attack, decalcification of the mortar will cause the cement's 

alkalinity and pH to decline and cause the loss of cement's hydraulic properties.    

The mortar is assumed to have failed either when it can no longer provide a corrosion barrier 

against the aggressive sewer environment or if its compressive strength is less than required to 

support external loads. As shown in Figure 6-2, the overall service period is characterised by 

three hypothetical stages. The first stage describes the corrosion initiation period (ti), where 

little to no corrosion occurs. This is followed by the propagation periods when the corrosion 

front starts to migrate inwards into the mortar. Two propagation periods, tPi and tPf, have been 

proposed, corresponding to a rapid rate of corrosion (R1) followed by a slower rate of corrosion 
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(R2), respectively. It is proposed that as corrosion progresses, there will be a build-up of a 

corroded layer that, in time, may hamper and slow the corrosion rate. This aspect of the 

conceptual model was evaluated in this study. Overall, the total service life is given as the sum 

of these individual periods: 

 𝑡𝐿 = 𝑡𝑖 + 𝑡𝑃𝑖 + 𝑡𝑃𝑓 Equation 6-3 

The corrosion will progress until the mortar can no longer act as a barrier against the corrosive 

environment. The condition may either be that the acid has fully permeated the mortar and has 

reached the concrete asset or that the remaining strength of the mortar is insufficient to support 

the load. The latter applies only if the mortar is also required to provide structural strength to 

the asset. 

 

Figure 6-2. Conceptual model of cement mortar corrosion 
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6.4.1 ERROR ANALYSIS OF THE MODELS 

Error functions were defined to determine the significance of each parameter to the predictive 

models and establish the fit of the experimental data to the models (see Table 6-1). The process 

for the analysis follows the method outlined by Valix (Valix et al., 2006). The sum of squared 

total (SST), the sum of squares for regression (SSR), and the sum of squared errors (SSE) were 

computed from the (n) number of mortars tested (see Equation 6-4 to Equation 6-6). The 

variance of the random errors (se) between the fitted model and the observed data can be 

measured from the value of SSE averaged with the degree of freedom according to Equation 

6-7. This is also referred to as the mean square error (MSE). The significance of the 

independent variable used in the model is established using a partial F-test. The reduced error 

sum of the squares (R(M1/M2) is calculated by taking the difference between the error sum of 

the squares of the full model is, SSEF, and that of the reduced model containing k predictors is 

SSEi (see Equation 6-8). The F-statistics for determining the statistical significance of the 

chosen subset of predictor variables is calculated using Equation 6-9. The goodness of fit of 

the experimental data is established from the coefficient of determination (R2) using Equation 

6-10. The values of R2 vary from 0 to 1.0. The R2  value is closer to 1.0, the greater the fit of 

the data to the model. However, it should be emphasised that the validity of the fit can be 

compromised with multiple parameters. The value of R2 increases as the number of 

independent variables increases regardless of the significance or lack thereof of the added 

variable to the dependent variable. To overcome this misleading representation by R2, a variant 

called the adjusted- R2 that adjusts for the number of variables (p) in the fitted model is also 

reported. This is estimated using Equation 6-11. Correction of the variance of the random errors 

based on the reduced model through the mean square error is calculated using Equation 6-12. 
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An additional definition of the parameters used in Table 6-1 is shown below. 

Parameters Description 

k Number of predictor variables in the reduced model 

n number of data  

p Number of predictor variables in the model 

p-values probability 

SSEF error sum of the squares of the full model 

SSEi error sum of the squares of the reduced model containing k predictors 

Ymean Average of the measured corrosion variable (e.g., depth of corrosion)  

Ymeasured Experimentally measured corrosion variable (e.g., depth of corrosion)  

Ypredicted Predicted corrosion variable (e.g., depth of corrosion)  
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Table 6-1. Error functions 

Error 

Functions 
Description Equations  

SST sum of squared total 𝑆𝑆𝑇 =∑ (𝑌𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑌𝑚𝑒𝑎𝑛)
2

𝑛

𝑖=1
 

Equation 6-4 

SSR sum of squares for regression 𝑆𝑆𝑅 =∑ (𝑌𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 − 𝑌𝑚𝑒𝑎𝑛)
2

𝑛

𝑖=1
 

Equation 6-5 

SSE sum of squared errors 𝑆𝑆𝐸 =∑ (𝑌𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑌𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)
2

𝑛

𝑖=1
 

Equation 6-6 

se mean square error 𝑠𝑒
2 = 𝑀𝑆𝐸 =

𝑆𝑆𝐸

𝑑𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑓𝑟𝑒𝑒𝑑𝑜𝑚
 

Equation 6-7 

R(M1/M2 Reduced error sum of the squares 𝑅 (
𝑀1
𝑀2
) = 𝑆𝑆𝐸𝐹 − 𝑆𝑆𝐸𝑖 

Equation 6-8 

F F-statistics 
𝐹 = 

𝑅(
𝑀1
𝑀2
)

𝑝 − 𝑘
𝑆𝑆𝐸𝐹

𝑛 − 𝑝 − 1

=
𝑀𝑆𝑅(

𝑀1
𝑀2
)

𝑀𝑆𝐸
 

Equation 6-9 

R2 Coefficient determination 𝑅2 = 1 −
𝑆𝑆𝐸

𝑆𝑆𝑇
 

Equation 6-10 

adjusted -Ra
2 Adjusted coefficient determination 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑅2 = 1 −

(𝑛 − 1)𝑆𝑆𝐸

(𝑛 − 𝑝 − 1)𝑆𝑆𝑇
 

Equation 6-11 

corrected -se Corrected mean square error 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 − 𝑠𝑒
2 = 𝑀𝑆𝐸 =

𝑆𝑆𝐸

(𝑛 − 𝑝 − 1)
 

Equation 6-12 
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6.4.2 MODEL OF THE CORROSION INITIATION PERIOD 

The initiation period represents the time from the establishment of the mortar to the period 

when corrosion is activated and begins to migrate into the mortar structure. Generally, the 

initiation period is dictated by the microbial production of the aggressive acids on the mortar 

surface. According to the successive growth theory, various micro-organisms that exhibit pH-

dependent growth work cooperatively in bringing the surface pH of the cementitious materials 

from around pH 12 to pH conditions that allow the successive growth of the different organisms 

and, therefore the generation of different biogenic acids (Mori et al., 1992, Islander et al., 

1991b, Okabe et al., 2007b, Valix et al., 2012). The concept of microbiome growth is shown 

in Figure 6-3. As shown, sewer corrosion is characterised by the attack from sewer gases, fungi 

and their organic acids, neutrophiles with their sulphuric acid, and finally, acidophiles with 

sulphuric acid. Corrosion is not dictated by an attack of one type of biogenic acid but rather an 

integrated attack of the acids. Sewer gases, including H2S, CO2, NO2, and SO2, play an essential 

role in reducing the mortar pH in the initial phase of corrosion. When hydrolysed in humid 

sewer environments, these sewer gases will form weak acids, specifically H2CO3, HNO3 and 

H2SO3 (Sand, 1997b). Because these hydrolysis gases and H2S originate from the sewage, they 

will participate in the corrosion of the crown and walls of mortar sewer pipes regardless of the 

mortar surface pH and microbe population on its surface. Hence, sewer gases are likely to 

contribute in an integrative manner to the biogenic acids generated as a result of successive 

growth.  

The biogenic acids that accumulated on the surface of an epoxy mortar installed in sewers are 

shown in Figure 6-4. As shown, the quantity of acids that are generated by successive growth 

only becomes significant below pH 9.0, with the more aggressive H2SO4 being generated below 

pH 4.0. These are consistent with the pH growth optimum for acidophiles which oxidise H2S 

and sulphur compounds (e.g., S2O3 and S) to sulphuric acid, have their growth optimum at pH 
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0.0 to 5.5 (Okabe et al., 2007b, Hernandez et al., 2002); neutrophils which promote the 

conversion of thiosulphate to elemental sulphur grow optimally at pH 5.5 to 8.0 (Islander et 

al., 1991b), and fungi growth at pH 4.0 to 6.0 (Valix et al., 2012, Gu et al., 1997, Cho and Mori, 

1995). These results infer that the corrosion initiation is likely to be dominated by sewer gas 

attack.  

 

Figure 6-3. pH dependence of microbiome growth 

 

 

Figure 6-4. Biogenic acid generation as a function of pH on polymeric coatings installed in 

sewers for 18 months (Valix and Shanmugarajah, 2015) 
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The depth of corrosion for a geopolymer mortar exposed to conditions corresponding to 

corrosivity classification is reported in Table 6-2. As shown, the initiation period decreases 

with increasing corrosivity. Since the H2S concentration increases with classification while 

CO2 has an inverse correlation, it would be presumed that the H2S concentration significantly 

impacts the corrosion initiation period.  

 

Figure 6-5. Corrosion of geopolymer coating (OGPm-3) as a function of time and sewer 

classifications 

Table 6-2. Environmental conditions for OGPm-3 

Classification H2S (ppm) CO2 (ppm) T(C) RH (%) 

C1 1.6 9393 24.0 99.0 

C2 26 9418 21.3 99.0 

C3 94 7500 18.5 99.0 

C4 155 2520 20.2 99.0 

C5 164 1970 26.0 99.0 

 

H2S contributes to the partial reduction of mortar pH by reacting with Ca(OH)2 to form CaS  

(Hudon et al., 2011, Cerny and Rovnanikova, 2002): 
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 Ca(OH)2 + H2S → CaS + 2H2O Equation 6-13 

It can also react with any carbonate cement (e.g., calcite) to form calcium sulphide and calcium 

bicarbonate: 

 2CaCO3 + H2S → CaS + Ca(HCO3)2 Equation 6-14 

Both reactions achieve a pH of around 9.0, and thus, H2S impact on corrosion is considered 

low (Hudon et al., 2011, Cerny and Rovnanikova, 2002). Nonetheless, the reduction in pH 

allows corrosion to propagate as fungi grow and generate organic acid. The known minimum 

pH for mortar neutralisation by H2S is consistent with pH when significant biogenic is 

generated in the sewer (see Figure 6-4).   

