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Foreword 

Corrosion is the interaction of materials with the environment, resulting in changes in 
the material, which can eventually lead to considerable impairment of the function. 
It has been estimated that the total cost of corrosion worldwide is 3.4% of global 
gross national product. A conservative estimate is that approximately 20% of all 
corrosion in aqueous systems is microbiologically influenced corrosion (MIC). MIC 
is defined as a mechanism in which the kinetics of the corrosion process are influenced 
by microorganisms, directly or indirectly. MIC can significantly compromise the 
integrity of industry assets (e.g. oil and gas, water and wastewater processing, pulp 
and paper mills and maritime infrastructure) when biofilms are established and grow 
on the surfaces. 

Industry assets with abundant, active and diverse microbial populations, ineffec-
tive corrosion control, and those with periods of water stagnation or low flow condi-
tions can accelerate microbial growth and increase the threat of MIC on concrete 
surfaces. Concrete corrosion in sewers involves a combination of physical, chem-
ical and biological processes and is commonly termed microbiologically influenced 
concrete corrosion (MICC). 

This book provides the most recent knowledge about MICC mechanisms, 
measurements, modelling and control strategies. Corrosion causes loss of concrete 
mass and deteriorates the structural capacity, leading to cracking of sewer pipes and 
ultimately structural collapse. The rehabilitation and replacement of damaged sewers 
are very costly. In the USA alone, corrosion is causing sewer asset losses estimated at 
around $14 billion per year. MICC can significantly reduce the lifetime of concrete 
structures, e.g. from an expected 100 years down to 30–50 years, and in extreme 
cases, to 10 years or less. 

The editors and authors of this book have been actively carrying out research 
in collaboration with water utilities worldwide for more than a decade. A massive 
volume of updated and novel knowledge is being generated globally by different 
research groups, including those from Australia, Europe, the USA and China.
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viii Foreword

This book is a cross-disciplinary monograph covering physical, chemical, 
biological processes involved in concrete corrosion, corrosion rate measurements 
and characterisation methods, control of environmental factors, corrosion predic-
tion models, corrosion mitigation and control strategies, and the development of 
corrosion-resistant concrete. 

The book is highly relevant and useful for civil engineers, environmental engi-
neers, microbiologists, concrete experts and sewer operators and managers. The book 
not only provides fundamental knowledge of how corrosion develops but also collates 
different control measures that are economically and environmentally sustainable. 
Academics, researchers, engineers and managers of water utilities will all find this 
book informative as it contains up-to-date information and technologies, practical 
feasibilities and the most recent advancements in the field. 

To deal with the massive problems resulting from MICC in our society, we need 
outstanding experts like the editor and authors of this book, up-to-date industry 
standards, latest knowledge, groundbreaking innovation and funding for research in 
the field of MIC in general and in MICC in particular. 

I trust, that this book will pave the road for such developments and investments 
in the years to come! 

January 2023 Dr. Torben Lund Skovhus 
Research Center for Built Environment, 

Energy, Water and Climate 
VIA University College 

Horsens, Denmark
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Corrosion Processes and Mechanisms



Concrete Sewer Systems and Wastewater 
Processes Related to Concrete Corrosion 

Guangming Jiang, Xuan Li, and Yarong Song 

Abstract Sewer systems is the cornerstone of modern urbanisation by providing 
wastewater collection and transport, which enables not only the recovery of water 
and resources but also the control of odour and harmful pathogens. Sewer systems 
are primarily composed of rising main pipes, gravity flow pipes, pumping stations 
and other associated facilities. Complicated physical, chemical, and biological 
processes are occurring in the phases of water, air and concrete, and their interfaces. 
These processes significantly affect the concrete durability due to microbiologically 
influenced corrosion. 

1 Introduction of Sewer Systems 

Sanity sewers are the underground carriage system to collect and transport wastew-
ater from home or industry to treatment at wastewater treatment plants (WWTPs) 
and/or disposal. A sewer system generally consists of pipelines, pump stations, and 
auxiliaries such as inlet/collection structures, manholes etc. The first appearance 
of sewer dates back to many ancient civilizations (Fig. 1), including the ancient 
Roman, Egyptian, Greek, and Chinese [21, 29]. These early sewers were mainly 
used to conduit storm water and to prevent flooding. It was not until the middle of
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(a) (b) 

Fig. 1 a Knee and T joints made about 4000 B.C., found in the excavation of the Temple of Bl at 
Nippur, Babylonia. Source Cast Iron Pipe, by United States Cast Iron Pipe and Foundry Company, 
1914. b Reinforced concrete sewer pipes under construction (https://theconstructor.org/concrete/ 
design-concrete-pipes-sewers/17652/) 

the nineteenth century did sewer systems become a hygienic and sanitary installation 
in cites that can reduce the spreading of epidemic diseases. In the last 100 years, sepa-
rate systems, i.e., sanitary and storm sewers, were constructed in modern cities along 
with the construction of WWTPs. The old, combined sewers were also reformed by 
the installation of tanks to detain high storm flow and reduce the combined sewer 
overflow (CSO). 

With the continuous urbanization and population explosion, the scale of sewer 
systems keeps on expanding in both developed and developing countries. Nowa-
days, it is one of the indispensable components in modern urban water/wastewater 
infrastructure. The total asset value of these networks is estimated to be about one 
trillion dollars in the USA and $100 billion in Australia [7]. Sewer systems play an 
important role in protecting against water pollution, ensuring better public health, 
and water resource conservation. With the process of urbanization and the construc-
tion of more WWTPs, more and more sewer pipes have been installed all over the 
world. Most of OECD countries have more than 80% population connected to urban 
sewer systems (Fig. 2). However, many cities still have no sewers and only 15% of 
the urban population in low-income nations had sewer connections in 2020 (United 
Nations Statistics).

Sewers were built with a range of different materials including pottery, stone, and 
bricks in early days of human history. Over time, sewer pipes were made of different 
materials due to their availability, such as bored log, casted iron, and PVC pipes etc. 
Since the invention of Portland cement in 1824, due to its low-cost, high strength and 
easy shapeability, concrete becomes the most widely used construction materials in 
building sewer systems. Nowadays, many sewer structures, including sewer pipes, 
manholes and pumping stations, were mainly constructed using reinforced concrete. 
The total length of sewer pipes in Australia is about 117,000 km, and approximately 
40% of this network is constructed with concrete [11]. Also, concrete is the first 
choice in constructing large-scale trunk (which receive wastewater flow from smaller 
collection sewers) and interception sewers. Especially, many mega-sized deep tunnel

https://theconstructor.org/concrete/design-concrete-pipes-sewers/17652/://theconstructor.org/concrete/design-concrete-pipes-sewers/17652/
https://theconstructor.org/concrete/design-concrete-pipes-sewers/17652/://theconstructor.org/concrete/design-concrete-pipes-sewers/17652/
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Fig. 2 Total public sewerage (% of resident population connected to urban wastewater collecting 
system) in different OECD countries. Most countries have data up to 2019. Data was extracted on 
31 Jan 2022 from OECD Stat

sewer systems (DTSS), which are buried deep underground (20–200 m), are being 
constructed with concrete in well-developed and densely-populated cities, such as 
Hong Kong, Dubai, and Guangzhou [28, 41]. 

Flow in sanitary sewer can be controlled by either gravity (gravity sewers) or 
pressure (pressure sewers or rising main sewers). In partially filled gravity sewers, 
wastewater is partially aerobic due to the existence of aeration across the air–water 
interface. In contrast, anaerobic conditions typically dominate fully filled pressure 
sewers because due to the lack of aeration. The most well-known problems caused 
by the anaerobic processes in pressurized sewers are odour and corrosion, although 
the latter is less noticed [69, 79, 82]. The sewer corrosion causes loss of concrete 
mass and deteriorates the structural capacity, leading to cracking of sewer pipes and 
ultimately structural collapse. The rehabilitation and replacement of damaged sewers 
is very costly. In the USA alone, corrosion is causing sewer asset losses estimated 
at around $14 billion per year [7]. This cost is expected to increase as the aging 
infrastructure continues to fail [78, 82]. 

2 In-Sewer Processes Leading to Concrete Corrosion 

Sewer systems are reactors in a broad sense because the retention of wastewater 
in sewers allows various physical, chemical and biological processes to occur [2, 
46]. Generally, there are five phases in a sewer pipe: the suspended water phase, 
the biofilms, the sediments, the air phase (in partially-filled gravity sewer), and the 
sewer walls [29]. Microbial processes mainly happen in the water phase, biofilms, 
and sediments. The exchange of biological substrates and products between different
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phases keeps up the microbial processes. The microbial processes not only produce 
odorous compounds and alter the quality and constituents in the wastewater, but also 
cause severe concrete corrosion problems. 

The wastewater in sewers is rich in organic substances, which are electron 
donors for heterotrophic processes. The type of microbial transformation occur-
ring depends on the availability of electron acceptors under different redox condi-
tions (Table 1). Aerobic wastewater conditions arise in gravity sewers because of 
aeration across the air–water interface. In contrast, anaerobic wastewater conditions 
exist when dissolved oxygen is depleted for the degradation of easily degradable 
organic substances, in the absence of aeration. Anoxic wastewater condition becomes 
possible when oxidized inorganic nitrogen substances (NOx) are added to the wastew-
ater to supplement as electron acceptor in the absence of oxygen. Otherwise, sulfate 
becomes a candidate of electron acceptor in anaerobic wastewater. This results in 
the production of an important odorous and corrosion-causing compound: hydrogen 
sulfide (H2S). The fermentation processes under anaerobic conditions also produce 
significant odour compounds like volatile sulfur compounds. 

Bacteria tend to attach to wet surfaces, to multiply and embed themselves in a 
slimy matrix composed of extracellular polymer substances (EPS), thus forming a 
biofilm [13, 74]. The pressure sewer systems are covered with significant amount 
of biofilms, with a thickness of several hundred µm depending on the wastewater 
flow velocity and its shear stress. Biofilm offers cells many advantages such as 
improved survival during starvation, restricted exposure to toxins/biocides and fluc-
tuating environmental factors. Biofilm cells can also form synergistic relationships 
by complementary metabolisms among different microbial populations. There are 
also adverse aspects like limitation of substrate diffusion into thick biofilms. 

Figure 3 depicts the sewer biofilms in both pressure and gravity sewers. Anaerobic 
biofilms prevail in pressure sewers, conducting fermentation, sulfate reduction, and 
methane production in wastewater. There are two types of biofilms in gravity sewers

Table 1 Electron acceptors, oxidation–reduction potential (ORP), and corresponding conditions 
for microbial processes in sewer systems 

Electron acceptors ORP (mV) Microbial processes Typical sewer systems 

O2 > + 50 Oxic (aerobic) Partially filled gravity 
sewer 

NO3
−, NO2

− + 50 to  − 50 Anoxic (anaerobic) Pressure sewer with 
nitrate/nitrite addition 

SO4 
2− < − 50 to − 200 Sulfate reduction 

(anaerobic) 
Pressure sewer 

Organic compound 
CHO 

< − 100 Fermentation (Mixed 
acids and alcohol 
production) 

Full-flowing gravity 
sewer 

CHO, CO, CO2, H2 < − 300 Fermentation (Methane 
production) 

Gravity sewer with low 
slope and deposits 

Compiled from Gerardi [18] and Hvitved-Jacobsen et al. [29] 
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Anaerobic biofilm 

Anaerobic 
sediments 

SO4 
2-

H2S 

HS-
S2-

Sediments(Aerobic 
/anaerobic) 

Biofilm (Aerobic/ 
anaerobic) 

Aerobic biofilm 

HS-
S2-

H2S 

H2S O2 

H2SO4 

(a) pressure sewers (b) gravity sewers 

O2 

Fig. 3 Distinct biofilms and sediments developed in pressure (a) and gravity (b) sewers,  
respectively. The major sulfur transformation pathways are also shown 

depending on their locations being below or above the water surface. The aerobic 
biofilm above water surface carries out sulfide oxidation to sulfuric acid (source of 
sewer concrete corrosion). The biofilm below water surface can be either aerobic 
or anaerobic depending on the strength of reaeration. The deep layer of biofilms 
and sediments in gravity sewer are permanently anaerobic although the condition of 
water phase varies between aerobic and anaerobic [29]. 

Among all the possible microbial processes, sulfide and methane formation occur 
in anaerobic biofilms (e.g., those primarily developed around pressure sewer pipes). 
In anaerobic pressure sewers, the organic matter (e.g., sugars, proteins) in wastewater 
sustains fermentation, methanogenesis (methane formation), and sulfate respiration 
(sulfide production) (Fig. 4). Sulfate-reducing bacteria (SRB) primarily reside in the 
biofilms rather than wastewater because they have low growth rate [53]. Sulfate can 
penetrate biofilm due to concentration gradient along the biofilm depth. Generally, 
methanogenic processes need the absence of sulfate and thus mainly happen in deep 
layers of biofilms and sediments. It was claimed that methane formation is of minor 
importance in sewers without significant sediments [29]. More recent research found 
significant methane formation by sewer biofilms in both lab-scale reactors and real 
sewer systems [23, 24, 33, 34, 42, 43]. The depletion of sulfate due to long retention 
time in sewer pipes, or the development of very thick biofilms can facilitate the 
methane formation in wastewater.

Anaerobic hydrolysis degrades hydrolysable organic matter into fermentable 
substrate like amino acids, sugars, and long chain fatty acids, etc. Fermenta-
tion further degrades easily degradable substances into alcohols and volatile fatty 
acids (VFA). Sulfate-reducing bacteria can use a wide range of organic matter 
produced by hydrolysis and fermentation processes in wastewater (Fig. 4). In contrast, 
methanogens primarily use acetate or hydrogen to form methane. The interaction 
between anaerobic carbon and sulfur transformation in sewers are thus of great 
importance to produce corrosion-causing hydrogen sulfide. Many wastewater-related 
properties like pH, temperature, and chemical oxygen demand (COD) play important 
roles in the possible microbial processes [45, 54].
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Polymeric molecules 
(e.g. protein, carbohydrates, lipids, 

nucleic acids) 

Low molecular weight products 
(amino acids, sugars, long chain fatty 

acids, etc.) 

Fermentation intermediates 
(e.g. alcohols, lactate, pyruvate, 

succinate) 

Volatile fatty acids 
(propionate, butyrate) 

Acetate 

CO2 H2 

Hydrolysis 

Fermentation 

SO4 
2-

H2S 

SO4 
2-

H2S 

SO4 
2-

H2S 

H2S 

SO4 
2-

H2S 

SO4 
2-

CH4 CH4 

SRB 

SRB 

SRB 

SRB 

SRB 

MA 
MA 

CO2 

AB 

Acidogenesis 

Fig. 4 A simplified concept for anaerobic transformations of organic matter and sulfur in wastew-
ater and biofilms of a sewer system Modified from Gibson [19] and Hvitved-Jacobsen et al. [29]. 
AB: Acetogenic bacteria; SRB: Sulfate-reducing bacteria; MA: Methanogens

Once hydrogen sulfide is generated by sewer biofilms, a part diffuses through 
the air–water interface in gravity sewers and becomes a component in sewer gas. 
The concentration of H2S in wastewater is largely dependent on the wastewater pH 
because hydrogen sulfide is a weak acid, with pKa1 value of 7 and pKa2 ranging 
from 11.96 to 17.00 [39]. Lower sewage pH could lead to more hydrogen sulfide 
emission. 

H2S(aq) � HS− + H+ (1) 

HS− � S2− + H+ (2) 

Aside from the wastewater pH, other factors, such as high wastewater tempera-
ture and high turbulence intensity (high flow velocity or vigorous agitation) can also
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promote the hydrogen sulfide emission from wastewater [9]. Thus, parameters asso-
ciated with the sewers and their operations are also important for H2S concentration 
in the gas phase, e.g., the turbulence flow (reaeration), ventilation (H2S gas release), 
water depth ratio, water flow rate and sheer force, etc. [14, 29, 55]. 

Once being emitted in the gas phase, H2S is absorbed in the condensation layer 
of the exposed pipe surface (sides and crown region), followed by the biological 
oxidation of H2S and the production of sulfuric acid [64–68], which is responsible for 
the corrosive attack on the concrete [30, 31]. Recent studies have identified various 
microorganisms, primarily sulfide-oxidizing bacteria (SOB), involved in this acid 
production [10, 26, 38, 40, 52, 57, 72]. 

3 Concrete Corrosion in Sewers 

3.1 Concrete Sewers 

The concrete used to construct sewer is a mixture of water, cement binders, and 
aggregates of various sizes. Depending on the purpose of concrete pipe, different 
types of concrete are designed with a range of compositions and curing conditions 
to meet specific requirements of mechanical properties and durability [4]. The most 
used type of cement, i.e., Portland cement, has five main compounds, as listed in 
Table 2. 

Table 2 Major constituents and composition of Portland cement 

Compound Composition Abbreviation Roles 

Tricalcium 
silicate 

3CaO · SiO2 C3S Hydrates and hardens rapidly. 
Responsible for initial set and 
early strength of the concrete 

Dicalcium 
silicate 

2CaO · SiO2 C2S Hydrates and hardens slowly. 
Contributes to later age 
strength (> 7 days) 

Tricalcium 
aluminate 

3CaO · Al2O3 C3A Releases heat during the first 
few days. Contributes slightly 
to the early strength 
development 

Tetracalcium 
aluminoferrite 

4CaO · Al2O3 · Fe2O3 C4AF Hydrate rapidly but 
contributes little to strength. 
Hydrated cement looks grey 
due to ferrite hydrates 

Gypsum CaSO4 Controls the rate of hardening 
of fresh cement 

Adapted from American Concrete Institute International Organization [1]
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In anhydrous form, compounds listed in Table 2 are soluble in water. The hydration 
of these compounds, triggered by combining cement with water, generate insoluble 
products and bind the aggregate components together, forming a solid concrete [27]. 
Upon combining with water, C3S inside cement reacts instantaneously with water, 
producing calcium hydroxide. Once calcium hydroxide becomes saturated in the 
system, it starts to crystallize, forming calcium silicate hydrate (C–S–H) (Eq. 1) [17]. 
Hydration process of C2S proceeds is similar to that of C3S, with the production of 
calcium hydroxide and a rigid C–S–H gel (Eq. 2). 

2(CaO)3(SiO2) + 7H2O → (CaO)3 · (SiO2)2 · 4H2O + 3Ca(OH)2 (3) 

2(CaO)2(SiO2) + 5H2O → (CaO)3 · (SiO2)2 · 4H2O + Ca(OH)2 (4) 

The C–S–H matrix usually accounts for 50–60% volume of solids in a completely 
hydrated Portland cement paste and is considered as a critical contribution to the 
strength of hydrated cement paste [17]. The hydration of C3S and C2S also produces 
a large amount of calcium hydroxide, which results in the high alkalinity of concrete. 
Generally, the pH of hardened concrete is around 13 [36]. 

3.2 Concrete Corrosion 

Concrete sewer pipelines and other metal installations are prone to corrosion from 
the day they are in service. Ideally, sewer pipes can serve for 50–100 years with 
minimal maintenance considering the durability of concrete buried underground 
[47]. However, the corrosion of sewer pipeline was reported by Olmstead and Hamlin 
[58] for the first time and they identified sulfuric acid as the cause of the corrosion. 
Later, hydrogen sulfide was recognized as the primer of sulfuric acid and thus the 
consequent sewer concrete corrosion [6]. The underlying mechanisms and its nature 
as a microbial process were revealed by systematic research in the middle of the 
twentieth century [61–64, 68]. More recently, active research in the sewer odour 
and corrosion field has led to more in-depth understanding of the microorganisms 
involved, corrosion processes and impacting factors [22, 35, 40]. 

Once sulfide is produced by sulfate-reducing bacteria, some of the hydrogen 
sulfide will be released into the sewer atmosphere. The hydrogen sulfide gas will be 
dissolved in the thin water film on the sewer wall surface above the water level. 
Hydrogen sulfide will then be oxidized to sulfuric acid by autotrophic sulfide-
oxidizing bacteria [85]. Sulfuric acid thus formed is the real factor that causes corro-
sion of the sewer concrete. The presence of hydrogen sulfide, oxygen, and moisture 
are the necessary conditions for microbiologically influenced corrosion (MIC) to 
happen. Unfortunately, these conditions are commonly found in the sewer systems. 

However, the microbiologically influenced concrete corrosion is developed 
through a few stages [30, 70]. The first stage is the abiotic pH reduction (Fig. 5).
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Fig. 5 Theoretical changes 
in the biological and physical 
properties of concrete with 
time during the 
microbiologically influenced 
corrosion process. Adapted 
from Islander et al. [30]. 
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The surface pH of new concrete pipe is generally in the range of 11–13 after curing, 
storage, transportation and installation [85]. In addition, cement contains calcium 
hydroxide which neutralizes the acids and inhibits growth of sulfide oxidizing 
bacteria when the concrete is new. Hydrogen sulfide (H2S) and carbon dioxide (CO2) 
present in the air phase of the sewer systems can chemically reduce the concrete pH 
due to the fact that they are both weak acid [79]. As sewer pipe ages, the neutralizing 
capacity of the concrete is consumed, the surface pH drops. This makes the surface 
amenable for the succession of sulfuric acid-producing bacteria. 

When the concrete surface pH is reduced to about 9, some neutrophilic sulfide-
oxidizing microorganisms (NSOM) start to colonize. NSOM, and probably some 
fungi, dominate the community and go through a biological succession until the 
pH falls down to 3 [30]. Once the pH is lower than 3, acidophilic sulfide oxidation 
microorganisms (ASOM) become the protagonist in the sewer corrosion biofilm due 
to both the low pH and the sulfur products produced by NSOM. Sulfur generated by 
NSOM is an essential substrate for ASOM, which produce significant amounts of 
sulfuric acid. The active corrosion in Stage 3 drives the pH further down. 

The final step of the corrosion process is the chemical reaction between the 
concrete materials (calcium hydroxide, calcium silicate hydrate gel (C–S–H), 
calcium carbonate (CaCO3) with the biogenic sulfuric acid (see equations below). 
This reaction produces a layer of wetted gypsum (CaSO4 · 2H2O), which is easily 
eroded by the flush of wastewater. As the gypsum layer being washed away, new 
surfaces of concrete will be exposed for further erosion. 

H2SO4 + CaSiO2 → CaSO4 + SiO2 + 2H+ (5) 

H2SO4 + CaCO3 → CaSO4 + H2CO3 (6) 

H2SO4 + Ca(OH)2 → CaSO4 + 2H2O (7)
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The formation of gypsum and ettringite (3CaO · Al2O3 · CaSO4 · 12H2O or 3CaO  
· Al2O3 · 3CaSO4 · 31H2O) during the acid reaction process aggravates the corrosion 
problem due to their expansive nature, with significantly higher volumes than the 
intact concrete, ranging from 124 to 700% [37, 40, 49, 59, 87]. Ettringite expansion 
causes internal cracking and pitting, which produces a larger surface area for the 
chemical reaction to occur. 

A recent study examined the micro-cracking at the concrete corrosion front, 
through the cycle of iron dissolution in the highly acidic corrosion layer and the 
precipitation at the corrosion front [36]. The iron thus facilitates the concrete corro-
sion through the cycling process that creates more cracking at the corrosion front 
(Fig. 6). This will also provide further sites of penetration of the acid into the concrete. 
It was found that the ASOM and unidentified heterotrophs move into the concrete 
with the corroding layer, but the NSOM do not [12]. This suggests that the microbial 
succession is a surface phenomenon, and once the surface pH is low enough for the 
ASOM to survive and produce acid, ASOM follow the acid into the concrete. The 
designed structural integrity of sewer pipes is weakened by the conversion of the 
concrete to gypsum and ettringite. The reduced load bearing capacity of the concrete 
can result in the eventual collapse of the sewer. 

Problems associated with corrosion caused by hydrogen sulfide occur in many 
parts of the world and particularly where sewage temperatures are high, such as the 
Middle East, Australia, USA, South Africa and India [79, 81, 82]. However, problems 
also exist in temperate climates and have been reported in Germany, Holland and the 
UK. 

Many studies reported a corrosion rate between 1–10 mm per year (Table 3), 
resulting a sewer pipe service time as short as 20 years [82]. Some improved or 
modified concrete can be more resistant to corrosion, inducing a lower corrosion rate. 
Portland fly ash concrete was reported to be resistant to sulfide-oxidizing bacteria 
(SOB), thus the lifetime of Portland fly ash concrete sewer can last over 100 years 
[48]. A recent study shows that geopolymer sewer pipes have nearly ten times higher 
resistance to corrosion than ordinary Portlandite cement pipes [20].

Fig. 6 A simple schematic of the microorganisms, their sulfur transformation processes, and 
distribution of corrosion products involved in concrete corrosion of sewers 
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Table 3 Corrosion rate and 
lifetime of sewer pipes [86] 

Corrosion rate (mm/year) Lifetimea (year) References 

2.5–10 20–70 [82] 

2.7 65 [51] 

4.3–4.7 35–45 [50] 

2–4 45–90 [31] 

3.1 55 [12] 

1.0–1.3 130–170 [48] 

1.1–1.8 90–160 [84] 

a The lifetime is the ratio of concrete sewer pipes thickness to 
corrosion rate 

3.3 Rebar and Metal Corrosion 

Concrete is not the only target of sulfuric acid attack, most metals, including many 
stainless steel alloys, can also be attacked and destroyed by exposure to sulfuric 
acid [85]. Unlike concrete corrosion induced by sulfuric acid, metal corrosion can 
be caused by two ways of attack: direct chemical attack from hydrogen sulfide and 
acidic decomposition by exposure to sulfuric acid produced by SOB. Most metal 
can react with hydrogen sulfide gas resulting in metal sulfide and two hydrogen ions, 
which lower the pH and increase the corrosion rate. It is reported that the direct 
contact with H2S can encourage steel corrosion to a level of 12.8 mm/year [80], and 
sulfides are intensive corrosion stimulators [25]. 

M++ + H2S → MS + 2H+ (8) 

Another possible mechanism was revealed for the metal corrosion caused by 
anaerobic sulfate-reducing bacteria [3]. The iron reacts spontaneously with water 
under moist condition, forming a thin, protective double layer of ferrous hydroxide 
and hydrogen. Sulfate-reducing bacteria remove the hydrogen produced by using it 
as an electron donor to produce sulfide. Sulfide in turn, attacks the iron structures 
to form ferrous sulfide precipitates, and more hydrogen gas. Metallic iron structures 
are corroded gradually by chemical and biological processes in this manner [3]. 