Carbonation  of the mortar will occur when CO2 dissolves in water to form a weak carbonic 

acid solution (H2CO3): 

 CO2 + H2O → H2CO3 Equation 6-15 

The carbonic acid solution reacts first with calcium hydroxide (C-H) and calcium silicate 

hydrate (C-S-H) to form calcium carbonate or calcite: 

 Ca(OH)2 + H2CO3 → CaCO3 + 2H2O Equation 6-16 

 CaO · SiO2 · 2H2O + H2CO3 → CaCO3 + Si(OH)2 +  2H2O Equation 6-17 

The minimum pH generated by carbonation is about 8.2. Hence, the impact of carbonation on 

corrosion is often considered low. It has been suggested that the optimum rates of carbonation 

occur when the relative humidity (RH) is in the range of 50% to 75%; carbonation effectively 

stops when mortar is saturated (ACI-201, 2001, Elsalamawy et al., 2019). The relative humidity 

observed in this study is from 95-100%; therefore, carbonation is not expected to contribute 

significantly to the initial reduction in mortar surface pH and the initial corrosion period.  

The resistance of the mortars to change pH as a result of carbonic acid attack and H2S 

adsorption will depend on the mortar acid neutralisation capacity and cement chemistry. The 
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semi-empirical model has been proposed to predict the period for corrosion initiation (ti) of the 

alkali-activated binder and geopolymer mortar as a function of sewer corrosivity (Cti) and 

geopolymer mortar durability (FtiG) (see Table 6-3). The corrosivity is defined by the 

environmental conditions, specifically H2S, CO2, %RH and temperature. These conditions 

were assumed to have reached a steady state and would remain relatively constant for the 

duration of the mortar service life.  
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Table 6-3. Semi-empirical model for the corrosion initiation period 

Model Equation  

Corrosion Initiation Period (ti) 𝑡𝑖 = 𝑘𝑡𝑖𝐺𝐶𝑡𝑖𝐹𝑡𝑖𝐺   Equation 6-18 

Corrosivity (Cti) 𝐶𝑡𝑖 = [𝐻2𝑆]
𝑐1_𝑡𝑖𝐺[𝐶𝑂2]

𝑐2_𝑡𝑖𝐺[𝑅𝐻]𝑐3_𝑡𝑖𝐺𝑒(−
𝐸𝐶_𝑡𝑖𝐺
𝑅𝑇

)
 Equation 6-19 

Mortar durability (FtiG) 𝐹𝑡𝑖𝐺 = 𝐻𝐵𝑡𝑖𝐺𝐴𝑡𝑖𝐺𝛽
𝑓1_𝑡𝑖𝐺𝑈𝐶𝑆𝑓2_𝑡𝑖𝐺𝜃𝑓3_𝑡𝑖𝐺   Equation 6-20 

Binder hydrate composition 

(HBtiG) 
𝐻𝐵𝑡𝑖𝐺 = [𝐻𝐵1]

𝑏1_𝑡𝑖𝐺[𝐻𝐵2]
𝑏2_𝑡𝑖𝐺[𝐻𝐵3]

𝑏3_𝑡𝑖𝐺[𝐻𝐵4]
𝑏4_𝑡𝑖𝐺 Equation 6-21 

Aggregate composition (AtiC) 𝐴𝑡𝑖𝐶 = [𝐴𝐴𝑙2𝑂3]
𝑎1_𝑡𝑖𝐺[𝐴𝐶𝑎𝑂]

𝑎2_𝑡1𝐺[𝐴𝑆𝑖𝑂2]
𝑎3_𝑡𝑖𝐺  Equation 6-22 
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where 

ktiG Constant for the corrosion initiation period 

[H2S] hydrogen sulphide concentration (ppm) 

[CO2] carbon dioxide concentration (ppm) 

[RH] relative humidity (%) 

T gas temperature (K) 

EC_tiG Sum of the activation energies associated with the interaction (adsorption and 

reaction) between corrosive gases and mortar surface EH2S+ ECO2+… 

R Gas constant 8.3145 J/mol. K 

 acid neutralisation capacity (millimoles H+/g substrate) 

UCS Unconfined compressive strength (MPa) 

 porosity 

HB1 Hydrate composition phase 1 (e.g., C-S-H) (wt.%) 

HB2 Hydrate composition phase 2 (e.g., C-A-S-H) (wt.%) 

HB3 Hydrate composition phase 3 (e.g., C-N-A-S-H) (wt.%) 

HB4 Hydrate composition phase 4 (e.g., N-A-S-H) (wt.%) 

AAl2O3 Al2O3 content of the aggregate (wt.%) estimated by XRF 

ACaO CaO content of the aggregate (wt.%) estimated by XRF 

ASiO2 SiO2 content of the aggregate (wt.%) estimated by XRF 

ci(i=1,2,3)_tiG order of reaction as a function of the environmental corrosivity parameters for 

the corrosion initiation period 

fi(i=1,2,3)_tiG order of reaction as a function of mortar durability parameters for the corrosion 

initiation period 

bi(i=1,2,3,4)_tiC order of reaction as a function of mortar hydrate composition for the corrosion 

initiation period 

ai(i=1,2,3)_tiC order of reaction as a function of mortar aggregate composition for the 

corrosion initiation period 
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The properties that define mortar durability have been proposed to include binder hydrate 

composition (HB), acid neutralisation capacity (), compressive strength (UCS), and porosity 

(). It was assumed that the remaining sound concrete would retain these properties through its 

service life and could, therefore, be used to infer the durability or corrosion resistance of the 

mortar through its life. The impact of these properties will be examined statistically below. The 

measured corrosion initiation periods are fitted to the model for the corrosion initiation period 

(see Table 6-3) in Figure 6-6. The corresponding fitted parameters are shown in Table 6-4. 

 

Figure 6-6. Corrosion data fitted to the corrosion initiation period model (see Table 6-3)  
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Table 6-4. Fitted parameters for the corrosion initiation period model (Table 6-3) 

Parameters Values Parameters Values 

ktiG 2.2   

Corrosivity Binder hydrate composition 

c1_t1G -0.319 b1_tiG 0.40 

c2_t1G -0.49 b2_tiG 0.26 

c3_t1G 0.0 b3_tiG 0.65 

EC-tiG 800 b4_tiG 0.60 

Mortar durability Aggregate composition 

f1_tiG 0.0 a1_tiG 0.0 

f2_tiG 0.0 a2_tiG 0.0 

f3_tiG 0.0 a3_tiG  

The significance of the independent variables used in the model for the corrosion initiation 

period was established using a partial F-test. Only parameters that showed non-zero orders 

were included in the assessment. The F-test parameters for the model are reported in Table 6-5. 

The F-statistics was used to test the null hypothesis that the variances of the reduced and full 

models are equal. The significance of the observed F-test was measured from the p-value or 

significance probability. The p-values were estimated using Microsoft Excel. If the p-value is 

less than the conventional 0.05 level, then the null hypothesis was rejected, and the conclusion 

was that the two variances differed significantly. The variable removed in the reduced model 

was a statistically significant predictor in the predictive model. As shown in Table 6-5, all the 

p-values are below 0.05, except for HB2 and HB4, inferring that all the remaining parameters 

in the model are statistically significant. 
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Table 6-5. Statistical significance analysis of Model 1 parameters (n = 11, p = 8) 

Parameters 
Degree of 

Freedom 
SSE R(M1/M2) MSE F p-value 

Full 2 0.003  1.53x10-3   

H2S 1 0.33 0.32 0.32 211 0.0047 

CO2 1 8118 8118 8118 5.31x106 0.0000 

T 1 1.00 0.98 0.98 643.11 0.0016 

Constant, 

ktiG 1 1.08 0.35 0.35 226.40 0.0044 

HB1 1 0.17 0.17 0.17 109.56 0.0090 

HB2 1 0.01 0.01 0.01 3.76 0.1920 

HB3 1 0.28 0.28 0.28 183.00 0.0054 

HB4 1 0.03 0.03 0.03 17.99 0.0513 

The measures of the statistical fit of the model are R2 of 0.99, adjusted- R2 of 0.98 and se of 

0.04. These statistical parameters suggest that the model adequately fits or captures the mortar 

corrosion initiation period behaviour. The proposed Model 1 – Corrosion initiation period for 

alkali-activated binder including geopolymers is simplified as follows: 

 

𝑡𝑖 = 2.2
𝑒(
800
𝑇
)[𝐻𝐵1]

0.40[𝐻𝐵3]
0.65

[𝐻2𝑆]0.319[𝐶𝑂2]0.49
  

Equation 6-23 

The fitted parameters suggest that both the neutralisation by H2S adsorption and carbonic acid 

are the primary factors that contribute to the initial pH reduction of the mortars. It appears that 

the cement chemistry specifically hydrates 1 and 3 in the binder, contributed to the resistance 

in surface pH reduction rather than acid neutralisation capacity. This may, in effect, be due to 

pH reduction being partly attributed to H2S adsorption. In general, it appears that hydration 

phases 1 and 3, which are C-S-H and Al substituted C-S-H, are more resistant to H2S adsorption 

and carbonic acid compared to the geopolymer phase.  
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6.4.3 CORROSION PROPAGATION MODELS BASED ON THE DEPTH OF 

CORROSION 

Two solid-liquid kinetic models have been proposed to predict the rate of mortar corrosion 

(Levenspiel, 1999). These are based on the shrinking core model (SCM) and shrinking particle 

model (SPM). The core shrinking model is used to describe the process where the material, in 

this case, mortar binder, is being consumed by acid (e.g., H2SO4) attack and the remaining 

sound mortar is shrinking but leaves an inert porous corrosion layer. At the same time, the 

particle shrinking model describes the process where no corrosion layer remains. Figure 6-7 

shows an example of the cross-section of a corroded geopolymer mortar that has been sprayed 

with a Universal pH indicator. There is a distinct sound mortar region with a layer of corroded 

material where pH has been reduced to around pH 1-2. This is typical of most of the corroded 

mortar analysed in this study and suggests the process is consistent with the core-shrinking 

model.  

 

 

  Figure 6-7. Example of a cross-section of corroded geopolymer demonstrating core-shrinking 

model 

The kinetics of mortar corrosion, for this study, was therefore modelled based on the core 

shrinking model. It was assumed the material consists of an unreactive matrix (aggregates) 

 

 
 

Sound Concrete Corrosion Layer Sound 

Mortar 

Corroded Layer 
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with reactive components (binder) that may consist of Ca(OH)2 and C-S-H, C-A-S-H, N-C-A-

S-H, N-A-S-H and CAC hydrates (e.g., C2AH8).   The corrosion proceeds by the migration of 

biogenic acids through the porous corrosion layer until this reaches and reacts with the sound 

mortar. The model assumes the reaction proceeds at a sharp interface with a reaction boundary 

that gradually moves inward, leaving a corrosion layer while the core or the sound mortar 

remains the same. Figure 6-7 shows that, in general, this is true, although there is a layer in 

between the corroded and sound sections that shows there are transitional materials that are 

partly corroded. The rate of corrosion is determined or controlled by the slowest step in the 

process. Initially, in the absence of a corrosion layer, the rate of corrosion will be controlled 

primarily by the surface chemical reaction (assuming the delivery of the acid to the mortar 

surface is rapid). As corrosion occurs and with the build-up of the corrosion layer, the inward 

movement of the corrosion boundary may begin to be impacted by diffusional resistance. This 

will be dictated by the relative speed of the chemical corrosion reaction to acid diffusion 

through the corrosion layer. Given the sound mortar has a constant acid neutralisation capacity, 

the rate of chemical corrosion reaction will likely depend on the corrosivity of the environment. 

The rate of corrosion will be controlled either by the rate of chemical reaction and/or the mass 

transport of the acid through the corrosion layer. The shrinking core models are based on 

specific geometries (spherical, cylindrical, and flat slabs). The mortar assets consist of circular 

and square pipes and access chambers with an internal diameter of 0.8 to 2.8 m. Protective 

lining mortars that are applied on these assets were assumed to be represented as flat slabs. The 

shrinking core model equations of the determining steps for mortar with flat geometry can be 

written as follows (Szekely et al., 1976): 

Pore diffusion controlled 

 𝑋𝑓
2 = 𝑘𝑑𝑡 𝑜𝑟  𝑋𝑓 = 𝑘𝑑

1/2𝑡1/2  Equation 6-24 

Chemical reaction controlled 
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 𝑋𝑓 = 𝑘𝑐𝑡 Equation 6-25 

Where kd and kc are rate constants, t is time, and Xf is the fraction of material that reacted or, 

in the case of mortar, the amount of Al3+ that has been leached. For this study, the fraction of 

the depth of corrosion (X)/X) based on the original thickness (X) of the mortar asset was 

correlated to the change in mass of (MAl3+
 /MAl

3+0) in the mortar from: 

 ∆𝑀𝐴𝑙3+

𝑀𝐴𝑙3+
𝑜 = 𝜌𝑚𝑜𝑟𝑡𝑎𝑟𝐴 (1 − 𝜃)

∆𝑥

𝑥0
 Equation 6-26 

 

The fraction of mortar that corroded is given as: 

 
𝑋𝑓 =

∆𝑋

𝑋0
=

∆𝑀𝐴𝑙3+

𝑀𝐴𝑙3+
𝑜𝜌𝑚𝑜𝑟𝑡𝑎𝑟𝐴 (1 − 𝜃)

 Equation 6-27 

Where MAl
3+ is the original mass of Al3+ in the mortar,  is the mortar density,  is the original 

mortar porosity, and A is the area of corrosion. It is assumed the movement of the corrosion 

front is very slow, which is a valid assumption considering that the corrosion of mortar occurs 

over several years (> 20 years). Because of the slow movement of the corrosion boundary, it 

can be assumed the rate of mass transport is at a steady state. The advancement of the corrosion 

boundary is determined by the factors that contribute to the corrosion resistance of the mortar 

(F) (see Equation 6-21) it encounters from the remaining sound mortar (see Figure 6-8).  
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Figure 6-8. Schematic of the core shrinking model for corroding geopolymer and/or alkali-

activated mortar 

Under quasi-steady state conditions, the rate of aluminium leaching is equal to the rate of 

volume or porosity changes, and this is equal to the diffusion flux (J) or rate of mass transfer 

of the corroding acids through the corrosion layer as defined by Fick's first law: 

 𝐽 = 𝑟 Equation 6-28 

The rate expression shown in Figure 6-8 is for one corrodent. However, in the sewer, various 

biogenic acids attack the mortar. In the absence of biogenic acid concentration, the precursors 

that contribute to the formation of biogenic acids were used. Although there are various 

precursors for this study, these were assumed to be H2S, CO2, and humidity. 

 
𝐽𝑖 = 

𝐹

𝑘𝐴

𝜕𝐶𝐴𝑙3+
𝜕𝑡

=
𝐹𝜌(1 − 𝜃)𝐴

𝑘𝐴

𝜕𝑋

𝜕𝑡
=∏

𝐷𝐴
𝑋
(𝐶𝐻𝑖 − 𝐶𝑜𝑖)

𝑤

𝑖=1

=∏
𝐷𝐴
𝑋
𝐶𝐻𝑖

𝑤

𝑖=1

 Equation 6-29 

In this study, it was assumed that the differences in the diffusion coefficients of the precursors 

are negligible, and these can be represented by one constant diffusion coefficient DA. DA is the 

effective diffusion coefficient of the acids through the mortar with time, F represents the factors 

CH 

Co 

Sound 

Mortar 

Corroded Mortar Mass Loss from 

Spalling and 

Abrasion 

𝐽 =
𝐷𝐴
𝑥
𝐶𝐻 

𝑟 =
1

𝑘𝐴
𝐹𝜌(1 − 𝜃)𝐴

𝜕𝑋

𝜕𝑡
= 𝑘𝑐𝐶𝐻 

X = Depth of Corrosion 

Al3+ 
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that control the durability of the mortar, CHi is the biogenic acid precursor concentration, X is 

the depth of corrosion, and t is the period of corrosion. Since the surface chemical reaction is 

fast under mass transfer control, It was also assumed Co is negligible. That is, most of the acid 

that penetrates through the corroded section is consumed at the interface of the sound mortar. 

Corrosion at the surface of the sound mortar can be controlled by factors including the acid 

neutralisation capacity of the mortar and the corrosivity of the acid. The rate of corrosion under 

the surface reaction-controlled condition is given as: 

 
𝑟 =∏𝑘𝑐𝑖𝐶𝐻𝑖

𝑛𝑖  

𝑤

𝑖=1

 Equation 6-30 

Where kCi is the chemical rate constant and is the order of reaction for the corroding biogenic 

acid precursor concentration CHi. The depth of corrosion was defined by the difference between 

the original sound mortar and the remaining sound mortar. The depth of corrosion would 

consist of both the remaining corroded section and material loss from abrasion and spalling. 

Continuous removal of mortar material from abrasion can increase the rate of corrosion as the 

barrier for the acid to reach the sound mortar is reduced. Abrasion effects are difficult to model 

but could be simulated by assuming an upper limit to the thickness of the corrosion layer above 

the sound mortar. To maintain this upper limit thickness, the mass loss is assumed to be directly 

related to the pH profile that remains constant across the mortar. Mortar with pH below 8.0 

would be unsound and would be more susceptible to abrasion and spalling. To maintain this 

constant pH profile across the mortar, it is assumed that the biological system in the sewer 

continuously replenishes the acid concentration.  

Monitoring the accumulation of biogenic sulphuric acid in epoxy in Figure 6-9 shows the acid 

build-up appears to reach a steady state after 12 months. These are significant results because, 

under steady-state conditions, it could be presumed the surface pH profile across the mortar 
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would be constant in the long term. In view of this, the impact of abrasion could also be 

assumed to be constant. 

 

Figure 6-9. Cumulative sulphuric acid generated in epoxy mortars installed in large-diameter 

sewer pipes at various H2S concentrations and with time (Valix and Shanmugarajah, 2015) 

This is considered in the rate of chemical mortar corrosion (r) as a function of acid 

concentration with the first order of reaction given as: 

 
𝑟 =

1

𝑘𝐴
𝐹𝜌(1 − 𝜃)𝐴

𝜕𝑋

𝜕𝑡
=∏𝑘𝑐𝑖𝐶𝐻𝑖

𝑛𝑖

𝑤

𝑖=1

 Equation 6-31 

Where kA is the rate of mortar abrasion. The value of kA will depend on the mortar mix design 

and cement chemistry. The value of kA is likely to be close to 1.0 because the locations in the 

assets attacked by gas phase corrosion considered in this study are only intermittently exposed 

to sewage flow. Therefore, material loss is most likely to occur by spalling rather than abrasion. 

Spalling is considered to be slow. Under these conditions, the value of kA was assumed to be 

constant. 

The corrosivity of sewer conditions is dependent on various environmental parameters. The 

key precursors that determine the acid production were defined based on H2S and CO2 

concentrations and the relative humidity (Valix, 2021). A semi-empirical model for the rate of 
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mortar corrosion under chemical control was proposed based on the following power law 

model: 

 𝜕𝑋

𝜕𝑡
=

𝑘𝐴

𝐹𝐴∏ 𝜌𝑂𝐺𝑃𝑖(1 − 𝜃𝑂𝐺𝑃𝑖)
𝑦
𝑖=1

∏𝑘𝑐𝑖𝐶𝐻𝑖
𝑛𝑖

𝑤

𝑖=1

 Equation 6-32 

Where OGPi and OGPi represent the density and porosity of OGP mortars and y represents the 

number of mortars. 

Where the rate constant is defined according to the Arrhenius equation: 

 
𝑘𝐶𝑖 = 𝐴𝑐𝑖𝑒

(−
𝐸𝐶𝑖
𝑅𝑇
)
 Equation 6-33 

Substituting Equation 6-33 into Equation 6-32 gives: 

 𝜕𝑋

𝜕𝑡
=

𝑘𝐴

𝐹𝐴∏ 𝜌𝐺𝑖(1 − 𝜃𝐺𝑖)
𝑦
𝑖=1

∏[𝐶𝐻𝑖]
𝑛𝑖𝐴𝑐𝑖𝑒

(−
𝐸𝑐𝑖
𝑅𝑇
)

𝑤

𝑖=1

= 
𝐾𝐶

𝐹∏ 𝜌𝐺𝑖(1 − 𝜃𝐺𝑖)
𝑦
𝑖=1

[𝐻2𝑆]
𝑐1[𝐶𝑂2]

𝑐2[𝑅𝐻]𝑐3𝑒(−
𝐸𝐶
𝑅𝑇
)
 

Equation 6-34 

where  

ACi (i=1,2,3) frequency factor for chemically controlled corrosion for each corrodent 

CHi the concentration of environmental parameters or precursor for sewer corrosivity 

(H2S) (ppm), CO2 (ppm) and relative humidity (%)) 

ci (i=1,2,3) orders of reaction relative the environmental parameters 

ECi(i=1,2,3) the activation energy for the reaction of each corroded (J/mol) 

Ec Overall activation energy Ec = Eci 

Kc Overall constant, Kc = kA(ACi)/𝐴 

R 8.3145 J/mol. K 

X depth of corrosion (mm) 

w number of corrodents or chemicals that contribute to corrosion 
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Integrating Equation 6-34 gives the semi-empirical model for predicting the depth of corrosion 

under a chemically controlled reaction (Xc):  