Fe0 + 2H2O → Fe (OH)2 + H2 (9) 

4H2 + SO2− 
4 → H2S + 2OH− + 2H2O (10)  

H2S + Fe2+ → FeS + 2H+ (11) 

Concrete sewer pipes, especially for pipes with diameters larger than 0.6 m, are 
usually reinforced with a sufficient number of steel bars designed to withstand both
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internal pressure and external loads [22, 56]. Reinforced concrete pipes can be manu-
factured in a wide range of diameters (30–180 mm) and are relatively more corrosion 
resistant than metallic pipes. They are also more popular than ductile iron, vitrified 
clay, polyvinyl-chloride (PVC), composite fiber reinforced polymer (FRP) and high 
density polyethylene (HDPE) pipes [83]. When the protecting concrete cover of rebar 
is deteriorated by cracking or seriously corroded, rebar corrosion occurs because of 
the reduced cement alkalinity, ingress of aggressive substances, and the direct expo-
sure after the concrete scaling [15, 32]. Rebar corrosion may in turn reduce sewer 
durability and its service life similar to other reinforced concrete structures [77]. 

The steel rebar corrosion is due to a combination of chemical factors: the reduced 
alkalinity of corroding concrete, at a pH level around 2–4 due to the biogenic sulfuric 
acid produced in the corrosion process [32, 36]; the ingress of H2S, CO2, oxygen 
and wastewater through concrete cracks to rebar surface [60]; the direct exposure of 
rebar by regional concrete scaling or spalling that may occur in the later stages of 
service life [15]. 

Rebar corrosion is a major cause of durability problems in reinforced concrete 
structures such as concrete buildings, bridge decks, marine structures, slabs and 
floors [44]. The electrochemical process causes the dissolution of iron to form various 
corrosion products, such as iron oxides, hydroxides and hydrated oxides, the nature of 
the products being dependent on the exposure environment [5, 44]. Usually, chloride 
ions are considered as one of the major causes of the steel corrosion [71]. The 
dissolved chlorides from the external environment could permeate through sound 
concrete or cracks to the steel surface thus inducing corrosion of the steel bar [22]. In 
sewers, however, gaseous H2S and the biogenic sulfuric acid, produced in corrosion 
biofilms [61, 62], are commonly accepted to be the corrosive substances rather than 
chlorides [16]. 

An early study [71] proposes that H2S produced in the sewer could diffuse to 
the metal surface and form FeS. Recently, some long-term studies (45 months) were 
carried out to investigate the rebar corrosion mechanisms when the concrete cover 
was gradually removed due to concrete corrosion [76, 75]. It was found that H2S 
and the biogenic sulfuric acid may not directly participate in the corrosion reactions 
of rebar covered by concrete or exposed completely to sewer atmosphere. Chloride 
ions play a significant role in initiating rebar corrosion in concrete sewers, resulting 
as a thin chloride-enriched layer at the steel/rust interface. Instead, oxygen is more 
likely responsible for rebar corrosion in sewers. When evident cracks occur inside 
concrete, H2S that can reach the depth of rebar might play a minor role in the steel 
corrosion process. 

The rebar rusts at the rebar/concrete interface may obtain a volume 2–6 times of 
the original rebar, thus causing the macro-level concrete cracking [83]. In addition, 
the cracking of the concrete cover was influenced by the micro-cracking acceler-
ated by the dissolution, diffusion, and deposition of Fe precipitates at the concrete 
corrosion front [76]. The predominant corrosion products and potential reactions of 
exposed rebar or partially covered by poor-conditioned concrete were complicated 
and varied with the exposure time and the development of concrete corrosion. The
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Fig. 7 A conceptual model describing A conceptual model describing the corrosion reactions of 
rebar and the cracking of concrete in reinforced sewers. Reproduced from Song et al. [76] with 
permission from Elsevier 

major corrosion products observed include iron oxides (Fe2O3, Fe3O4), iron oxyhy-
droxides (FeOOH, lepidocrocite, goethite), iron sulfides (FeS, Fe3S4, FeS2), iron 
chlorides (FeClx(H2O)Z) and iron sulfate (Fe2(SO4)3(H2O)Z) (Fig. 7). 

4 Summary 

This chapter briefly discussed the history of sewer systems and why concrete is 
predominantly used to construct sewer structures. As an essential and expensive 
infrastructure, the durability of concrete sewer thus becomes critical for modern 
societies. The chapter also presented wastewater processes that leads to the produc-
tion of hydrogen sulfide and its subsequent role in causing the biological production 
of sulfuric acid. The strong acid chemically reacts with alkaline cementitious mate-
rial, leading to the reduction of concrete surface pH, formation of loosely bound 
corrosion products with little mechanical strength, and thus loss of mass and eventu-
ally structural failure of the concrete pipes. Rebar corrosion occurs and interacts with 
concrete corrosion, further reduces the durability of sewer systems. Severe concrete
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corrosion can lead to the exposure of steel rebars, of which the metal corrosion 
can interact with concrete corrosion itself. Recent studies revealed more knowledge 
about the processes involved and distribution of various corrosion products. 

Sulfide induced concrete corrosion in sewer systems leads to early structural 
failure and shortened life expectancy of pipes and other structures (pump wells, 
manholes, etc.). The corrosion damaged sewer infrastructure is costly to replace or 
rehabilitate. Control strategies need to be implemented to remedy the corrosion prob-
lems caused by sulfate reduction in anaerobic sewers. Many chemical dosing tech-
nologies in wastewater have been developed and applied by water industry to control 
hydrogen sulfide production, emission and the corrosion of concrete sewer systems 
[86]. In addition, gas-phase technologies like biofilter, bio-trickling filters and acti-
vated carbon adsorption systems were used widely to remove hydrogen sulfide from 
sewer atmosphere [8, 73]. Most importantly, different cementitious materials and 
concrete design were devised to enhance the corrosion resistance in harsh sewer 
environment [22]. 
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Mechanisms and Processes of Concrete 
Corrosion in Sewers 

Xuan Li, Guangming Jiang, Cyrill Grengg, and Florian Mittermayr 

Abstract Concrete corrosion in sewers is caused by the combination of chemical and 
biological processes including sulfide and carbon dioxide generation and partition 
in wastewater, sulfide oxidation, neutralizing reactions of carbon dioxide, hydrogen 
sulfide, and its oxidation products (mainly sulfuric acid) with concrete. Wastew-
ater is a sulfate-rich environment with sufficient carbon sources. The metabolism 
of sulfate-reducing bacteria leads to the formation of hydrogen sulfide in wastew-
ater under anaerobic conditions. During wastewater transport through the sewers, 
depending on the dissolved oxygen concentrations and pH in wastewater, hydrogen 
sulfide can be chemically or biologically oxidized in wastewater, or partition into 
sewer gas in gravity sewers. Due to the alkaline and porous nature of concrete sewer 
pipes, the hydrogen sulfide reacts with intact concrete and reduces the concrete pH, 
lowering the concrete surface pH through chemically induced corrosion. The addi-
tional outgassing of CO2 from the wastewater further accelerates these processes. The 
reduction of surface pH facilitates the colonization of sulfide-oxidizing microorgan-
isms on concrete surfaces. Sulfide-oxidizing microorganisms can further biologically
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oxidize hydrogen sulfide into sulfuric acid, leading to microbiologically influenced 
concrete corrosion. This chapter describes and discusses the mechanisms of these 
processes in sewers. 

1 The Sulfur Cycle in Sewers 

As described in Chapter “Concrete Sewer Systems and Wastewater Processes Related 
to Concrete Corrosion”, modern sewers majorly consist of two types of sewers: 
rising main and gravity sewers. In rising main sewers, pipes are fully filled with 
wastewater and operated with no gas phase under anaerobic conditions. In some 
cases, at the entry of the rising main sewers, there will be an aerobic phase but along 
the distance in the pipe, the wastewater becomes anoxic [14], and anaerobic due to 
the consumption of oxygen as the electron acceptor for microbial processes [21]. 
Gravity regions are usually partially filled, where wastewater flows downstream due 
to gravity. In gravity sewers, both aerobic and anaerobic conditions can occur below 
the water surface depending on the wastewater temperature, turbulence and flow 
rates of the wastewater (i.e. determined by the slope, size of the pipe, and hydraulic 
load), ventilation (i.e. either natural or forced) and the water depth-to-diameter ratio 
of gravity sewers [1, 20]. The rising main sewer contains four main components: 
(1) wastewater; (2) biofilms; (3) sewer sediments; (4) sewer walls. While gravity 
sewers contain all these four components with one additional important component: 
the sewer gas. 

Within the sewer system, the sulfur cycle is one of the most complex nutrient 
cycles. Wastewater is inherently a sulfate-rich environment, where the concentra-
tion of dissolved sulfate is typically 20–200 mg-S/L in wastewater [47]. The major 
source for this high sulfate concentration was identified as the coagulant used for the 
production of drinking water (52%), source water (38%), and other human wastes 
[37]. The change of sewer conditions alters the electron acceptors for chemical and 
biological reactions and products. Due to the dissolution and oxidation of sulfide, 
various sulfur compounds exist in sewers (Table 1). 

Table 1 Inorganic sulfur species and the sulfur oxidation states adapted from Suzuki [42] 

Oxidation state 

− 2 0 + 2 + 4 + 6  

H2S hydrogen 
sulfide 

S0 elemental 
sulfur 

(SO) sulfur monoxide SO2 sulfur dioxide SO3 sulfur 
trioxide 

HS− bisulfide H2SO2 sulfoxylic acid H2SO3 sulfurous 
acid 

H2SO4 sulfuric 
acid 

S2O3 
2− thiosulfate SO3 

2− sulfite SO4 
2− sulfate 

S4O6 
2− tetrathionate
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Fig. 1 The impact of the wastewater pH on the dissolved sulfide speciation (pKa1 of 7 and pKa2 
of 14) 

For both abiotic and biotic reactions, water is the major medium that allows the 
reaction to happen. In anaerobic parts of sewers (i.e. rising main sewer and anaerobic 
part of gravity sewer), sulfate becomes the main electron acceptor, where hydrogen 
sulfide is biologically produced by sulfate-reducing bacteria (SRB) [10]. In rising 
main sewers, the oxidation of sulfur happens in the wastewater phase; while in gravity 
sewers, it can occur in both the wastewater phase and moist sewer pipe surfaces in 
contact with oxygen [22]. Under both conditions, the dissociation of hydrogen sulfide 
is crucial for the distribution and oxidation of sulfide species, primarily controlled 
by the pH of the system. As described in Chapter “Concrete Sewer Systems and 
Wastewater Processes Related to Concrete Corrosion”, sulfide is a weak acid with 
pKa1 value of 7 and pKa2 value ranging from 11.96 to 17.00 [10, 36]. The pH 
dependent dissociation of hydrogen sulfide is shown in Fig. 1. 

In normal wastewater conditions (7.5–8.5), bisulfide is the dominant sulfide 
species (Fig. 1). The main products of chemical sulfide oxidation with oxygen are 
thiosulfate (S2O3 

2−) and sulfate (SO4 
2−), depending on the availability of oxygen 

in wastewater [32]. When oxygen is limiting, thiosulfate is the main product. The 
further oxidation of thiosulfate to sulfate mainly takes place in sewer pipes with long 
hydraulic retention times (HRT) [31]. Chemical oxidation of sulfide with oxygen also 
produces common intermediates such as elemental sulfur (S0) and sulfite (SO3 

2−) 
[18]. The latter is rapidly oxidized by oxygen to sulfate and is often negligible in 
wastewater. Elemental sulfur, thiosulfate, sulfite, and sulfate are formed according 
to Eqs. (1)–(4) [31]: 

2HS− + O2 → 2S0 + 2OH− (1) 

2HS− + 2O2 → S2O2− 
3 + H2O (2)  

2HS− + 3O2 → 2SO2− 
3 + 2H+ (3)
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2HS− + 4O2 → 2SO2− 
4 + 2H+ (4) 

Temperature and pH are important parameters affecting the abiotic oxidation 
of sulfide in aqueous environments. Studies performed on inactivated wastewater 
showed that chemical sulfide oxidation rates increase with increasing temperature [5, 
32]. The pH of the solution also showed a significant impact on the abiotic oxidation 
process [5]. In acidic solutions with pH < 6, where H2S is the predominating sulfide 
species (Fig. 1), the chemical oxidation rate of sulfide is very slow. The specific rate 
increases greatly as pH increases through 7 to a maximum of pH 8.0, then decreases 
to a minimum near pH 9, increases again to a second maximum about equal to first 
near pH 11, and finally decreases again in more alkaline solutions [5]. Similarly, a 
reaction pattern is also observed in [27], where the half-time (t1/2) for the oxidation 
of H2S by O2 is estimated as 50 ± 16 h at 26 ± 9 ºC in water with a pH of 8. Thus, 
the chemical oxidation of sulfide is generally considered a slow process. 

In aqueous environments, biological sulfide oxidation can occur by sulfur-
oxidizing microorganisms (SOM) at a faster rate than chemical oxidation [10]. 
Biological sulfide oxidation in the solution mainly occurs when sulfide generated 
in the upstream sections (i.e. rising mains) is transferred to the aerobic sections (i.e. 
gravity sewers) or when sulfide generated in the anaerobic part of biofilms diffuses to 
the aerobic part of biofilms [10]. The oxidation products are impacted by the sulfide 
and dissolved oxygen (DO) concentration. Under limited DO conditions, sulfide in 
water is oxidized by SOMs to elemental sulfur [30]. When DO concentration is suffi-
cient, besides elemental sulfur, sulfate can be produced by SOM with thiosulfate, 
thrithionate, and tetrathionate as intermediates [35]. High concentrations of sulfide 
are toxic to some SOM [3]. Although elemental sulfur can be produced in both chem-
ical and biological reactions, it is worthy to note that the elemental sulfur produced 
from chemical oxidations of sulfide is hardly used by SOMs [11]. This might be 
related to the particle size and surface properties of the elemental sulfur produced. In 
particular, the elemental sulfur produced by abiotic oxidation of sulfide is found quite 
hydrophobic but biologically produced elemental is hydrophilic, which is easier for 
the colonization and development of SOMs [19]. 

When the DO concentration is insufficient (normally < 0.5 mg/L) for either abiotic 
or biotic oxidation of sulfide, sulfide start to accumulate in the wastewater, which 
eventually leads to the partition of hydrogen sulfide to sewer gas in gravity sewers 
[10]. Among the sulfide species (Table 1), hydrogen sulfide is the only specie that 
can partition into the sewer gas phase. Hydrogen sulfide is moderately soluble in 
water ranging from 4 g/L at 20 ºC to 6.3 g/L at 4 ºC [2]. The partition process of H2S 
is highly pH dependent. As shown in Fig. 1, at pH values below 8, hydrogen sulfide 
will present and can partition into the headspace [33]. Lower wastewater pH leads 
to a higher hydrogen sulfide release into the sewer atmosphere. Generally, Henry’s 
law describes the partition of gases across the air–water interface. However, this 
steady state relationship does not apply to the dynamic partition of sulfide into the 
sewer atmosphere due to ever-changing conditions such as the occurrence of ventila-
tion (either natural or forced), intermittent wastewater flow, and turbulence in sewer
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systems. Furthermore, the overall mass transfer increases with higher temperature, 
thereby resulting in an increase in the ratio between hydrogen sulfide concentra-
tions in the gas phase and in the liquid phase [4]. More importantly, the emission 
and subsequent oxidation of H2S also leads to the chemically and microbiologically 
influenced corrosion in gravity sewers, which significantly shortens the service life 
of sewer pipes [13]. The details of chemically and microbially influenced corrosion 
are discussed in the following sections. 

2 Chemically Induced Concrete Corrosion 

2.1 The Impact of Corrosive Environment in Sewers 

The corrosion of concrete in the sewer environment is attributed to two parts: the 
corrosive environment in sewers (i.e., H2S, CO2, relative humidity, wastewater etc.) 
and the physical and chemical properties of concrete. As mentioned in Chapter 
“Concrete Sewer Systems and Wastewater Processes Related to Concrete Corrosion”, 
concrete is a multicomponent, inorganic, porous material which for the most parts 
consist of the hardened cement paste and aggregates. The hydrated cement paste 
forms a network of hydration products consisting of calcium silicate hydrates (C– 
S–H), calcium hydroxide (CH) and minor quantities calcium aluminates (AFm) and 
ettringite (Aft) [7, 43]. 

The pH of the pore solution of hardened concrete made from OPC is usually > 13 
[16, 43, 44]. Little microbial activity occurs at this stage due to the prevailing high 
alkalinity. According to the three-stage theory [11], this phase is named the initial 
acidification stage, where the pH is abiotically reduced from ~ 13 to ~ 9 through 
carbonation and hydrogen sulfide dissolution, within the condensate of the surface 
near pore structure. 

The carbonation of the concrete surface starts from the manufacturing time of 
concrete sewer pipes. Directly contacted with the surface of concrete pipes or 
absorbed in pores, CO2 reacts with calcium hydroxide and hydrated calcium silicate 
(C–S–H) in concrete and produces calcium carbonate (Eqs. 5 and 6) [9]. 

Ca(OH)2 + CO2 → CaCO3 + H2O (5)  

C−S−H + CO2 → CaCO3 + SiO2 + H2O (6)  

In a laboratory test setup with 5–50 ppm H2S, 18–30 ºC, and 85–100% relative 
humidity, it was shown that carbonation decreases the surface pH from 13 to about 10 
[17]. Then, H2S had a significant role in the initial abiotic pH reduction, and directly 
reacts with Ca(OH)2 in concrete (Eq. 7), which further reduces the pH of concrete 
to around 8.
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Ca(OH)2 + 2H2S → Ca(HS)2 + 2H2O (7)  

In contrast, on-site measurements within several corroded sewer basins in Austria 
reported high CO2 concentrations of up to 6500 ppm, implying a central role of CO2 

within the initial abiotic pH reduction of concrete due to ongoing carbonation of 
the cementitious matrix [8]. The diffusion of CO2 into the pore solution triggers a 
dissolution of Ca(OH)2, Ca depletion of the C–S–H phases and concurrent formation 
of calcium carbonates. Described chemical reaction are accompanied with a pH 
reduction to as low as 8.0. In this context the overall impact of CO2 on the corrosion 
process is strongly associated with the overall relative humidity and corresponding 
water saturation of the pores since strongly controlling the diffusion kinetic of CO2. 
Accordingly, carbonation induced pH reduction may dominate in systems exhibiting 
lower relative humidity levels and/or high daily and/or seasonal changes in relative 
humidity (e.g. sewer manholes vs. sewer pipes). 

Apart from direct reactions between corrosive sewer gases (i.e. CO2 and H2S) 
with concrete, due to the presence of oxygen, H2S can be chemically oxidized on 
concrete surfaces. To date, the understanding of abiotic/chemical sulfide oxidation 
on concrete surfaces is limited. Few studies have investigated the chemical oxidation 
of H2S on concrete surfaces. In laboratory-controlled corrosion chambers with H2S 
below 50 ppm, elemental sulfur was found as the major oxidation product, with the 
presence of sulfate (< 10%) [17]. The oxidation of H2S may thus occur according to 
Eq. (8) or Eq.  (9). 

Ca(HS)2 + O2 → 2S + Ca(OH)2 (8) 

2H2S + O2 → 2S + 2H2O (9)  

In sewer systems affected by MICC, the reduction of pH during the initiation stage 
is usually followed by the development of biofilms on the concrete surfaces and corre-
sponding biologically controlled sulfur oxidation reactions [11]. However, in systems 
exhibiting very high H2S concentrations chemical oxidation of H2S may remain the 
dominant process of concrete deterioration. Within a pilot-scale study with gaseous 
H2S concentrations of 1100 ± 100 ppm, concrete samples were rapidly corroded in 
20 days. The initial surface pH > 10 was rapidly reduced to around pH 3. Newly 
formed Ca-sulfate precipitates were identified as the main corrosion products [24]. 
This rapid corrosion was found to be caused by the chemical oxidation of H2S to  
sulfuric acid. The fast and direct formation of sulfate through abiotic sulfide oxida-
tion under alkaline conditions was further confirmed by aerated water containing 
fresh concrete powder, where more than 70% of the sulfide was oxidized within 4 h 
in this study. The sulfide uptake test of the concrete coupon further revealed that the 
chemical sulfide oxidation on the concrete surface followed exponential kinetics at 
H2S concentration between 500–1500 ppm [24]. However, with ongoing pH reduc-
tion towards acidic conditions, the chemical oxidation rate of sulfide was found to
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slow down due to the formation of corrosion layer [24]. Thus, this rapid chemi-
cally induced corrosion is likely still serving as a precedent stage for the develop-
ment of advanced microbial corrosion, which requires future investigations. In real 
sewers, the H2S concentration varies from several ppm to hundreds of ppm [22]. 
Such high concentrations H2S (i.e. 500–1000 ppm) has been frequently detected in 
many sewers, which potentially accounts for higher corrosion rates than previously 
assumed [46]. Therefore, chemical concrete corrosion due to the interaction with 
H2S and CO2 can be an important deterioration process in sewers. 

In regard to the factors affecting the chemically induced corrosion, H2S concen-
tration played an important role in both studies as mentioned above, where a quicker 
pH reduction and higher amount of corrosion products (sulfide oxidation products) 
were observed under higher H2S concentrations [17, 24]. In the laboratory study, 
higher temperature, and relative humidity also facilitate the corrosion process [12, 
15, 17]. As detailed in Sect. 1, the chemical oxidation of H2S in water is enhanced 
under higher temperatures. Furthermore, a higher temperature in sewer gas is also 
associated with a higher water evaporation rate, which together with relative humidity 
impacts the moisture level and condensation water layer on concrete (Sect. 1). 

2.2 The Impact of Concrete Properties 

Concrete is a porous material (Fig. 2a). Accordingly, the pore structure and volume 
play an essential role in respect to the material response within diffusion-based 
deterioration processes [34, 39]. The formation of the pore structure in concrete 
is closely related to the hydration processes of concrete. The hydration process is 
triggered once the cement is in contact with water and further developed during the 
curing process when concrete is fully immersed in water or water-based solutions 
(i.e., lime water). During the hydration process, the hydration products bind the 
aggregates with the cement matrix and occupy the pore spaces (i.e., the air voids 
introduced due to the mixing) (Fig. 2b). After the curing process, the hydration 
process continues until the excess water in the pores evaporates and leaves the pores 
empty or unsaturated.

The overall amount and structure of pores is controlled by the water to binder ratio 
(w/b), the cement chemistry and the curing conditions applied. Pores in concrete 
can be isolated or interconnected from one another. The interconnected pores are 
capable of transporting aggressive species, such as moisture, carbon dioxide (CO2), 
and hydrogen sulfide within the cement paste, which thereby influences the corro-
sion development on concrete [26]. Based on the pore size distribution and relevant 
assumptions, Wells and Melchers [46] built a model for the relationship between 
concrete moisture level and relative humidity. It shows that the higher the relative 
humidity, the greater the increase of concrete moisture level, especially for the rela-
tive humidity range from 95 to 100%. At higher humidity levels, moisture in sewer 
gas condenses initially within the smaller diameter pores and then progressively
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Fig. 2 a Backscattered (BSE) electron micrograph of an Ordinary Portland Cement mortar 
(200 days old, w/c = 0.4), with the microstructural constituents distinguished. b Schematic illus-
tration of the formation of hydration shells according to grain size. Adapted from Scrivener [38] 
with permission from Elsevier

in larger diameter pores with further humidity increases until eventually, at 100% 
humidity, the pore space is fully filled. At this point, a condensate film forms on 
the concrete surface of the pipe [46]. Therefore, higher temperature and relative 
humidity in sewer gas allows an earlier and denser formation of condensation layer 
(as visually observed by Joseph et al. [17], which provides the suitable conditions 
for chemical oxidation of sulfide. In addition, the concrete chemical and physical 
properties are also dependent on the concrete materials and manufacture process, 
which subsequently affects the chemically induced corrosion [8, 25] (Fig. 3). 

Fig. 3 a Pore size distribution of a concrete coupon and b the calculated response of concrete 
moisture level to changes in sewer gas relative humidity. Reproduced from Wells and Melchers [46] 
with permission from Elsevier
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3 Microbiologically Influenced Concrete Corrosion 
(MICC) 

Once the surface pH reaches about 9, neutrophilic sulfur-oxidizing microorganisms 
(NSOM) colonize the concrete surface [11]. NSOM are typical sulfur oxidizers that 
could biologically oxidize sulfur compounds to sulfuric acid. Sulfuric acid either 
produced by microorganisms or by chemical oxidization (discussed in Sect. 2) reacts 
with the cementitious phases and, if present carbonate aggregates, causing dissolu-
tion of the microstructure and the precipitation of expansive secondary minerals 
as Eqs. (10)–(13), where calcium sulfates (i.e., anhydrite, basanite and gypsum), 
ettringite and amorphous silica are found as the major corrosion products. 

H2SO4 + Ca(OH)2 → CaSO4 + H2O (10)  

H2SO4 + C−S−H → CaSO4 + Si(OH)4 + H2O (11) 

H2SO4 + CaCO3 → CaSO4 + H2CO3 (12) 

CaSO4 + C3A + H2O → 3CaO · Al2O3 · 3CaSO4 · 32H2O (13) 

Continuous biotic acid production by NSOM lead to a further pH reduction within 
the corrosion horizons of the concrete to below 4. With the decrease of pH, the micro-
bial community on the concrete surface gradually changes, which leads to the start 
of stage 3 of the corrosion. In stage 3, acidophilic sulfur-oxidizing microorganisms 
(ASOM) colonize and become the dominant microbe on the concrete surface, where 
the biological formation of large amounts of sulfuric acid occurs. 

In contrast to chemically induced corrosion, numerous studies have investigated 
the development of microbiologically influenced concrete corrosion, where loca-
tion, H2S concentrations, relative humidity, temperature are found as critical factors 
affecting corrosion development in sewers. Depending on the availability of sewer 
gases and wastewater, MICC commonly occurs at two hot spots, namely crown 
regions and tidal regions in the sewer pipes (Fig. 4). Crown regions are the celling of 
the sewer headspace, while tidal regions are just above the wastewater flow level [22]. 
In manholes, corrosion also occurs in the regions next or the wastewater line (similar 
to the tidal regions), and manhole walls (similar to the crown regions). The avail-
ability of sewer gas and contact with wastewater varies greatly in these two locations. 
In crown regions, concrete contacts with wastewater very occasionally (e.g., during 
flooding), the sewer gases thereby become the major source of ‘food’ for microor-
ganism development. The diffusion of gases (i.e., CO2, H2S, O2) provides volatile 
substrates and nutrients for the development of NSOM and ASOM [12]. Further-
more, water content, a critical compound for microbial activities, is also provided by 
the moisture from sewer gas for crown regions. The water content in crown regions 
is majorly provided by the condensation from sewer gas with high relative humidity
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Fig. 4 A diagram of a cross-section of a sewer gravity concrete pipe summarizing the major 
processes that lead to the acid formation in the aerobic biofilms and the onset of sewer corrosion at 
two major hot spots, i.e., tidal and crown regions [22] (open access) 

(as discussed in Sect. 2). In tidal regions, concrete walls receive frequent contact 
with wastewater, which provides the frequent replenishment of nutrients, microbial 
inoculum, and moisture. The abrasive effect of wastewater flow also removes the 
loss corroiosn layers [40]. This results in more severe corrosion in tidal regions than 
the crown regions [12, 29]. 