 
𝑋𝑐 =

𝐾𝐶

𝐹∏ 𝜌𝐺𝑖(1 − 𝜃𝐺𝑖)
𝑦
𝑖=1

[𝐻2𝑆]
𝑐1[𝐶𝑂2]

𝑐2[𝑅𝐻]𝑐3𝑒(−
𝐸𝐶
𝑅𝑇
)𝑡𝑑 Equation 6-35 

Under the mass transfer-controlled condition, Equation 6-29 was amended to consider the mass 

loss to provide the proposed semi-empirical model: 

 𝜕𝑋

𝜕𝑡
= 𝑘𝐴

𝐷𝐴

𝐹𝑋∏ 𝜌𝐺𝑖(1 − 𝜃𝐺𝑖)
𝑦
𝑖=1

∏[𝐶𝐻𝑖]

𝑤

𝑖=1

 Equation 6-36 

The diffusion constants (DA) for the biogenic acid precursors are expressed in terms of the 

Arrhenius equation as follows: 

 
𝐷𝐴 = 𝐴𝐷𝑒

(− 
𝐸𝐷
𝑅𝑇
)
 Equation 6-37 

Expanding Equation 6-36 to include the corrosivity precursors gives: 

 𝜕𝑋

𝜕𝑡
= 𝑘𝐴

∏𝐴𝐷𝑖
𝜌𝑖𝐴(1 − 𝜃)𝐹𝐷𝑋

[𝐶𝐻𝑖]𝑒
(−
∏𝐸𝐷𝑖
𝑅𝑇

) =
𝐾𝐷𝑖
𝑋
[𝐻2𝑆][𝐶𝑂2][𝑅𝐻]𝑒

(−
∏𝐸𝐷𝑖
𝑅𝑇

)
 Equation 6-38 

Integrating Equation 6-38 gives the semi-empirical model for predicting the depth of corrosion 

under mass transfer-controlled reaction (XD): 

 
𝑋𝐷 = [

𝐾𝐷

𝐹∏ 𝜌𝐺𝑖(1 − 𝜃𝐺𝑖)
𝑦
𝑖=1

]

1/2

[𝐻2𝑆]
1/2[𝐶𝑂2]

1/2[𝑅𝐻]1/2𝑒(−
𝐸𝐷
2𝑅𝑇

)𝑡1/2 Equation 6-39 

where  

ED The activation energy of the diffusion of the acid precursor (J/mol) 

KD Overall constant for Equation 6-38, KD = kAAD 

XD Depth of corrosion under pore diffusion-controlled conditions (mm) 
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6.4.4 RATE-DETERMINING STEP AND MODEL FITTING 

6.4.4.1 RATE DETERMINING STEP - PROPAGATION STAGE 1 

The rate-determining step of the mortar corrosion under propagation stage 1, as defined in 

Figure 6-2, was established for the various sewer classifications by plotting the corrosion data 

using Equation 6-24 and Equation 6-25 (see Figure 6-10 a-d). As suggested, Equation 6-24 

applies to pore diffusion-controlled conditions, while Equation 6-25 applies to chemical-

controlled conditions.   The data fit was evaluated from the correlation of regression (R2) (see 

Figure 6-11). The value of R2 varies from 0-1, and the closer the value to 1.0, the better the fit. 

The R2 values of C1, C2, and C5 did not vary significantly between the chemical and pore 

diffusion-controlled mechanisms. It appears the kinetics of corrosion at the propagation stage 

1 under the various corrosion classifications is controlled by both the combined chemical and 

pore diffusion steps. 
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(a) (b) 

 
 

(c) (d) 

Figure 6-10. The plot of mortar corrosion data under propagation stage 1 fitted to the core 

shrinking model based on:  a) chemical controlled (C1), b) pore diffusion-controlled reaction 

(C1), c) chemical controlled (C2, C5) and d) pore diffusion-controlled reaction (C2, C5) 
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Figure 6-11. R2 of fitted mortar corrosion data under propagation stage 1 to core shrinking 

models 

Equation 6-35 and Equation 6-39 were combined to provide the mixed control model: 

 𝑋𝑆1_𝐺 = 𝑋𝐶 + 𝛾𝑋𝐷 Equation 6-40 

Where  is a constant 

The following semi-empirical model was proposed to predict the depth of corrosion at the first 

stage of corrosion propagation (XS1_G) (see Table 6-6) under chemical and pore diffusion-

controlled corrosion. The depth of corrosion is dependent on the corrosivity of the environment 

(CS1_G), durability properties of the mortar (FS1_G) and service period (t). 
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Table 6-6. Model for Stage 1 Corrosion Propagation of Alkali Activated Binders (AAB) including Geopolymers under Mixed Chemical and Pore 

Diffusion Controlled 

Model Equation  

Depth of Corrosion 

Prediction at Stage 1 

Corrosion Propagation 

(XS1_G) 

𝑋𝑆1_𝐺 = 𝐾𝑆1_𝐺𝐶𝑆1_𝐺𝐹𝑆1_𝐺(−𝑝1_𝑆1𝐺𝑡
𝑝2_𝑆1𝐺 + 𝑝3_𝑆1𝐺𝑡 − 𝑝4_𝑆1𝐺) Equation 6-41 

Corrosivity (CS1_G) 𝐶𝑆1_𝐺 = [𝐻2𝑆]
𝑐1_𝑆1𝐺[𝐶𝑂2]

𝑐2_𝑆1𝐺[𝑅𝐻]𝑐3_𝑆1𝐺𝑒(
𝐸𝐶_𝑠1𝐺
𝑅𝑇

)
 Equation 6-42 

Mortar durability (FS1_G) 𝐹𝑆1_𝐺 = 𝐹∏ 𝜌𝐺𝑖(1 − 𝜃𝐺𝑖)
𝑦
𝑖=1 = 𝐵𝑆1_𝐺𝐴𝑆1_𝐺𝛽

𝑓1_𝑆1𝐺𝑈𝐶𝑆𝑓2_𝑆1𝐺𝜃𝑓3_𝑆1𝐺  Equation 6-43 

Binder hydrate composition 

(BS1_G) 
𝐻𝐵𝑡𝑖𝐺 = [𝐻𝐵1]

𝑏1_𝑆1𝐺[𝐻𝐵2]
𝑏2_𝑆1𝐺[𝐻𝐵3]

𝑏3_𝑆1𝐺(−𝑏4_𝑆1𝐺[𝐻𝐵4]
𝑏5_𝑆1𝐺 + 𝑏6_𝑆1𝐺[𝐻𝐵4] − 𝑏7_𝑆1𝐺) Equation 6-44 

Aggregate composition 

(AS1_G) 
𝐴𝑆1_𝐺 = [𝐴𝐴𝑙2𝑂3]

𝑎1_𝑆1𝐺[𝐴𝐶𝑎𝑂]
𝑎2_𝑆1𝐺[𝐴𝑆𝑖𝑂2]

𝑎3_𝑆1𝐺  Equation 6-45 
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Where:  

XS1_G Depth of Corrosion Prediction at Stage 1 Corrosion Propagation 

KS1_G Constant for depth of corrosion prediction model for stage 1 corrosion 

propagation 

CS1_G Sewer Corrosivity 

FS1_G Mortar durability 

t Exposure time 

pi(1,2,3,4)_S1G Constant parameters for time 

[H2S] hydrogen sulphide concentration (ppm) 

[CO2] carbon dioxide concentration (ppm) 

[RH] relative humidity (%) 

T gas temperature (K) 

EC_S1G Sum of the activation energies associated with the interaction (adsorption 

and reaction) between corrosive gases and mortar surface EH2S+ 

ECO2+… 

R Gas constant 8.3145 J/mol. K 

e Natural exponential  

ci(i=1,2,3)_S1G order of reaction as a function of the environmental corrosivity parameters 

for stage 1 corrosion propagation 

BS1_G Binder hydrate composition  

AS1_G Aggregate composition 

 acid neutralisation capacity (millimoles H+/g substrate) 

UCS Unconfined compressive strength (MPa) 

 porosity 

fi(i=1,2,3)_S1G order of reaction as a function of mortar durability parameters for stage 1 

corrosion propagation 

HB1 Hydrate composition phase 1 (e.g., C-S-H) (wt.%) 

HB2 Hydrate composition phase 2 (e.g., C-A-S-H) (wt.%) 

HB3 Hydrate composition phase 3 (e.g., C-N-A-S-H) (wt.%) 

HB4 Hydrate composition phase 4 (e.g., N-A-S-H) (wt.%) 

bi(i=1,2,3,4,5,6,7)_S1G order of reaction as a function of AAB and geopolymer mortar binder 

hydrate composition for stage 1 corrosion propagation 

[AAl2O3] Al2O3 content of the aggregate (wt.%) estimated by XRF 

[ACaO] CaO content of the aggregate (wt.%) estimated by XRF 

[ASiO2] SiO2 content of the aggregate (wt.%) estimated by XRF 

ai(i=1,2,3)_S1G order of reaction as a function of AAB and geopolymer mortar aggregate 

composition for stage 1 corrosion propagation 
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6.4.4.2 FITTING AND PARAMETER SIGNIFICANCE ANALYSIS OF CORROSION 

PROPAGATION STAGE 1 MODEL 

The mortar corrosion data based on the depth of corrosion that fell under corrosion propagation 

1 were fitted to the stage 1 corrosion propagation model (see Table 6-6) in Figure 6-12. The 

model parameters were determined by the solver "add-in" function of the Microsoft Excel 

spreadsheet program by minimising the sum of squared errors (SSE).  

The significance of the independent variable used in the model was established using a partial 

F-test (see section 6.4.1). The F-test parameters for the model are reported in Table 6-7. The 

F-statistics was used to test the null hypothesis that the variances of the reduced and full models 

are equal. The significance of the observed F-test was measured from the p-value or 

significance probability. The p-values were estimated using Microsoft Excel. If the p-value is 

less than the conventional 0.05 level, then the null hypothesis was rejected, and the conclusion 

was that the two variances differed significantly. The variable removed in the reduced model 

was a statistically significant predictor in the predictive failure model for stage 1 corrosion. As 

shown, all the p-values are below 0.05, inferring that all the parameters in the model are 

statistically significant except for the Al2O3 composition of the aggregate.  