It has been observed for a long time that the microbiologically influenced corrosion 
was positively correlated with the H2S levels in sewers globally. For instance, in the 
crown of a sewer in Japan with 5–400 ppm H2S and 10–30 ºC, the average corrosion 
rate was around 4.3–4.7 mm/year, but around 2 mm/year in another sewer with 10– 
50 ppm H2S and 22 ºC in Australia [28, 45]. However, these studies are commonly 
conducted in different sewers or laboratory setups, where other factors including 
the relative humidity, temperature, and the concrete type vary from study to study. 
This greatly hinders the understanding of the exact role of H2S concentration in 
corrosion development. In the last decade, several well-controlled laboratory studies 
in conjunction with the field observations greatly improved the understanding of H2S 
on corrosion development. In a laboratory study, the corrosion loss of concrete was 
found to follow the nth-order kinetics as Eq. (14). 

Cr = k × [H2S]
n × fBET  (RH  ) + Cri (14) 

where n is the model constant estimated from the experimental data; f BET(RH) is a 
Brunauer–Emmett–Teller sorption isotherm of relative humidity and Cri represents
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the corrosion caused due to historical exposure prior to the experiment. In this study, 
the n was estimated to around 0.5, suggesting a dominant role of H2S concentration 
on the corrosion loss [12]. A similar observation was reported in a field study in 
Australia, where the corrosion rate followed nth order kinetics of H2S concentration 
with an n value of 0.5–1.0 [45]. 

As discussed in Sect. 2, the increase of relative humidity and temperature facilitate 
the formation of a condensation layer on the concrete surface. Similar to the chem-
ically induced corrosion, the increase of relative humidity enhanced the microbial 
development on concrete in crown regions [12]. While within tidal regions, where 
frequent wastewater contact is provided by the wastewater stream, the increase of 
relative humidity showed negligible impacts on the corrosion development [12]. 
Furthermore, as discussed in Sect. 2, the temperature increase also leads to faster 
biological oxidation of sulfide. Thus, the microbiologically influenced corrosion is 
found generally accelerated at higher temperatures. For instance, in sewer biofilms, 
the sulfide oxidation rates at 25 ºC were found to be about 15% higher than those at 
20 ºC [41]. In laboratory-scale corrosion chambers with controlled conditions, the 
increase of temperature from 20 to 30 ºC also led to a faster acid generation and higher 
corrosion loss [12]. The details of SOM and their contributions to the microbiologi-
cally influenced corrosion will be further discussed in Chapter “Characterization of 
Corrosion Microbial Communities”. In addition, the concrete chemical and physical 
properties also affects the MICC [6, 23]. 

4 Summary 

This chapter discussed the mechanisms and processes involved in the corrosion of 
concrete sewers in the context of sulfur cycle and carbonation. The corrosion of 
concrete sewers is closely related to the corrosive environments in gravity sewers 
and the alkaline and porous nature of concrete. Wastewater is rich in sulfate and 
carbon sources, which creates conditions similar to a ‘microbial reactor’ where 
substances are transformed and degraded through chemical and biological processes. 
The concrete corrosion in sewers is majorly caused by the presence of H2S, and to 
a lesser extend CO2, in the sewer gas in gravity sections of sewer transportation 
networks, pumping stations and sewage plants. 

The occurrence of H2S in the sewer gas is related to the metabolism of sulfate-
reducing bacteria in anaerobic sections of sewers such as rising main sewers. Due 
to the low dissolved oxygen levels in wastewater, sulfate become the major electron 
donor, leading to the biological formation of hydrogen sulfide. During wastewater 
transportation, the sulfide generated can be either chemically or biological oxidized in 
wastewater, or partition into sewer gas due to changes in water pressure, turbulences, 
temperature and pH. The chemical or biological oxidation of sulfide in wastewater 
results in the formation of various oxidation products including elemental sulfur, 
thiosulfate, and sulfate. The partition of gaseous hydrogen sulfide from wastewater 
into sewer gas is highly pH-dependent although further factors such as turbulences,
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temperature, and sewer pipe design also play a role. The hydrogen sulfide in the 
sewer gas leads to chemically and microbiologically influenced concrete corrosion. 

Intact concrete usually has a high pH of around 13, which is not suitable for the 
colonization of most microorganisms. The H2S in sewer gas reacts with the alkaline 
concrete directly, leading to the dissolution of portlandite and corresponding pH 
reduction. While under extreme H2S concentrations, H2S can be chemically oxidized 
directly to sulfuric acid. These reactions reduce the surface pH of concrete, leading 
to microbiologically influenced concrete corrosion. 

The microbiologically influenced concrete corrosion starts when sulfur-oxidizing 
microorganisms colonize concrete surfaces. Through the biological oxidation of H2S, 
biologically produced sulfuric acid on concrete surfaces leads to the formation of 
corrosion products such as calcium sulfates (i.e., anhydrite, basanite, and gypsum), 
ettringite and amorphous silica. These corrosion products are of expansive nature, 
inducing micro- and macro cracking, while providing minimum structural strength 
and resulting in the mass loss. Very high concrete corrosion rates of > 1 cm/a will 
eventually lead to a failure of the affected concrete structures. 
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Testing of Sulfide Uptake Rate (SUR) 
and Its Applications 

Xiaoyan Sun, Guangming Jiang, Jurg Keller, Philip Bond, and Xuan Li 

Abstract This chapter introduces a methodology to measure the rate of gaseous 
H2S transferring from sewer atmosphere to the exposed concrete surface. This facil-
itates the monitoring of sulfide-induced corrosion processes on concrete at various 
corrosion stages. In comparison to many existing methods, this methodology has the 
advantages of rapid measurement and non-destruction of the concrete sample. The 
H2S uptake rate (SUR) for a concrete coupon can be determined by measuring the 
gaseous H2S concentrations over time in a temperature- and humidity-controlled gas-
tight reactor. The reliability of this method was evaluated by carrying out repeated 
tests on concrete coupons previously exposed to different corrosion conditions. The 
method could be applied to perform various research activities related to microbio-
logically influenced concrete corrosion, for instance, (1) understand sulfide uptake 
activity by concrete; (2) differentiate chemical and biological driven sulfide uptake 
activity; (3) evaluate the effectiveness of concrete control techniques; (4) estimate 
concrete corrosion rate in sewer systems; (5) investigate important factors affecting 
sulfide-induced concrete corrosion, particularly temperature, fluctuating gaseous 
H2S concentrations, oxygen concentrations, surface pH and relative humidity (RH).
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1 Method Development 

1.1 Characteristics of Key Corrosion Indicators 

The sulfide induced concrete corrosion process leads to pH reduction of the concrete 
surface, formation of loosely bound corrosion products with little mechanical 
strength, and thus the loss of concrete mass and eventually the structural failure 
of the concrete pipes. Various approaches have been used to monitor and analyze the 
corrosion processes in sewers. They include determining the concrete surface pH, 
monitoring the mass loss, analyzing corrosion products, and characterizing microbes 
within the corrosion layer. The availability and usefulness of these methods can be 
limited. 

In terms of pH measurement, it could be difficult to monitor corrosion progress 
through pH measurement in corroded concrete as surface pH may remain constant at 
pH 3–4 due to the partial neutralization of the acid production by alkalinity released 
from the corroding concrete and the wastewater spray onto concrete surface. Conse-
quently, surface pH is only indirectly related to the corrosion process and not a good 
indicator of corrosion rate. Measuring the mass loss of concrete may take years of 
monitoring activity during which in situ conditions driving the corrosion rate likely 
change. The composition of corrosion products is complicate, and the quantifica-
tion is costly and time consuming. Microbial analysis is arduous, time consuming 
and costly and currently even quantitative microbial population analysis has not 
been successfully correlated with the corrosion rates. In addition, the understanding 
of microbial communities related to corrosion processes is still limited. Recently 
employed advanced sequencing techniques revealed unexpected microbial groups 
to be abundant in some situations. Finally, most microbiological investigations are 
restricted to severely corroded concrete and consequently the early-stage microbial 
populations are not well studied. 

1.2 Detailed Procedures of SUR Measurement 

It is important to develop quick and non-invasive methods to readily measure the 
corrosion rate of concrete at various corrosion stages. A reactor to measure the H2S 
uptake rate (SUR) on sewer concrete blocks and assess the corresponding corrosion 
activities was designed. With temperature and humidity controlled, gaseous H2S 
can be intermittently injected into the reactor to various levels and the corresponding 
SUR of the concrete surfaces determined. The method utilizes the fact that the overall 
corrosion process is largely driven by the sulfide adsorption and oxidation to sulfuric 
acid.
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Fig. 1 Top front view of the mounting coupons in a stainless-steel casing. Reproduced from Sun 
et al. [24] with permission from Elsevier 

(1) Introduction of the H2S uptake reactor 

Concrete coupons were arranged in pairs and embedded in a stainless-steel casing 
using epoxy (Fig. 1). The upper rim of the stainless-steel casing provided a reference 
point to determine the reduction in coupon thickness due to corrosion. 

The reactor for the H2S uptake tests was constructed from glass to minimize reac-
tion/absorbance with H2S (Fig. 2a). The reactor was designed to neatly fit around the 
coupon pairs and stainless-steel casings used in the corrosion chamber experiments. 
The stainless-steel casing had no contact with the gas in the reactor. The volume of 
reactor was designed to be as small as possible to facilitate fast rates of H2S uptake 
(i.e., higher detection limit) in the experiments. The two coupons, e.g., a pre-corroded 
and a fresh concrete coupon, were exposed in two separate compartments through 
the top rectangular opening. In each compartment, one H2S sensor was mounted on 
the side wall to monitor the gas phase H2S concentrations (Fig. 2a). One humidity 
sensor was mounted to detect the relative humidity (RH) in the gas phase (Fig. 2a). 
Each compartment had an internal electric fan to maintain homogenous gas phase 
conditions.

The coupon pairs were clamped to the top of the uptake reactor, so the exposed 
coupon surfaces were sealed within the reactor. The interfaces between the two 
compartments and between the coupon edges and reactor surfaces were packed with 
foam to provide gas-tight seals between the casing and the reactor, as well as between 
the two compartments each with one coupon exposed to the gas phase conditions. 
Polypropylene slabs placed on top of the coupon and at the bottom of the reactor 
were bolted together to form a tight seal for the whole assemblage. Gas tightness 
was confirmed by immersing the complete assembly in water and checking for any 
gas bubbles emerging under slight pressure. Gaseous H2S was generated in situ with
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Fig. 2 An outline of the glass reactor (a) for gaseous H2S uptake measurements. The reactor 
dimensions are 290 mm length × 110 mm width × 100 mm height. The experimental setup for the 
manual measurement of SUR is outlined in (b), through which a concrete coupon pair was clamped 
to the reactor and controlled levels of H2S gas can be introduced to the reactor through injecting 
known amounts of Na2S to the bottle of HCl solution and connecting the gas phase from this bottle 
to the reactor to enable the transfer of the generated H2S gas into the reactor. The experimental 
setup for the automatic measurement of SUR is outlined in (c), where gaseous H2S can be injected 
into the reactor through a syringe pump regulated by a programmable logic controller. Reproduced 
from Sun et al. [24] with permission from Elsevier
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a system composed of a syringe filled with sodium sulfide solution (Na2S, 0.3 M), a 
bottle containing hydrochloric acid (HCl, 6 M) and two bottles connected in series 
containing sodium hydroxide solution (NaOH, 1 M). To achieve a given level of 
H2S in the reactor, Na2S solution was gradually injected into the acid bottle and the 
generated H2S gas transferred into the reactor compartment (Fig. 2b). After reaching 
the specified H2S concentration, the reactor was isolated from the H2S generation 
bottles. Due to the toxicity of the residual H2S in the acid bottle, the acid bottle was 
connected to the two bottles with sodium hydroxide solution to avoid leakage of H2S 
to the atmosphere. The seal between the compartments was tested through injection 
of H2S to the separate compartments sequentially. 

Alternatively, to repeatedly measure the SUR at a specific H2S concentration, the 
addition of gaseous H2S into the reactor can be performed by a syringe pump regu-
lated by a programmable Logic Controller (PLC) (Fig. 2c). The PLC was employed 
to monitor the H2S concentration inside the reactor and to trigger the syringe pump 
to add further gaseous H2S. This setup can be used to run a pre-determined sequence 
of low and high H2S concentrations at a specified frequency. To avoid the build-up 
of pressure inside the reactor during the dosing of gaseous H2S, a small gas outlet 
from the reactor was kept open through a needle (0.5 mm in diameter) inside a rubber 
stopper with a non-metallic lure lock connector on the inside of the reactor (to avoid 
the potential of metal (needle) catalyzed sulfide oxidation). 