 

Figure 6-12. Mortar data under propagation stage 1 fitted to Model 2 – mixed chemical and 

pore diffusion- controlled model (see Equation 6-41) 

0.0

5.0

10.0

15.0

20.0

25.0

30.0

0.0 5.0 10.0 15.0 20.0 25.0

M
ea

su
re

d
 D

ep
th

 o
f 

C
o
rr

o
si

o
n
 

(m
m

)

Predicted Depth of Corrosion (mm)



292 

 

292 

 

Table 6-7. Fitted parameters for mortar corrosion data under propagation stage 1 

Parameters Values Parameters Values 

KS1G 3029   

Corrosivity Binder composition 

c1_S1G 0.5 b1_S1G 0.27 

c2_S1G 0.057 b2_S1G 0.91 

c3_S1G 0.164 b3_S1G 2.63 

EC-SiG -983 b4_S1G 0.03 

  b5_S1G 0.003 

  b6_S1G 0.147 

  b7_S1G 0.002 

Mortar durability Aggregate composition 

f1_S1G 0.226 a1_S1G 0.0 

f2_S1G 0.186 a2_S1G 0.443 

f3_S1G 0.51 a3_S1G 0.254 

    

Time    

p1_S1G 0.254   

p2_S1G 0.79   

p3_S1G 0.30   

p4_S1G 3.73x10-5   
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Table 6-8 Statistical significance analysis of Model 2 parameters fitted to propagation stage 1 

corrosion data (n = 17, p = 15)  

Parameters 
Degree of 

Freedom 
SSE R(M1/M2) MSE F p-value 

Full 1 8.2  8.21   

H2S 1 606.4 598.2 598.2 3.91 x105 0.0000 

CO2 1 358 350 350 2.29 x105 0.0000 

RH 1 5.17x105 5.17x105 5.17x105 3.38 x108 0.0000 

T 1 207 198.8 198.8 1.30 x105 0.0000 

Constant, KM 1 714 705.8 705.8 4.62 x105 0.0000 

HB1 1 19.7 11.8 11.5 7.52 x103 0.0001 

HB2 1 181 173 173 1.13 x105 0.0000 

HB3 1 75 66.7 66.69 4.36 x104 0.0000 

HB4 1 1.74 x105 1.74 x105 1.74 x105 1.14 x108 0.0000 

Al2O3 (Ag) 1 8.2 0.01 0.01 3.47 0.2037 

CaO (Ag) 1 244.7 236.5 236.5 1.55 x105 0.0000 

SiO2 (Ag) 1 322 313.8 313.8 2.05 x105 0.0000 

 1 22 13.8 13.8 9.02 x103 0.0001 

UCS 1 2.58x104 2.58x104 2.58x104 1.69 x107 0.0000 

 1 142 133.8 133.8 8.75 x104 0.0000 

The measures of the statistical fit of the model are R2 of 0.98, adjusted- R2 of 0.75 and se of 

2.87. These statistical parameters suggested that the model adequately fits or captures the 

mortar corrosion behaviour under propagation stage 1. However, the lower adjusted R2 

suggests the number of parameters slightly biased the fit. This can be rectified by increasing 

the number of data points.    

6.4.4.3 RATE DETERMINING STEP - PROPAGATION STAGE 2 

The rate-determining step of the mortar corrosion under propagation stage 2 was established 

for the various sewer classifications by plotting the corrosion data using Equation 6-24 and 

Equation 6-25 (see Figure 6-13 a-h). The fit of the data was evaluated from the correlation of 

regression (R2) (see Figure 6-14). As shown, the R2 value between C1 to C5 did not vary 



294 

 

294 

 

significantly between the chemical and pore diffusion-controlled mechanisms, suggesting the 

kinetics of corrosion under the propagation stage 2 under the various classifications where H2S 

< 200 ppm are controlled by both the combined chemical and pore diffusion steps. It should be 

noted that above 200 ppm H2S, the rate of corrosion could be higher, and this may drive 

diffusion-controlled kinetics. However, the greater bacteriostatic effect of higher concentration 

may limit the corrosion driving a chemically controlled kinetics. It is anticipated that the 

proposed modelling could be made more comprehensive as more kinetic data are made 

available from these conditions.     
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(e) (f) 

  

(g) (h) 

Figure 6-13. Plot of mortar corrosion data under propagation stage 2 fitted to the core shrinking 

model based on:  a) chemical-controlled (C1), b) pore diffusion-controlled (C1), c) chemical- 

controlled (C2) and d) pore diffusion-controlled reaction (C2), e) chemical controlled (C3), f) 

pore diffusion-controlled reaction (C3), g) chemical controlled (C5) and h) pore diffusion-

controlled reaction (C5) 
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Figure 6-14. R2 of fitted mortar corrosion data under propagation stage 2 to core shrinking 

models 

Following the model for stage 1 corrosion propagation (see Table 6-9), the following semi-

empirical model was proposed to predict corrosion depth at the second stage of corrosion 

propagation (XS2_G) under chemical and pore diffusion-controlled corrosion. The depth of 

corrosion, as shown, is also dependent on the corrosivity of the environment (CS2_G), durability 

properties of the mortar (FS2_G) and service period (t). 
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Table 6-9. Model for Stage 2 Corrosion Propagation of AAB and Geopolymer Mortar under Mixed Chemical and Pore Diffusion Controlled 

Model Equation  

Depth of Corrosion 

Prediction at Stage 2 

Corrosion Propagation 

(XS2_G) 

𝑋𝑆2_𝐺 = 𝐾𝑆2_𝐺𝐶𝑆2_𝐺𝐹𝑆2_𝐺(−𝑝1_𝑆2𝐺𝑡
𝑝2_𝑆2𝐺 + 𝑝3_𝑆2𝐺𝑡 − 𝑝4_𝑆2𝐺) Equation 6-46 

Corrosivity (CS2_G) 𝐶𝑆2_𝐺 = [𝐻2𝑆]
𝑐1_𝑆2𝐺[𝐶𝑂2]

𝑐2_𝑆2𝐺[𝑅𝐻]𝑐3_𝑆2𝐺𝑒(−
𝐸𝐶_𝑠2𝐺
𝑅𝑇

)
 Equation 6-47 

Mortar durability (FS2_G) 𝐹𝑆2_𝐺 = 𝐹∏ 𝜌𝐺𝑖(1 − 𝜃𝐺𝑖)
𝑦
𝑖=1 = 𝐵𝑆2_𝐺𝐴𝑆2_𝐺𝛽

𝑓1_𝑆2𝐺𝑈𝐶𝑆𝑓2_𝑆2𝐺𝜃𝑓3_𝑆2𝐺  Equation 6-48 

Binder hydrate composition 

(BS2_G) 
𝐻𝐵𝑡𝑖𝐺 = [𝐻𝐵1]

𝑏1_𝑆2𝐺[𝐻𝐵2]
𝑏2_𝑆2𝐺[𝐻𝐵3]

𝑏3_𝑆2𝐺(−𝑏4_𝑆2𝐺[𝐻𝐵4]
𝑏5_𝑆2𝐺 + 𝑏6_𝑆2𝐺[𝐻𝐵4] − 𝑏7_𝑆2𝐺) Equation 6-49 

Aggregate composition 

(AS2_G) 
𝐴𝑆2_𝐺 = [𝐴𝐴𝑙2𝑂3]

𝑎1_𝑆2𝐺[𝐴𝐶𝑎𝑂]
𝑎2_𝑆2𝐺[𝐴𝑆𝑖𝑂2]

𝑎3_𝑆2𝐺  Equation 6-50 

 



298 

 

298 

 

Where: 

XS2_G Depth of Corrosion Prediction at Stage 2 Corrosion Propagation 

KS2_G Constant for depth of corrosion prediction model for stage 2 corrosion 

propagation 

CS2_G Sewer Corrosivity 

FS2_G Mortar durability 

t Exposure time 

pi(1,2,3,4)_S1G Constant parameters for time 

[H2S] hydrogen sulphide concentration (ppm) 

[CO2] carbon dioxide concentration (ppm) 

[RH] relative humidity (%) 

T gas temperature (K) 

EC_S2G Sum of the activation energies associated with the interaction (adsorption 

and reaction) between corrosive gases and mortar surface EH2S+ ECO2+… 

R Gas constant 8.3145 J/mol. K 

e Natural exponential  

ci(i=1,2,3)_S2G order of reaction as a function of the environmental corrosivity parameters 

for stage 2 corrosion propagation 

BS2_G Binder hydrate composition  

AS2_G Aggregate composition 

 acid neutralisation capacity (millimoles H+/g substrate) 

UCS Unconfined compressive strength (MPa) 

 porosity 

fi(i=1,2,3)_S1G order of reaction as a function of mortar durability parameters for stage 2 

corrosion propagation 

HB1 Hydrate composition phase 1 (e.g., C-S-H) (wt.%) 

HB2 Hydrate composition phase 2 (e.g., C-A-S-H) (wt.%) 

HB3 Hydrate composition phase 3 (e.g., C-N-A-S-H) (wt.%) 

HB4 Hydrate composition phase 4 (e.g., N-A-S-H) (wt.%) 

bi(i=1,2,3,4,5,6,7)_S2G order of reaction as a function of AAB and geopolymer mortar binder 

hydrate composition for stage 2 corrosion propagation 

[AAl2O3] Al2O3 content of the aggregate (wt.%) estimated by XRF 

[ACaO] CaO content of the aggregate (wt.%) estimated by XRF 

[ASiO2] SiO2 content of the aggregate (wt.%) estimated by XRF 

ai(i=1,2,3)_S2G order of reaction as a function of AAB and geopolymer mortar aggregate 

composition for stage 2 corrosion propagation 
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6.4.4.4 FITTING AND PARAMETER SIGNIFICANCE ANALYSIS OF CORROSION 

PROPAGATION STAGE 2 MODEL 

The mortar corrosion data based on the corrosion depth under corrosion propagation were also 

fitted to the stage 2 corrosion model (see Table 6-10). The fit of the data is shown in Figure 6-15. 

The model parameters for propagation stage 2 were determined by the solver "add-in" function of 

the Microsoft Excel spreadsheet program by minimising the sum of squared errors (SSE). The 

significance of the independent variable used in the model was established using a partial F-test. 

The F-test parameters for the model are reported in Table 6-10. The F-statistics was used to test 

the null hypothesis that the variances of the reduced and full models are equal. The significance of 

the observed F-test was measured from the p-value or significance probability. The p-values were 

estimated using Microsoft Excel. If the p-value is less than the conventional 0.05 level, then the 

null hypothesis was rejected, and the conclusion was that the two variances differed significantly, 

and the variable removed in the reduced model was a statistically significant predictor in the failure 

predictive at stage 2. As shown, all the p-values are below 0.05, inferring that all the parameters 

in the model are statistically significant.  

The measures of the statistical fit of the model to the corrosion data under propagation stage 2 are 

R2 of 0.90, adjusted- R2 of 0.82 and se of 4.0. These statistical parameters suggest the model 

adequately fits of captures the mortar corrosion behaviour under stage 2 corrosion propagation. 

This degree of fit also provides some assurance that the assumption of the pore resistance remains 

constant with time.    
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Figure 6-15. Mortar data under propagation stage 2 fitted to Model 2 – mixed chemical and pore 

diffusion-controlled model (see equation 25) 
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Table 6-10 Fitted parameters for AAB and geopolymer mortar corrosion data under propagation 

stage 2 

Parameters Values Parameters Values 

KS2G 1.72   

Corrosivity Binder composition 

c1_S2G 0.348 b1_S2G 0.08 

c2_S2G 0.438 b2_S2G 0.072 

c3_S2G 3.24 b3_S2G 0.108 

EC-S2G -925 b4_S2G 0.355 

  b5_S2G 0.018 

  b6_S2G 0.0 

  b7_S2G 0.0 

Mortar durability Aggregate composition 

f1_S2G 0.19 a1_S2G 0.28 

f2_S2G 0.163 a2_S2G 0.018 

f3_S2G 1.80 a3_S2G 0.11 

Time    

p1_S2G 0.51   

P2_S2G 0.92   

P3_S2G 0.0   

P4_S2G 0.0   
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Table 6-11. Statistical significance analysis of Model 2 parameters fitted to propagation stage 2 

data (n = 30, p = 15) 

Parameters 
Degree of 

Freedom 
SSE R(M1/M2) MSE F p-value 

Full 14 227  16   

H2S 1 1624 1397 1397 9.14 x105 0.0000 

CO2 1 1.85x106 1.85x106 1.85x106 1.21 x109 0.0000 

RH 1 1.13 x106 1.13 x106 1.13 x106 7.41 x108 0.0000 

T 1 2488 2261 2261 1.48 x106 0.0000 

Constant, KM 1 586 359 359 2.35 x105 0.0000 

HB1 1 228 1 1 654 0.0015 

HB2 1 228 1 1 654 0.0015 

HB3 1 231 4 4 2617 0.0004 

HB4 1 8317 8090 8090 5.29 x106 0.0000 

Al2O3 (Ag) 1 516 289 289 1.89 x105 0.0000 

CaO (Ag) 1 228 1 1 654 0.0015 

SiO2 (Ag) 1 547 320 320 2.09 x105 0.0000 

 1 269 42 42 2.75 x104 0.0000 

UCS 1 4.02 x107 4.02 x107 4.02 x107 2.63 x1010 0.0000 

 1 541 314 314 2.05 x105 0.0000 

6.4.5 SENSITIVITY ANALYSIS  

A sensitivity analysis, also known as a what-if analysis, is a technique used to examine the impact 

of changes in independent variables on the dependent variable. It helps in understanding how 

variations in the input variables affect the output of a model. By systematically altering the 

independent variables within defined ranges, sensitivity analysis provides the sensitivity of the 
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dependent variable to the service life prediction model. In this section, the impact of changes in 

environmental conditions (H2S, CO2, Temperature, and %RH) and durability parameters 

(chemical and physical properties) were examined. 

6.4.5.1 IMPACT OF SEWER ENVIRONMENTAL CONDITIONS 

The effect of changes in H2S, CO2, %RH and T under C1 of sewer corrosivity classification (See 

section 5.2.2 in chapter 5) on the OGPm-1 sample as presentative lining mortar sample were 

assessed based on the predictive corrosion depth as shown in Figure 5-20. the corrosion depth at 

ten years changed by  47 % (10 mm to 15 mm) when H2S increased from 5 ppm to 15 ppm while 

keeping the CO2 at 9500 ppm, T at 28 °C, and 99 %RH. This finding aligns with the performance 

result in Chapter 5, indicating the effectiveness of H2S in an increase of depth of corrosion. The 

effect of changes in the CO2 concentration from 9400 to 9500 ppm reduced the corrosion depth by 

0.23 % (15 mm to 14.97 mm) while keeping the H2S at 15 ppm, T at 28 °C, and 99 %RH.  It could 

change the corrosion depth significantly. However, significant changes in the depth of corrosion 

were noted when CO2 concentration was increased by several orders of magnitude. For example, 

increasing the CO2 concentration from 8000 to 10000 ppm reduced corrosion depth by 4.76 %. 

The reduction of corrosion depth with increasing the CO2 concentration results in CaCO3 formation 

and slows down the reaction of further acid attacks by pore blocking (Grengg et al., 2020). The 

effect of the change of temperature from 15 °C  to 28 °C increased the corrosion depth by 12.75% 

(13.28 mm to 14.97 mm) while keeping the H2S at 15 ppm, CO2 at 9500 ppm, and 99 %RH.  The 

effect of the change of %RH from 95 %RH  to 99 %RH increased the corrosion depth by 13.73 % 

(13.16 mm to 14.97 mm) while keeping the H2S at 15 ppm, CO2 at 9500 ppm, and T at 28 °C. The 

temperature and the %RH were effects in the increase of corrosion depth by approximately 13-14 

%. Higher temperatures can enhance the diffusion of the corrosive compound and the rate of 
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reaction. While higher humidity can promote corrosion due to condensed humidity can transfer 

corrosive compounds and facilitating their penetration into the mortar matrix, promoting chemical 

reactions that lead to mortar deterioration. Moreover, high humidity levels and temperature can 

accelerate the growth of microorganisms, such as sulphur-reducing bacteria, which produce 

corrosive byproducts that can further deteriorate the mortar (Qiu et al., 2022). 

Overall, these results highlight the significant impact of environmental conditions on the corrosion 

performance of mortar. The study revealed that environmental parameters such as H2S 

concentration, CO2 exposure, relative humidity (%RH), and temperature (T) are interrelated and 

cannot be considered in separation. Each parameter influences the corrosive environment in its 

own way, and their combined effects play a key role in mortar degradation. For instance, H2S and 

CO2 can react with high humidity leading to the formation of corrosive acids. Meanwhile, high 

humidity levels can facilitate the absorption of moisture and corrosive substances into the mortar, 

accelerating degradation processes. Temperature variations can also influence the rate of chemical 

reactions and moisture evaporation, further impacting corrosion rate. Therefore, management of 

these sewer environmental factors are needed in developing effective strategies to enhance the 

corrosion resistance performance of mortar in various applications. 
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CO2 at 9500 ppm, T at 28 °C, and 99 %RH 

 

H2S at 15 ppm, T at 28 °C, and 99 %RH 

 

15 ppm H2S, 9500 ppm CO2, and 99 %RH 

 

15 ppm H2S, 9500 ppm CO2, and T = 28 °C 

Figure 6-16 Impact of changes in the relative humidity on the depth of corrosion as a function of 

service life under Category 1 exposure conditions 

6.4.5.2 IMPACT OF DURABILITY PARAMETER 

Mortar corrosion is a complex process involving multiple factors, such as sewer environmental 

conditions and the chemical and physical properties of the mortar. The physical and chemical 

properties of mortar, such as UCS, porosity, ANC, Hydration product, and aggregate, play key 

roles in determining its corrosion resistance performance. Sensitivity analysis enables a systematic 

exploration of these properties and their impact on the corrosive behaviour of mortar. 
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6.4.5.2.1 PHYSICAL PROPERTIES 

The physical properties were determined by the sensitivity of UCS and porosity impacted on the 

corrosion performance under C1 of sewer corrosivity classification, which has environmental 

conditions (15 ppm H2S, 9500 ppm CO2, T at 28 °C, and 99 %RH) and chemical properties ( ANC 

at 1 mmol H+ /g substrate,0.68 wt.% C-S-H, 0.42 wt.% C-A-S-H, 0.99 wt.% C-N-A-S-H, and  0.69 

wt.% N-A-S-H, 0.36 wt.% Al2O3.in aggregate, 0.10 wt.% CaO in the aggregate, and 96.95 wt.% 

SiO2 in aggregate) constant.  

The corrosion depth at 10 years was reduced by 95% (21.3 mm to 1.1 mm) when initial UCS 

increased from 30 MPa to 120 MPa while keeping the porosity at 22.3 vol.% constant, along with 

environmental conditions and chemical properties, as shown in Figure 6-17 (left). Higher UCS 

values were generally associated with improved corrosion resistance performance, as shown in the 

effect of UCS in Chapter 5. higher UCS indicates a denser and more compact mortar structure, 

limiting the pathways for moisture and corrosive substances to penetrate. Changing porosity 

increased corrosion depth by 9.2 % (13.79 mm to 15.07 mm) while keeping UCS at 35 MPa 

constant, along with environmental conditions and chemical properties, as shown in Figure 6-17 

(right). It observed that higher porosity allows for increased moisture absorption and the 

penetration of corrosive compounds into the mortar. 

The results indicate that higher UCS values and lower porosity levels are associated with improved 

corrosion resistance. This suggests that a denser and more compact mortar with lower porosity has 

a better capability to resist corrosive environments. Aiken et al. (2018) and  Luna Galiano et al. 

(2016) found a relationship between porosity and UCS. It found that the geopolymers with lower 

porosity had greater compressive strength. Moreover, Aiken et al. (2018), Khan et al. (2020b), and 

Grengg et al. (2020) have also found that the corrosion resistance performance was impacted by 
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porosity and UCS after being exposed to a sewer environment.  Therefore, the interdependence of 

porosity and UCS highlights the importance of considering both factors together when assessing 

the corrosion resistance performance of mortar. 

 
(a) Initial UCS 

 
(b) Initial Porosity 

Figure 6-17 Impact of changes in UCS and porosity on the depth of corrosion as a function of 

service life under Category 1 exposure conditions (C1:15 ppm H2S, 9500 ppm CO2, T= 28 °C and 

99 %RH) and chemical properties ( ANC at 1 mmol H+ /g substrate,0.68 wt.% C-S-H, 0.42 wt.% 

C-A-S-H, 0.99 wt.% C-N-A-S-H, and  0.69 wt.% N-A-S-H, 0.36 wt.% Al2O3.in aggregate, 0.10 

wt.% CaO in the aggregate, and 96.95 wt.% SiO2 in aggregate) 

6.4.5.2.2 CHEMICAL PROPERTIES 

The sensitivity or impact of chemical properties on acid corrosion resistance performance was 

determined by changing the ANC and amount of hydration products under C1 of sewer corrosivity 

classification in the environmental conditions (15 ppm H2S, 9500 ppm CO2, T at 28 °C, and 99 

%RH) and physical properties (35.4 MPa UCS and 22.3 vol.% porosity) of mortar was kept 

constant. The chemical properties ( ANC at 1 mmol H+ /g substrate,0.68 wt.% C-S-H, 0.42 wt.% 

C-A-S-H, 0.99 wt.% C-N-A-S-H, and  0.69 wt.% N-A-S-H, 0.36 wt.% Al2O3.in aggregate, 0.10 
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wt.% CaO in the aggregate, and 96.95 wt.% SiO2 in aggregate) were changed individually. The 

change in each chemical parameter is discussed below. 