(2) Conducting a typical H2S uptake test 

After being exposed to a specific sewer environment, e.g. 50 ppm H2S, 30 °C and 
100% RH for 32–33 months, the concrete coupon pair can be retrieved to measure the 
SUR. Prior to mounting the coupon pair to the uptake reactor, 1 mL of deionized water 
was sprayed on the bottom of the reactor to obtain 100% RH in the sealed reactor. 
Internal leakage between the compartments was checked in every experiment for 
compartments 1 and 2. This was done by adding H2S gas into one compartment at 
a starting level of 150 ppm and the reactor internal airtightness was indicated by 
maintaining a constant 0 ppm H2S reading in the adjacent compartment. This test 
was repeated to confirm there was no leakage from both compartments. 

Following this initial testing, it took 2–3 min to inject H2S simultaneously into 
both compartments to the level specified by the uptake tests. After injection, H2S 
concentration gradually decreased due to the combined effects of sulfide sorption 
and chemical and biological oxidation. Further injections could be applied to reach 
various levels of H2S in each compartment. 

After several batches of H2S injection, the background uptake rates of H2S were  
determined by removing the coupon pair, resealing the reactor with a piece of foam 
panel and a stainless-steel sheet and repeating the H2S injection and monitoring 
process. This background uptake rate of the whole reactor (but without the coupons) 
was then subtracted from the measured H2S uptake rate with the coupons in place to 
get a net uptake rate for the concrete coupons. H2S uptake rate was determined by 
calculating the slope of the measured H2S concentration versus time:
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r = −  d[H2S] 
dt  

(1) 

where [H2S] is H2S gas phase concentration (ppm), t is time (h). Then, the rate was 
converted into a surface specific H2S uptake rate using Eq. (2). 

rH2S = −  d[H2S] 
dt  

× 101.325 × 32 g/mol 

RT 
× V 

S 
(2) 

where rH2S is the surface-specific H2S uptake rate (mg-S m−2 h−1), R is the universal 
gas constant (J K−1 mol−1), T is the absolute temperature (K), V is the total gas 
volume in the reactor (m3), S is the concrete surface exposed to the reactor atmosphere 
(m2). 

(3) Background H2S uptake rate of the reactor 

The background SUR of the reactor is likely due to adsorption and/or oxidation of 
H2S in the moist air and on the reactor materials (walls, sensors, etc.) in the absence 
of a coupon, and was required for the correct interpretation of the H2S uptake data 
of the concrete coupons. Background rates were determined in the presence of either 
dry air (about 75% RH), air with 100% RH or when air was replaced with nitrogen 
gas to exclude oxidation reactions (about 30% RH). These background SUR were 
much lower than what was typically observed in the presence of coupons. Thus, 
the sulfide uptake rate by the reactor without coupon but in the presence of air and 
100% RH, which is the same humidity level as with the coupons, was used as the 
background uptake rate. This background SUR was measured in each experimental 
run and was subtracted from the measured profiles to determine the net SUR for the 
coupons alone. 

1.3 Reliability of the SUR Test 

Concrete coupons, previously prepared from fresh and pre-corroded concrete, were 
actively corroding after incubation in the corrosion chamber for 33 months in the 
presence of 50 ppm H2S at 30 °C and 100% RH. Typical H2S concentrations profiles 
and the corresponding uptake rates are illustrated in Fig. 4. Nine repeated injections 
of H2S to the level of about 150 ppm were applied in one experimental run and then 
the background uptake due to moist air was measured after removing the coupon 
(Fig. 4a). The coupon SUR was highly reproducible over the nine repeat experiments 
providing good confidence in the experimental results (Fig. 4b). 

To examine the reproducibility of the method, SUR were determined on the pre-
corroded coupon after exposure to 50 ppm H2S, 30 °C and 100% RH for 32 months 
and then again after a further 1 month exposure at the same conditions (Fig. 4c).
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After 32 and 33 months of exposure, little difference was seen on the H2S uptake 
rates of the same coupon. The results clearly indicate that the method can be applied 
to measure coupon uptake rates accurately and reproducibly. 

2 Application in Corrosion Development Monitoring 

2.1 Understanding Sulfide Uptake Activity by Concrete 

(1) Fitting H2S uptake data into various models 

The SUR can be related to the concentration of gaseous H2S, using various models. In 
a previous study, the H2S uptake results were fit to Exponential, Monod and Power 
functions using the Sigma Plot Scientific Graphing System, version 12.0 and the 
value of various coefficients were determined (Table 1) [24]: 

rH2S = µmax
(
1 − e−K [H2S]

)
, Exponential function (3) 

rH2S = µmax[H2S] 

Ks + [H2S] 
, Monod function (4) 

rH2S = Kr [H2S]n , Power function (5) 

where µmax is the maximum uptake rate (mg-S m−2 h−1), K is an empirical coefficient 
(ppm−1), KS is the half velocity constant (ppm), K r is the rate constant (mg-S m−2 h−1 

(ppm)−n) and n is the reaction order (−). 
The fitting of H2S uptake data in the exponential function had the highest value of 

R2 and the lowest value of the sum of residual squares (Table 1). It suggests that the

Table 1 Kinetic parameters determined for various models 

Coefficients Exponential Monod Power 

µmax (mg-S m−2 h−1) 497 760 – 

K (ppm−1) 0.0135 – – 

Ks (ppm) – 108 – 

Kr (mg-S m−2 h−1 ppm−n) – – 14 

N (–) – – 0.70 

R2 (–) 0.9960 0.9946 0.9888 

Sum of residual squares (based on rH2S)∑n 
i−1 (ri−monitored − ri−simulated )

2 ((mg-S m−2 h−1)2) 

9933 13,250 54,741 

Reproduced from Sun et al. [24] with permission from Elsevier 
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Exponential function predicted the data with the highest accuracy, though no apparent 
saturation of the uptake rates was observed even at 140 ppm of H2S. The power law 
function also provided a good fit to the H2S uptake data. It was evident that the H2S 
uptake rate did not follow a zero (constant rate) or first order (linear) reaction rate in 
relation to the H2S concentration but showed an intermediate reaction rate as is often 
observed for combined diffusion and reaction processes on surfaces (e.g. in solids 
combustion, biofilms etc.) [8]. The reaction order n was found to be 0.70, which is 
within the range (0.45–0.75) reported for oxidation of H2S on corroding concrete 
surfaces [27]. It is also consistent with the expected diffusion/reaction profiles within 
the corrosion layer, whereby diffusion of one of the substrates (likely sulfide in this 
case) will be limiting the reaction in the inner part of the corrosion layer [20]. 

Similar uptake rate curves have been obtained through measurements of H2S 
uptake of corroded concrete exposed to H2S with levels ranging from 1000 to 0 ppm 
[27]. With the increase of H2S levels, no tendency towards a constant maximal uptake 
rate (saturation) was observed even at 1000 ppm H2S. Given the very high H2S 
concentrations applied in these reported experiments, the microorganisms within the 
corrosion layer of the experimental pipe could differ considerably from real sewers 
[5, 4]. Hence, the biological sulfide oxidation kinetics could also vary. 

(2) Differentiate chemical and biological driven sulfide uptake activity 

With the intensification of concrete corrosion, the relative importance of chemical 
and biological driven corrosion activities vary. The relative importance of biolog-
ical and chemical sulfide oxidation processes can be determined through measuring 
and comparing the SUR of the specific concrete coupon prior to and after deac-
tivating/removing microbes in the corrosion layer. SUR can be used as a reliable 
detection indicator to help us conduct efficient analysis. 

For example, previous studies showed SUR and the ratio of live/dead cells of 
corroded concrete decreased following the nitrite spray [15, 23]. An explanation 
for this is that the remaining low SUR after nitrite spray is resulting from physic-
chemical interactions on the concrete surface that may include the physical adsorption 
of sulfide, chemical oxidation of sulfide and reactions between sulfide and alkaline 
compounds in corrosion layer. In addition, the relationship between SUR and H2S 
concentration follow orders of about 0.5 and 1.5 before and after nitrite spray [fitting 
the data into power function as shown in Eq. (5)], respectively. These observations 
support the idea that the reactions are mostly biological before the nitrite spray and 
are nonbiological following the spray. 

Similarly, the SUR were determined before and after high pressure washing of the 
concrete coupons [25]. The SUR decreased immediately after high pressure washing 
probably due to the loss of sulfide oxidizing bacteria (SOB) and thus decrease of the 
microbial sulfide oxidizing activity. The remaining SUR after washing is likely driven 
by chemical sulfide oxidation and the residual microbial catalyzed sulfide oxidation.
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There was larger decrease of SUR on the more severely corroded coupon, which 
was probably due to the higher degree of SOB activity on that corrosion layer prior 
to washing. This facilitates the detailed understanding of the key driving force of 
concrete corrosion activities. 

In addition, the SUR of more significantly corroded concrete (usually with lower 
surface pH) is generally higher (Fig. 4) [24]. The results suggest that biological 
oxidation of H2S is the main factor driving SUR on the severely corroded concrete 
samples. Therefore, the evolution of concrete corrosion activity could be determined 
by comparing the SUR of concrete at the same H2S concentration. 

2.2 Understanding Corrosion Activity Development 

Concrete corrosion is a complex process. As a reliable evaluation index of concrete 
corrosion, SUR facilitates us to evaluate the effectiveness of concrete control 
techniques and estimate the concrete corrosion rate. 

(1) Evaluating the effectiveness of concrete control techniques 

SUR test has been applied to evaluate the performance of concrete corrosion control 
techniques. In general, the SUR of concrete at a specific concentration of gaseous 
H2S prior to and after subjecting the concrete corrosion control technique can be 
measured intermittently. The corresponding SUR can be analyzed to understand the 
corrosion mitigation and re-establishment. 

Example 1. SUR of Concrete Subject to Nitrite Spray 
A previous study investigated the effectiveness of nitrite on concrete corrosion control 
in laboratory corrosion chamber environment [23].  As  shown in Fig.  5, for the coupon 
with nitrite spray on day 0 (coupon No. 1), the SUR was intermittently measured 
over 4 months before the spray and over 12 months after the spray. For the other 
sprayed coupon (coupon No. 2), the SUR was intermittently measured over 10 months 
before spray and 6 months after spray. The SUR of the experimental coupons prior 
to application of the nitrite spray and the control coupons was relatively constant 
over the 4 months of measurement. Particularly, experimental coupon No. 1 (nitrite 
sprayed on Day 0) and the 3 control coupons had similar SUR prior to free nitrous acid 
(FNA) treatment. These SUR indicate the corrosion activity was relatively steady. 
The other experimental coupon, No. 2, had a higher SUR at 107 ± 6 mg-S m−2 h−1, 
which is likely coinciding with a higher microbial activity on this coupon. 

Following the application of nitrite on both coupons No. 1 and No. 2 there was a 
large decrease in the SUR of 84% and 92%, respectively. Likely the FNA had signifi-
cantly suppressed/inhibited the microbial sulfide uptake activity in concrete corrosion 
layer. Importantly, no obvious recovery of SUR by the coupons was observed over 
nearly one year after the nitrite spray. In contrast, over the 16 months of analyses, 
the SUR of coupons without nitrite spray was relatively stable, mostly remaining
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above 60 mg-S m−2 h−1. Given that the coupons with and without FNA treatment 
had similarly high SUR at the start of the experiment, the results implicate that a 
single application of FNA can effectively mitigate the H2S uptake rate of these active 
concrete corrosion layers for a period of at least one year. 

A further study investigated the effectiveness of nitrite on concrete corrosion 
control in real sewer pipe environment [15]. The SUR of control coupons reached 
around 200 mg-S m−2 h−1 at height H and M and around 300 mg-S m−2 h−1 at 
height L after 12 months (Fig. 6). These levels of SUR are similar to that of the 
coupons achieved in laboratory chambers and real sewers [14], suggesting that all 
the control coupons were at the active corrosion stage during the whole experimental 
period. Furthermore, the SUR observed at height L was about 100% higher than that 
of coupons at both heights H and M at the 12th month, and about 17% higher than 
coupons at both heights H and M at the 21st month. Similarly, for type B coupons, the 
SUR observed at height L was about 100% higher at the 12th month and 40% higher 
at the 21st month than that of coupons at both height M and H (Fig. 6). In comparison 
to control coupons, 6 months after the spray, around 34.0 ± 1.3% and 29.4 ± 2.0% 
reduction of SUR were observed on nitrite sprayed coupons of type A and type 
B, respectively (Fig. 4a, b), suggesting reduced sulfide oxidizing activities on the 
surface of coupons due to the sprayed nitrite. However, with the increase of exposure 
time, the SUR reduction ratio decreased to 8.5 ± 4.0% and 12.3 ± 3.4% for type A 
and type B, respectively at the 21st month. This lower SUR reduction confirms the 
recovery/re-development of corrosion on sprayed coupons with the exposure time. 

Example 2. SUR of Nitrite-Admixed Concrete 
A previous study demonstrated the increased resistance of nitrite-admixed concrete 
to microbially induced corrosion in in real sewer environment [14]. Specifically, the 
SUR of all the coupons increased gradually with the increase of exposure time for both 
control and nitrite coupons (Fig. 7). After 6−9 months, the SUR of all the coupons 
at 50 ppm of H2S reached and gradually became stable at 200−400 mg-S m−2 h−1. 
This SUR level is similar to the levels achieved by coupons after 500-day exposure 
in a laboratory chamber under 25 ppm H2S and suggests that the coupons have 
reached the active corrosion stage caused by the development of sulfide oxidizing 
microorganisms (SOM). In this study, the SUR of the admixed concrete was 30% 
lower in comparison to that of the control coupons. With the development of SOM, 
the higher SUR values at the later stage of all the coupons resulted in a higher actual 
difference in SUR between nitrite coupons and control coupons. 