ANC 

The corrosion depth at 10 years was increased by  68% (15 mm to 25 mm) when the  ANC 

increased from 1 mmol H+ /g substrate to 3 mmol H+ /g substrate while keeping environmental 

conditions and physical properties constant, as shown in Figure 6-18.  This result highlights the 

significance of the ANC as an important parameter for assessing a mortar's capability to neutralise 

acids and combat corrosion. The ANC was strongly linked with the CaO content in the mortar, 

indicating that higher CaO levels contribute to a greater ANC. This association between ANC and 

CaO content suggests a higher ANC can provide effective acid neutralisation and protection in 

short-term acid exposure. However, it is essential to consider the long-term effects of sewer 

environments on the mortar. Over time, in the presence of sulfuric acid attacks, the CaO in the 

mortar gradually converts to CaSO4, an expansive corrosion product. This transformation leads to 

an increase in the corrosion depth. The predicted result suggested that higher ANC values were 

associated with more severe increases in corrosion depth over the long term. However, this needs 

to note that this section is analysed based on the modelling to understand the impact of ANC under 

certain geopolymer and environmental conditions. Therefore, the impact of the ANC in actual field 

applications was not perfectly the same because corrosion data were obtained from different types 

of geopolymer, which have different ANC values. However, the impact of the ANC in the field 

corrosion data and predicted data revealed the same suggestion that higher ANC of more than 4.2 

mmol H+ /g substrate (see Figure 5-40) impacted the corrosion resistance performance by 

increasing the depth of corrosion. These results suggested that consideration of Ca content in the 
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geopolymer mortar is necessary in order to control the ANC, ensuring effective corrosion 

resistance performance in short-term and long-term sewer environments. 

 

 

Figure 6-18 Impact of changes in ANC on the depth of corrosion as a function of service life under 

Category 1 exposure conditions (15 ppm H2S, 9500 ppm CO2, T at 28 °C, and 99 %RH) and 

physical properties (35.4 MPa UCS and 22.3 vol.% porosity) and The chemical properties (0.68 

wt.% C-S-H, 0.42 wt.% C-A-S-H, 0.99 wt.% C-N-A-S-H, and  0.69 wt.% N-A-S-H, 0.36 wt.% 

Al2O3.in aggregate, 0.10 wt.% CaO in the aggregate, and 96.95 wt.% SiO2 in aggregate) 

Hydration products 

Figure 6-19 shows the impact of hydration products on the depth of corrosion at 10 years and 100 

years. The corrosion depth at 10 years was reduced by 75 % (9.43 mm to 1.83 mm) when the  C-

S-H increased from 1 wt.% substrate to 4 wt.% while keeping environmental conditions and 

physical properties constant. While the effect of changes in the C-A-S-H concentration from 0.4 

wt.% to 2 wt.% reduced the corrosion depth by 7 % (15.02 mm to 13.83 mm). The effect of changes 
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in the C-N-A-S-H concentration from 0.6 wt.% to 4 wt.% reduced the corrosion depth by 81 % 

(23.2 mm to 4.40 mm). At the same time, the effect of changes in the N-A-S-H concentration from 

0.2 wt.% to 1.5 wt.% reduced the corrosion depth by 16.5 % (16.73 mm to 13.97 mm). Overall, 

increasing the hydration product enhanced the corrosion resistance performance of mortar. 

However, increasing the C-S-H and C-N-A-S-H impacted the corrosion depth by reducing the 

depth of corrosion by 75-81 %, while increasing the C-A-S-H and N-A-S-H reduced the corrosion 

depth by 7-16.5%. 

Chemical composition of Aggregate 

Figure 6-20 shows the impact of the chemical composition of aggregate on the corrosion of mortar 

based on corrosion depth.  The corrosion depth at 10 years of mortar is not affected by changing 

the concentration of SiO2 content in aggregate. At the same time, the corrosion depth was increased 

by 27 % ( 18.7 mm to 23.7 mm) when the content of Al2O3 in aggregate increased from 1 wt.% to 

3 %wt. At the same time, the effect of changing the CaO content in aggregate from 1 wt.% to 10 

wt.% was observed to decrease the corrosion depth by 15% (13 mm to 11 mm). It was observed 

that both Al2O3 and CaO significantly affected the depth of corrosion. 
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(a) C-S-H 

0.42 wt.% C-A-S-H, 0.99 wt.% C-N-A-S-H, 

and  0.69 wt.% N-A-S-H 

 

(b) C-A-S-H 

0.68 wt.% C-S-H, 0.99 wt.% C-N-A-S-H, and  

0.69 wt.% N-A-S-H 

 

(c) C-N-A-S-H 

0.68 wt.% C-S-H, 0.42 wt.% C-A-S-H, and  

0.69 wt.% N-A-S-H 

 

(d) N-A-S-H 

0.68 wt.% C-S-H, 0.42 wt.% C-A-S-H, and 

0.99 wt.% C-N-A-S-H 

Figure 6-19 Impact of changes C-S-H, C-A-S-H, C-N-A-S-H, and N-A-S-H on the depth of 

corrosion as a function of service life under Category 1 exposure conditions (15 ppm H2S, 9500 

ppm CO2, T at 28 °C, and 99 %RH) and physical properties (35.4 MPa UCS and 22.3 vol.% 

porosity) and The chemical properties (ANC at 1 mmol H+ /g substrate, 0.36 wt.% Al2O3.in 

aggregate, 0.10 wt.% CaO in the aggregate, and 96.95 wt.% SiO2 in aggregate) 
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(a) SiO2 

 
(b) Al2O3 

 
(c) CaO 

 

Figure 6-20 Impact of changes in the chemical composition of aggregate SiO2, Al2O3 and CaO on 

the depth of corrosion as a function of service life under Category 1 exposure conditions (15 ppm 

H2S, 9500 ppm CO2, T at 28 °C, and 99 %RH) and physical properties (35.4 MPa UCS and 22.3 

vol.% porosity) and The chemical properties (ANC at 1 mmol H+ /g substrate,0.68 wt.% C-S-H, 

0.42 wt.% C-A-S-H, 0.99 wt.% C-N-A-S-H, and  0.69 wt.% N-A-S-H) 

6.4.6 VERIFICATION OF SERVICE LIFE PREDICTION MODEL 

Verifying a service life prediction model is essential to assess its accuracy and reliability in 

estimating durability and corrosion resistance performance. This section verified the service life 

prediction model for geopolymer lining mortar by correlating the model prediction and observed 

data. To verify the model, the measured corrosion depth data of OGPm-1, OGPm-2, OGPm-3, and 
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OGPm-4 from the field test under various sewer corrosivity classifications were plotted against 

the predicted corrosion depth data with the diagonal line as shown in Figure 6-21.  The correlation 

observed that the measured and predicted data did not perfectly align with the diagonal line. Some 

points deviate slightly above or below the line, indicating a prediction error. Despite the deviations, 

there is a generally positive trend where the predicted corrosion data increases as the measured 

corrosion data increases. The service life prediction model was also used to predict the depth of 

corrosion, which was not included in the development of the model as verified data. It was 

observed that the verified corrosion depth fit along with the diagonal line well. Figure 6-22 shows 

the difference between the actual corrosion depth and the predicted corrosion depth. The difference 

between the two measurements mostly does not exceed 2.5 mm. This indicates a relatively accurate 

prediction of the corrosion depth by the model. The close agreement between the actual and 

predicted values shows that the model effectively estimates the corrosion performance of the 

mortar. 

 

Figure 6-21 Correlation between predicted corrosion depth and actual corrosion depth 
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Figure 6-22 Difference between actual and predicted corrosion depth 

 

6.5 SUMMARY 

This chapter developed the service life prediction model for alkali-activated binder mortar, 

including geopolymer. This study is the first time the service model has been developed by 

considering real scenarios of field application, live sewer environmental conditions, and their 

physical and chemical properties. 

A service life prediction model was developed based on corrosion depth over time, which was 

characterised by three stages of corrosion, with shrinking cored model assumption. The three 

corrosion stages were i). initiation period, ii). stage 1 corrosion propagation, and iii). stage 2 
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empirical model using the power law model and a solid-liquid kinetic based on the shrinking core 

model. 

At the initial corrosion period,  The semi-empirical model has been proposed to predict the period 

for corrosion initiation (ti) as a function of sewer corrosivity (Cti) and geopolymer mortar durability 

(FtiG) 

𝑡𝑖 = 𝑘𝑡𝑖𝐺𝐶𝑡𝑖𝐹𝑡𝑖𝐺  

At stage 1 and stage 2 of corrosion, The semi-empirical model has been proposed to predict the 

corrosion depth as a function of sewer corrosivity (Cti), geopolymer mortar durability (FtiG), and 

time as shown below.  

Stage 1 : 𝑋𝑆1_𝐺 = 𝐾𝑆1_𝐺𝐶𝑆1_𝐺𝐹𝑆1_𝐺(−𝑝1_𝑆1𝐺𝑡
𝑝2_𝑆1𝐺 + 𝑝3_𝑆1𝐺𝑡 − 𝑝4_𝑆1𝐺) 

Stage 2 : 𝑋𝑆2_𝐺 = 𝐾𝑆2_𝐺𝐶𝑆2_𝐺𝐹𝑆2_𝐺(−𝑝1_𝑆2𝐺𝑡
𝑝2_𝑆2𝐺 + 𝑝3_𝑆2𝐺𝑡 − 𝑝4_𝑆2𝐺) 

Where: t = time, C= sewer corrosivity, F = mortar durability, K = Constant for depth of corrosion 

prediction model, p = Constant parameters for time 

The final service life was defined as t = ti + t (stag 1) + t (stage 2) 

The full model parameters of the initial period, stage 1, and stage 2 of corrosion were presented in 

Table 6-3, Table 6-6, and Table 6-9, respectively. The model parameters in each stage of corrosion 

were determined by the solver "add-in" function of the Microsoft Excel spreadsheet program by 

minimising the sum of squared errors (SSE). The fitted parameters of the initial period, stage 1, 

and stage 2 of corrosion were presented in Table 6-4, Table 6-7, and  Table 6-10, respectively. 