Example 3. SUR of Concrete Subject to Surface Washing 
A study evaluated the potential of mitigating sulfide induced sewer concrete corrosion 
by surface washing. Washing interrupted the corrosion activity of concrete coupons 
by increasing the surface pH and decreasing the SUR (Fig. 8). The SUR recovered to 
the level prior to washing within 60–140 days. The slowest recovery rate was from 
the most severely corroded coupon.
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(2) Estimate the corrosion rate 

If it is assumed that the entire H2S taken up from the gas phase is oxidized to sulfuric 
acid and contributes to the corrosion of concrete, then it is possible to compare 
the corrosion rates observed by water utilities and reported in literature with the 
corrosion rates calculated from the laboratory measured H2S uptake rates. Based on 
these considerations it follows that the mass balance for H+ consumption per square 
meter of concrete exposed to sewer atmosphere gives: 

C × 10−3 m 

mm 
× 1 m2 × A = rH2S × 2 × 24 h day × 365 day year × 10−3 g 

mg 

Ms 
× 1 m2 (6) 

where C is the annual loss of concrete (mm year−1), A is the buffering capacity of 
concrete (mol-H+ (m3 concrete)−1, here 2400 mol-H+ (m3 concrete)−1 was used), 
MS is the molar mass of sulfur (32 g mol−1), and the factor ‘2’ is the amount of H+ 

generated per mole of H2S uptaken. 
The SUR measured can be converted to the corresponding corrosion rates 

according to Eq. (6). These rates are listed in Table 2 together with the actual corro-
sion rates observed at two different field sites and previously reported laboratory 
studies, as well as corrosion rates calculated from the reported SUR. 

In a real sewer in Melbourne, Australia, the temperature ranged between 18 and 
22 °C, the average gaseous H2S levels was 8 ppm (ranged between 5 and 60 ppm) and 
the corrosion rate of pre-corroded coupons exposed therein was measured at 6–7 mm 
per year between 2009 and 2013 (personal communication, Melbourne Water). The 
corrosion rates observed in the Melbourne sewer were comparable but lower than 
those calculated from the SUR of the laboratory coupons (Table 2). However, at a 
sewer in Perth, Australia, where the average concentration of H2S was approximately

Table 2 Comparison between corrosion rates of laboratory coupons, real sewers and values 
reported from literature [24] 

Location H2S (ppm) Corrosion rate (mm year−1) References 

Laboratory concrete coupon 8 8.9 ± 0.5 [24] 

10 11.2 ± 5.2 
20 29.2 ± 5.9 
80 76.0 ± 1.4 
100 83.3 ± 2.1 

Melbourne sewer 8 6.0–7.0 [24] 

Perth sewer 80 12.0 [28] 

Laboratory concrete coupon 15–25 ~ 14.0 [1] 

Pilot scale sewer reactor in 
Denmark 

10 4.1–41.1 [27] 

100 8.2–164.2 

Reproduced with permission from Elsevier 
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80 ppm [29], the SUR determined at the same H2S levels in laboratory experiments 
correspond to acid generation that would cause a higher corrosion rate than that was 
actually observed. The calculated rates at 20 ppm H2S are more than double the 
corrosion rates reported by Aesoy et al. [1]. In the above cases the over prediction of 
the corrosion rates indicates that not all of the H2S taken up is immediately utilized 
in the corrosion process, i.e. some is converted to other forms of sulfur and/or is 
returned to the wastewater stream before it can react with the concrete. In the high 
H2S situation in Perth, it is also likely that the humidity is not typically at 100% 
(estimated around 90% based on short-term measurements), which may significantly 
influence the actual SUR due to the limitation of the microbial activity under such 
‘dry’ conditions. In a pilot scale sewer reactor, without temperature control, the SUR 
of concrete pipe segments exposed to H2S with levels ranging from 1000 to 0 ppm 
were measured [27]. Using Eq. (6), the corresponding corrosion rates are estimated 
to be between a few mm per year to well over 100 mm per year (Table 2) in extreme  
cases. 

In summary, the corrosion rate calculated from Eq. (6) provides the rate that the 
concrete coupon can maximally achieve under the optimal conditions. The actual 
corrosion rates may be limited at times by factors like low humidity or H2S concen-
trations, the method provides a reasonable estimation of the likely expected corrosion 
rate at H2S concentrations that are typical case for most sewers. 

2.3 Understanding Key Factors Affecting Sulfide Uptake 

The important factors affecting sulfide uptake include temperature, fluctuating 
gaseous H2S concentrations, RH, oxygen concentration and surface pH. 

(1) Temperature 

When the concentration of H2S in sewers reaches a certain level, the SUR will be 
accelerated with the increase of temperature. However, if the temperature exceeds a 
certain limit, some key microorganisms in the pipe may be inactivated, resulting in 
a decrease in the SUR. Many studies show that the SUR at 30 °C are slightly higher 
than at 25 °C for H2S concentrations above 5 ppm (Table 3) [24]. For example, at 
the H2S exposure level of 50 ppm, the SUR are 303 ± 13 and 58 ± 6 mg-S m−2 h−1, 
which are about 17% and 26% higher than those at 25 °C, for the pre-corroded and 
fresh coupons respectively.

The increase in SUR with temperature could be due to increasing rate of diffusion 
of H2S in air or water [26] or increasing chemical and biological sulfide oxidation 
rates [17, 19]. Additionally, the SOB within the corrosion layer will have been adapted 
to a temperature if the concrete coupons experienced long term exposure conditions 
at the temperature. This may also contribute to the influence of temperature on SUR. 
The dependency of sulfide oxidation on temperature reported in previous studies 
varies considerably. For instance, an earlier study of sulfide oxidation in water found
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Table 3 H2S uptake rates of pre-corroded and fresh coupon at two temperature levels [24] 

H2S (ppm) H2S uptake rates (mg-S m−2 h−1) 

25 °C 30 °C 

Pre-corroded Fresh Pre-corroded Fresh 

5 14 ± 7 8 ± 1 13 ± 8 7 ± 2 
10 53 ± 25 19 ± 1 67 ± 10 22 ± 1 
20 128 ± 26 29 ± 1 155 ± 8 41 ± 1 
50 259 ± 22 46 ± 3 303 ± 13 58 ± 6 
75 321 ± 18 57 ± 4 372 ± 13 65 ± 8 
100 362 ± 14 66 ± 5 413 ± 17 70 ± 11 
Reproduced with permission from Elsevier

the increase of the rate constant (pseudo-first-order reaction) can be up to 160% with 
a temperature increase from 25 to 30 °C [17]. Another study of a wastewater biofilm 
showed an increase of about 15% in the sulfide oxidation rate with a temperature 
increase from 20 to 25 °C [18]. 

(2) Fluctuating gaseous H2S concentrations 

Large fluctuations of gaseous H2S concentrations occur in sewers due to the diurnal 
profiles of sewage flow and retention times and the necessity of intermittent pumping 
of sewage from pressure pipes into gravity pipes. The fluctuating gaseous H2S 
concentrations include deprivation and high load of H2S. A few studies examined 
the behavior of H2S uptake by concrete under various high load and deprivation of 
H2S [21, 22]. 

Both short- and long-term high H2S load events decrease the SUR of concrete 
coupons. The latter leads to a larger temporary reduction of SUR whereas they cause 
similar persistent inhibition effects (Fig. 9) [21]. In addition, sequential exposures to 
elevated H2S levels create a cumulative effect on the SUR, which is more pronounced 
if there is a rapid initial increase rather than a gradual increase in H2S. The sensi-
tivity of SUR by the corrosion layer towards high H2S loads is largely dependent 
on the historical H2S exposure levels. For a specific, actively corroding concrete 
surface higher average H2S concentrations create more corrosive conditions than 
lower levels. Due to the rapid decrease and slow recovery effect of H2S spikes on  
the SUR, an estimation of the corrosion effect purely on the average H2S concentra-
tions may result in an overestimation of the total H2S uptake and thus probably an 
overestimation of the concrete corrosion rates [21, 23]. 

In comparison to the baseline SUR, exposing the concrete coupon to 0 ppm of 
H2S for 1 h consistently caused a temporary increase of the SUR (i.e. 3.2–12.5%) 
following re-supply of H2S at baseline levels. With the continuous re-supply of H2S, 
there was gradual and steady decrease of SUR to the level close to the baseline SUR. 
However, for the case after deprivation of H2S for 12 h, the SUR was 5.1% lower 
than baseline SUR and gradually increased to a level similar to the baseline SUR
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during the 20–30 min of continuous re-supply of H2S. In addition, the simultaneous 
deprivation of H2S and O2 for 1 h had negligible impact on the SUR (Fig. 10). 
Further analysis suggests that the historically accumulated intermediates of sulfide 
oxidation could act as electron donors for SOB. The replenishment of the interme-
diates upon the re-supply of H2S could play a key role in the increase of SUR after 
short-term deprivation of H2S. However, the activity of SOB could be diminished 
after long-term deprivation of H2S, although the sulfur intermediates still could be 
available. Estimating the sulfide uptake by concrete using the SUR of the average 
H2S concentration could lead to overestimation of the sulfide uptake. There could 
be more significant overestimation for the case with longer deprivation of H2S. 

(3) Relative humidity 

On concrete surface, the condensation water layer provides the essential medium for 
the chemical and biological sulfide oxidation reactions [16]. The RH in the sewer 
atmosphere has significant impact on the water condensation of concrete surface 
and hence the corrosion rate [12, 10, 13]. In addition, RH could affect the chemical 
oxidation of sulfide [24]. For example, the SUR were determined in the presence 
of air with 75% RH and 100% RH and nitrogen gas with 30% RH (Fig. 3a). The 
results show that the H2S concentration decreased faster in air with higher RH. This 
suggests that physical adsorption of H2S by the moisture and chemical oxidation of 
sulfide in the presence of air took place. However, the impact of RH on the SUR of 
concrete needs to be investigated through further study.

(4) Oxygen 

O2 is an important electron acceptor for SOB during sulfide oxidation. Though other 
electron acceptors such as nitrate and ferrous can also be utilized by SOB, their 
concentration in the corrosion layer would be negligible and the relative abundance 
of the microbes (e.g. Acidithiobacillus ferrooxidans) using these alternative elec-
tron acceptors may be low [3, 11]. Previous studies confirmed that these oxidation 
processes have a key influence on the H2S uptake kinetics by the corroding concrete 
coupon (Fig. 10) [22]. During the deprivation of gaseous H2S and O2, there could be 
little oxidation of sulfur intermediates in the corrosion layer considering the limited 
electron acceptors available. 

The dissolved oxygen concentration in the sewer network and along the depth 
of corrosion layer varies significantly [6, 20]. Previous studies showed dissolved 
oxygen concentration affect the chemical and biological oxidation of sulfide in sewer 
corrosion layers [9]. However, due to the difficulty of simulating different gaseous O2 

concentration in experimental setup, the knowledge related to the impact of gaseous 
oxygen on the H2S uptake kinetics is still limited. 

(5) Surface pH 

pH has significant impact on the chemical sulfide oxidation kinetics. In acidic solu-
tions, the chemical oxidation rate is slow at pH < 6, but increases greatly when the
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Fig. 3 Temporal profiles of 
gaseous H2S concentrations 
(a) and the corresponding 
H2S uptake rates 
(b) measured in the reactor 
filled with (i) nitrogen at 
about 30% relative humidity, 
(ii) dry air at about 75% 
relative humidity, and (iii) 
moist air at 100% relative 
humidity. The surface area of 
the pre-corroded coupon was 
used in graph (b) to  
determine the 
surface-specific uptake rates. 
Reproduced from Sun et al. 
[24] with permission from 
Elsevier

pH increases through 7–11 [2, 7]. It is reported that the newly manufactured concrete 
sewers, that have high surface pH, are susceptible to the corrosion caused by chem-
ical oxidation of sulfide at high H2S concentrations (Li et al. 2019). In addition, pH 
affects the microbial community structure in corrosion layer and relative abundance 
of SOB, hence the biological oxidation of sulfide. 