To establish the fit of these models, an independent variable significance test was statistically 

performed for each model using a partial F-test and justified with the p-value. If the p-value is less 
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0.05, the independent variable was found to be a significant predictor in the predictive model. 

While the p-value is more than 0.05,  the independent variable is rejected from the full model. The 

goodness of fit of the final models was determined using R2, adjusted-R2 and mean-square error 

(se), as presented below. 

For the initial corrosion period: R2 of 0.99, adjusted-R2 of 0.98 and se of 0.04 

For stage 1 corrosion propagation: R2 of 0.98, adjusted-R2 of 0.75 and se of 2.87 

For Stage 2 corrosion propagation: R2 of 0.90, adjusted-R2 of 0.82 and se of 4.0 

These statistical parameters suggested that the model adequately fits with the mortar corrosion 

behaviour under all stages of corrosion. The sensitivity of the change in sewer corrosivity (H2S, 

CO2, relative humidity, and temperature) and mortar durability parameters (porosity,  UCS, ANC, 

C-S-H, C-A-S-H, C-N-A-S-H, N-A-S-H) showed the relative impact on the depth of corrosion. 

The corrosion depth prediction models were verified by comparing the predicted and 10% of the 

external data. The verified corrosion depth was observed to be a reliable fit along with the diagonal 

line. It is important to note that this study presents the first development of a service life prediction 

model for alkali-activated mortar, including geopolymer, that considers real-world field 

applications, encompassing varied live sewer corrosivity classifications and mortar durability. The 

selection criteria input in the service life prediction model were the mortar durability and sewer 

corrosivity. The mortar durability could be predicted from porosity, UCS, ANC, binder hydrations 

(C-S-H, C-A-S-H, C-N-A-S-H, and N-A-S-H), and chemical composition of aggregate (CaO, 

SiO2, and Al2O3) and sewer corrosivity conditions, as defined by sewer environmental conditions, 

could be predicted from H2S, CO2, temperature, and %RH. 
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7 CONCLUSION AND RECOMMENDATIONS 

7.1 CONCLUSIONS 

This study developed a service life prediction model for alkali-activated mortars, including 

geopolymer mortars, that could be used in selecting and designing protective lining mortars 

that are fit for protecting concrete sewer assets. 

The key outcome of this study concerning the specific objectives is described below. 

1. Comparative corrosion resistance performance of various commercial geopolymers 

with calcium aluminate cement mortar representing different sewer corrosion 

classifications 

The results of this study provide valuable corrosion data into the comparative corrosion 

resistance performance of various commercial geopolymers mortar (OGPm) and calcium 

aluminate cement mortar (CACm) in different sewer corrosion classifications, encompassing 

the entire range from C1 (very low corrosivity) - C5 (very high corrosivity) of sewer corrosivity 

classifications. The corrosion resistance performance was determined based on the corrosion 

depth and residual UCS with time.  

Upon mortar sample analysis, it was observed that the corrosion resistance performance of the 

OGPm in the field varied significantly depending on exposed sewer environment conditions, 

their chemical compositions, and inherent physical and chemical properties. The corrosion 

depth of OGPm obtained varied from 0 % to 58 % from the original thickness, depending on 

the type of geopolymer and sewer corrosivity environment during the field test. Comparing the 

corrosion resistance performance among the geopolymer using the service life prediction 

model, it observed that the corrosion depth of OGPm-1, OGPm-2, OGPm-3, and OGPm-4 were 

presented at 20.2%, 3.2 %, 59.9 %, and 14.8 %, respectively, under  C1 sewer corrosivity 

classification (15 ppm H2S, 9500 ppm CO2, 28 °C, and 99 %RH) for 10 years with 25 mm of 
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the initial thickness of lining. These results indicated that the OGPm-2 exhibited the highest 

acid resistance among the tested geopolymer samples. This suggests that OGPm-2 is expected 

to have the most extended service life compared to the other geopolymers. 

In contrast, CACm presented the highest corrosion resistance performance across sewer 

corrosivity classification. CACm exhibited corrosion depth varied from 0 %  to 36 % from the 

original thickness, depending on sewer corrosivity classifications. The CACm exhibited 

minimal corrosion depth and high residual UCS, indicating its suitability for application in 

various sewer corrosion classifications. The excellent performance of CACm can be attributed 

to its chemical and physical properties, which resist the corrosive compound generated under 

sewer environments. 

The comparative evaluation of OGPm and CACm in different sewer corrosion classifications 

highlighted that the CACm presented better corrosion resistance performance than OGPm. 

Despite the CACm performing better than OGPm, some of the OGPm performed comparably 

with the CACm, such as OGPm-2. Moreover, the performance of geopolymer at low sewer 

corrosivity classification was performed comparably with CACm. Therefore, OGPm can be 

selected for high sewer corrosivity classification but must consider its chemical and physical 

properties. 

2. Selection criteria for alkali-activated mortars, including geopolymer for sewer 

rehabilitation 

The different types of lining mortar, denoted as OGPm-1, OGPm-2, OGPm-3, and OGPm-4, 

were exposed to different live sewer corrosivity classifications to obtain long-term corrosion 

resistance performance tests. The corrosion resistance performance of the lining mortars was 

determined based on corrosion depth over time. The corrosion depth was correlated with the 
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sewer environment and chemical and physical properties to determine the selection criteria for 

lining mortar. 

Effect of Sewer Environmental Conditions 

The corrosion depth was correlated with sewer environmental conditions, specifically H2S, 

CO2, %RH, and temperature. It was observed that H2S significantly impacted the corrosion 

depth. The CO2 was observed to have less impact compared to H2S due to the carbonation can 

significantly impact at 50 to 75 %RH, while the live sewer in this study was observed to have 

95-99 %RH. The temperature and %RH facilitated the absorption of moisture and corrosive 

substances into the mortar, accelerating degradation processes and supporting the growth of 

microorganisms.  

Effect of Chemical and Physical Properties 

The deterioration of the lining mortar in this study was primarily attributed to the formation of 

gypsum. This can be associated with a low ANC (acid neutralization capacity), which leads to 

the decalcification of essential hydration products such as C-S-H, C-A-S-H, and C-N-A-S-H. 

Interestingly, it was also observed that certain geopolymers with lower C-S-H and C-A-S-H 

content still exhibited high corrosion depths. This can be attributed to the high initial porosity 

of the mortar, which allows acid to penetrate the mortar matrix and react with the binder. The 

initial porosity of the geopolymer was found to be influenced by the presence of N-A-S-H. An 

increase in N-A-S-H content resulted in higher initial porosity. Therefore, when selecting 

alkali-activated mortar, including geopolymer, it is essential to consider factors such as ANC, 

hydration product composition, porosity, and UCS to ensure optimal corrosion resistance 

performance and durability. 

3. Service life of the geopolymer under the sewer environment? 
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The durability and service life of geopolymers as a protective lining for sewer asset 

rehabilitation under live sewer environments are essential for selecting alkali-activated mortar, 

including geopolymers. This study developed a service life prediction model for geopolymers 

using a semi-empirical method as observed corrosion was noted to be divided into three stages. 

These are lag phases (corrosion initiation period), stage 1 of corrosion (rapid corrosion rate), 

and stage 2 of corrosion (slow corrosion rate). These three stages were modelled separately. 

The lag phase was modelled based on the mortar acid neutralisation capacity and cement 

chemistry. The subsequent stages 1 and 2 of the corrosion were modelled based on the chemical 

rate equation with the temperature dependence of the rate constant based on the Arrhenius law. 

The assumption was that the extent of corrosion could be directly related to corrosivity and 

durability factors.  

This study inferred the corrosivity factors from sewer environmental conditions (H2S, CO2, 

temperature, and %RH). At the same time, the durability factors were inferred from physical 

and chemical properties (porosity, UCS, ANC, Hydration products (C-S-H, C-A-S-H, C-N-A-

S-H, and N-A-S-H) and chemical composition of aggregate (CaO, SiO2, and Al2O3). Data from 

measured corrosion and corresponding corrosivity durability factors were fitted using an Excel 

solver. The fit of the model was then established by the partial F-test and p-value. The final 

models were integrated to generate the following final service model.  

Further validation of the models showed well-predicted corrosion depth. These results show 

the assumption that mortar durability could be predicted from porosity, UCS, ANC, binder 

hydrations (C-S-H, C-A-S-H, C-N-A-S-H, and N-A-S-H), and chemical composition of 

aggregate (CaO, SiO2, and Al2O3) and service life of the mortar exposed to specific corrosivity 

conditions as defined by sewer environmental conditions could be predicted from H2S, CO2, 

temperature, and %RH with 95% confidence level.  
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The service life prediction model can be utilised for selecting alkali-activated mortar, including 

geopolymer, by inputting the chemical and physical properties of the specific alkali-activated 

mortar, including the geopolymer and sewer environmental conditions. The model output 

presented the predicted corrosion depth over time at particular chemical and physical properties 

and exposure to live sewer environmental conditions. This selection method ensures the lining 

mortar is appropriate for the sewer application in the desired service life. 

7.2 RECOMMENDATIONS 

1. Accelerated corrosion test in the laboratory – The acid immersion test conducted in this study 

focused exclusively on using sulphuric acid at pH 1 to simulate corrosive conditions. However, 

it is essential to acknowledge that in real corrosion scenarios, the presence of carbon dioxide 

(CO2) can also contribute to the deterioration of the lining mortar. Therefore, incorporating 

carbonation before the acid corrosion test would provide valuable information regarding the 

combination of corrosion mechanisms between carbonation and acid attacks. This test could 

enhance our understanding of the overall corrosion mechanism.  

2. Service life prediction model – This study has successfully developed an empirical service 

life prediction model for lining alkali-activated mortar, including geopolymer, based on a 

specific set of sewer environmental conditions and the chemical and physical properties of the 

lining mortar, including geopolymer mortar. However, it is essential to note that the predictive 

model can be improved by expanding the scope of the study. Increasing the number of sample 

observations and including a wider range of alkali-activated mortars will provide a more 

comprehensive dataset, leading to a more accurate and reliable service life prediction model. 

Therefore, future research should aim to broaden the sample size and incorporate different 

types of alkali-activated mortars to refine further and validate the service life prediction model. 
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