3 Summary 

This chapter introduces the development, evaluation, and applications of a novel, non-
destructive method to monitor the corrosion activity of concrete in sewer environment 
due to hydrogen sulfide. It is based on the measurement of the gaseous hydrogen 
sulfide concentration profile under specific conditions and then the calculation of the 
sulfide uptake rate. The sulfide uptake rate is theoretically proportional to the acid 
production and thus the corrosion rate of concrete. It has been applied for different
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Fig. 4 The temporal profiles of H2S concentrations at 25 °C (a) and the corresponding surface-
specific H2S uptake rates (b) of a pre-corroded coupon after exposure for 33 months to 50 ppm H2S 
at 30 °C and 100% relative humidity. The last peak in a is the measurement of the background uptake 
rate without concrete coupons and the corresponding rate has been subtracted from the measured 
uptake rates with coupons to determine the net uptake rates shown in (b). The comparison between 
the measured (open/closed circles) and the exponential function fitted (solid/dashed lines) surface-
specific H2S uptake rates of this coupon after exposure for 32 months (open circles and solid line) 
and 33 months (close circles and dashed line) is shown in (c). The measured (open circles) and 
simulated (solid line) surface-specific H2S uptake rates at 25 °C for a fresh coupon after being 
exposed for 32 months to 50 ppm H2S, at 30 °C and 100% relative humidity is shown in (d). 
Reproduced from Sun et al. [24] with permission from Elsevier

purposes related to concrete corrosion, such as the use of chemical spray, surface 
washing and nitrite admixture to control the corrosion. It has also been demonstrated 
as an important research tool to understand the detailed sulfide uptake processes 
under realistic conditions with fluctuating hydrogen sulfide concentrations.
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Fig. 5 The H2S uptake rates of two experimental concrete coupons, coupon No. 1 with nitrite spray 
on day 0 and coupon No. 2 with nitrite spray on day 176, and three control coupons without nitrite 
spray. The SUR of Control shown in the figure prior to day 0 was averaged from the SUR of 3 
control coupons and coupon No. 1. Reproduced from Sun et al. [23] with permission from Elsevier 

Fig. 6 Sulfide uptake rate (SUR) of nitrite sprayed coupons and control coupons at the 12th month 
(6 months after the spray) and the 21st month (15 months after the spray) for type A concrete (a) and  
type B concrete (b) [15]. Reproduced with permission from Elsevier
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Fig. 7 Sulfide uptake rates of concrete coupons exposed (a) in the center of the manhole and b 
near the sidewall of the manhole [14]. Reproduced from with permission from Elsevier 

Fig. 8 Recovery ratio (SURb and SURr indicate the SUR of coupon prior to and after washing, 
respectively) of the coupon F5, P5, F50 and P50 (F and P indicate fresh and pre-corroded coupon, 
respectively, 5 and 50 indicate the H2S concentration (ppm) in the exposure chamber) after the high 
pressure washing is shown in figure (a) and the full SUR recovery time of the four concrete coupons 
after washing is shown in figure (b). Reproduced from Sun et al. [25] with permission from Elsevier
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Fig. 9 The H2S uptake profiles of the concrete coupon (exposure history: 15 ppm H2S, 22–25 
°C, 100% relative humidity for 54 months), the corresponding SUR at its baseline H2S level  (i.e.  
15 ppm) and high H2S levels (i.e. 130 ppm) are shown in figure (a) and the relative SUR and 
the average relative SUR at each stage is shown in figure (b). Different experimental stages (1–4) 
are listed above the plotted data in sub-plot (a) and  (b) and the error bars in b represent standard 
deviations [21]. Reproduced with permission from Elsevier
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Fig. 10 a The H2S uptake profiles (solid line) and the corresponding SUR (triangles) were shown of 
a coupon previously exposed to 50 ppm H2S, 100% relative humidity and 22–25 °C for 28 months. 
The numbers above a represented the stages and the green areas labelled ‘N2’ represented the 
periods of time with deprivation of O2. b The boxplots of the normalized SUR values at each stage 
relative to the baseline SUR (dotted line) and the average of the normalized SUR at each stage (red 
diamond) were shown [21]. Reproduced with permission from Elsevier
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Concrete Corrosion Characterization 
Using Advanced Microscopic 
and Spectroscopic Techniques 

Florian Mittermayr, Gregor J. G. Gluth, Cyrill Grengg, Ulf Garbe, 
and Guangming Jiang 

Abstract The aim of this chapter is to give an overview of basic and advanced state-
of-the-art microstructural and spectroscopic analytics to investigate inorganic mate-
rial corrosion in the context of biochemically aggressive sewers. The chapter covers 
optical methods, electron beam, X-ray and neutron techniques (SEM, MLA, XRF, 
XRD, CT, Neutron radiography and tomography), and spectroscopic methods (MAS-
NMR, FT-IR, and Raman). For each technique, a short section on the fundamental 
scientific background of the method precedes and examples of data output from 
the latter in respect to the corrosion of cementitious materials including reinforced 
concrete is presented.
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1 Optical Methods 

1.1 Optical Evaluation and Light Microscopy 

When investigating corrosion on cementitious materials, a first evaluation is 
commonly performed with the naked eye. An optical comparison of (i) the same 
samples before and after specific time intervals of corrosion and/or (ii) different 
materials (e.g., CEMI, CEMIII and CAC based mortars as shown in Fig. 1. For  
further details, the reader is referred to Chapter “Corrosion Resistance of Calcium 
Aluminate Cements in Sewer Environments”).

Basically, all studies dealing with microbiologically influenced concrete corro-
sion (MICC) included optical evaluation. Authors are describing changes in colors, 
surface properties and the structural nature. Thereby appearances of dissolution 
features, lost material or total disintegration as well as swelling and neoformation of 
e.g. crystalline phases or biofilms are described [31, 38, 39, 41, 42, 61, 67]. Many of 
these studies further applied optical light microscopy to study the observed optical 
corrosion features in more details and combined it with other more sophisticated 
methods such as epifluorescence analyses. 

1.2 Surface pH Measurement and Imaging 

MICC is a multistep process that is accompanied by a strong decrease of surface pH of 
the cementitious materials caused by sulfur oxidizing bacteria. Pore solutions of OPC 
based concretes typically have a pH of around 13.5 [95]. Meanwhile, for the initial 
stages of MICC, the pH of the surface (and near surface area) is of importance. Due 
to natural carbonation after production, concrete surfaces commonly have a lower 
pH in the range of 11–13 before going into service in sewers. Although the surface 
pH, being of central importance for the controlling and understanding MICC, it is 
not straightforward to measure. The pH describes the concentration of H+ ions in 
aqueous solutions. Consequently, a direct pH measurement of a dry concrete surface 
is not possible. Besides the decrease of pH with the depth away from the surface 
into the cementitious materials is of high significance for analyzing the progress of 
MICC. 

Typical approaches for pH measurements for cementitious materials comprise (i) 
flat surface electrodes, (ii) (sprayable) indicator solutions and (iii) expressing pore 
solutions [2, 6, 68]. For studies on MICC several studies have used these techniques. 
For instance Jiang et al. [41] have drilled profiles through corroded concrete samples, 
mixed the dust powder with pure water and measured the respective pH values using 
a generic pH probe (Fig. 2a). Using a flat surface electrode, Grengg et al. [31] have  
measured the pH on the outer surface of four different materials after being exposed 
to an aggressive sewer system (Fig. 2b).
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Fig. 1 Comparison of CEMI, CEMIII and CAC samples before, after 1 and 4 years of exposure in 
a sewer system. Adapted from Herisson et al. [39] with permission from Elsevier
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Fig. 2 a A pH depth profile of a concrete subjected to corrosion [41]. b Surface pH values measured 
on 4 different cementitious materials with flat surface electrodes on samples exposed to MICC [31]. 
Both diagrams reproduced with permission from Elsevier 

The use of flat surface electrodes has some concerns in case of dry samples, 
a (small) amount of pure water is required which may causes dilution effects and 
interactions of deeper regions (with higher pH) in the material. This is potentially also 
altering the actual surface pH. Secondly, the relatively large spot size of the electrodes 
(roughly 10 mm) may cause unprecise results and thirdly, uneven and highly porous 
surfaces, that typically occur on heavily corroded concrete, cause further challenges 
as the flat top needs to have full contact. Accordingly, for measuring pH-profiles into 
degraded samples these techniques are sometimes limited as the spatial resolution is 
too low. 

For studying the corrosion depth of cementitious materials, the indicator dye 
phenolphthalein (PHPHT) is often applied. While having the advantages of simple 
application, quick analytical results and cost-efficiency, the downside is that only 
information on areas above and below the inflection point of the indicator can be 
revealed (the pKa value of PHPHT is at about pH 10). Khan et al. [46, 48, 49] studied 
different OPC-based, CAC-based and alkali-activated materials after exposure in real 
sewer environments and in the lab. They evaluated neutralization depths by spraying 
PHPHT on freshly split samples (Fig. 3). 

Fig. 3 Neutralization depth on mortars determined by phenolphthalein. From left to right the 
following mortar materials were investigated: fly ash geopolymer (FA-GP), alkali activated slag 
(AAS), calcium aluminate cement (CAC) and sulfate resistant ordinary Portland cement (SRPC) 
after 6 months of a MICC mimicking test. Image modified after [49] with permission from Elsevier
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Table 1 Composition (major ions), electric conductivity and pH values from expressed interstitial 
solutions from heavily deteriorated concrete taken out of the manholes from two gravity sewers 

Sample ID pH EC Na+ NH4 
+ K+ Mg2+ Ca2+ Cl− NO3

− SO4 
2− PO4 

3− 

mS/cm mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l 

GS1-3-PF1 0.9 59.5 97.8 296 122 115 680 44.6 29.0 13,605 198 

GS1-4-PF1 0.9 64.2 91 152 266 243 584 168 15.0 18,139 156 

GS1-5-PF1 2.4 5.7 182 80.8 33.3 51.8 577 120 8.75 2719 0.89 

GS1-5-PF2 3.1 4.6 167 62.7 55.2 61.9 638 112 11.7 2730 0.50 

GS1-6-PF1 2.7 8.7 109 236 186 309 542 15.4 52.2 7127 3.74 

GS1-6-PF2 1.6 20.4 103 315 163 206 621 15.9 45.1 9951 17.02 

GS1-6-PF3 2.3 11.3 100 341 194 343 508 23.4 45.1 9436 15.08 

GS1-6-PF4 1.6 18.3 75.4 370 111 126 494 20.8 28.5 7750 7.19 

GS1-6-PF5 1.8 12.7 59.2 284 108 92.2 469 17.0 22.4 6092 7.06 

GS2-1-PF1 1.0 102.0 2978 2994 1383 4322 551 1648 6.58 104,210 555 

GS2-1-PF2 1.1 69.5 404 635 534 1521 575 316 1.99 44,090 345 

GS2-1-PF3 0.7 101.0 573 210 330 990 567 376 5.35 40,818 161 

GS2-1-PF4 0.9 66.4 523 198 346 931 520 380 3.85 32,717 141 

Data modified after Grengg et al. [28] 

Measurements of expressed pore- or interstitial solution avoid some of the above-
mentioned problems as the pH values are being precisely measurable with either 
electrodes or by titration. As for MICC this methodology has a clear limitation during 
all stages of corrosion before the cementitious material is completely destroyed for 
the reason that it is a bulk measurement technique. Only larger sample amounts 
(typically several hundreds of grams) can be expressed to generate enough fluid for 
the pH analytics [12, 62]. Grengg et al. [28] have expressed interstitial solutions 
from completely altered concrete regions taken from a sewer network displaying 
extremely low pH values of 0.7–3.1 (Table 1). 

To overcome most of the limitation from the before mentioned methods, new 
pH analytics based on optical sensor foils containing luminescent and pH sensitive 
dyes for quantification and imaging have recently been developed and also applied to 
studying MICC [12, 21, 22, 30, 64]. On the one hand, by using this technique in needle 
size sensors tips, lower amounts of pure water addition and much higher spatial reso-
lution compared to flat top electrodes can be achieved. On the other hand, large sensor 
foils (up to 6 × 6 cm) have been successfully applied to determine pH mappings of 
cut corroded samples. Müller et al. [64] first used a large sensor foil to measure the pH 
on a cross-section of an ultra-high performance fiber reinforced concrete (UHPFRC) 
after being exposed for 12 months to a heavily corrosive sewer system. Grengg et al. 
[31] analyzed OPC-, CAC, and two different geopolymer mortars using the same 
t-DLR technique to image the pH distribution on the respective cross sections after 
being exposed to an aggressive sewer environment for 18 months (see Fig. 4).
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Fig. 4 pH images (right side) of calcium aluminate cement based (CAC)- and geopolymer 
mortar (GP-K1T) cross sections after being subjected to MICC for 18 months. Grey areas represent 
out of calibration i.e. pH > 6.4 or < 3.6. Images on the left side photographs of the respective 
surfaces. Figure adapted from Grengg et al. [31] with permission from Elsevier 

Although, in recent years advances have been made in measuring the pH during 
progressing MICC, further research will be required to establish a suitable set of 
techniques for this purpose. 

2 Beam (Electron, X-Ray and Neutron) Techniques 
for Studying MICC 

In the upcoming subchapters several “beam methods” for studying materials in the 
context of MICC are briefly introduced to the readers and some applications and 
results from studies are summarized. The first beam methods to be introduced are 
electron beam techniques such as scanning electron microscopy (SEM), environ-
mental scanning electron microscopy (ESEM) and electron probe micro analyser 
(EPMA). Secondly, methods that interact with X-rays with the sample of interest 
are described. These comprise micro-X-ray fluorescence (μXRF), X-ray diffraction 
(XRD), micro X-ray diffraction (μXRD) and micro computed tomography (μCT). 
And finally, a subchapter on neutron analyses is presented.
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2.1 Scanning Electron Microscopy 

The three methods highlighted here are SEM, ESEM and EPMA. They all have 
very similar features as a high voltage focused electron beam (typically 1–30 kV 
for materials instigated for MICC) is scanning over the sample, interacting with its 
components and producing signals that can produce images of high magnification. 
Typical magnifications are between 40 and 100,000-fold. When the electrons from 
the beam interact with atoms in the sample elastic and inelastic scattering occurs and 
lead to secondary electrons (SE) and back-scattered electrons (BSE) generated at 
different depths of the sample. SE are used to generate highly detailed images of the 
samples surface while BSE images are commonly acquired from polished sample 
surfaces giving information about the elemental composition of the scanned region. 
SEM and EPMA are operated under high vacuum and require prior drying and a 
conductive sample surface. In contrast, ESEM can investigate moist samples at low 
vacuum conditions. 

In addition to these two image-generating modes, several others exist with limited 
use for the investigation of MICC. Moreover, a third electron beam-sample interac-
tion leads to the characteristic X-rays, which are emitted when electrons from the 
beam kick out inner shell electrons from the sample. They are important for MICC 
investigations. Characteristic X-rays signals can be recorded in either energy or wave-
length dispersive X-ray spectrometers and aid in obtaining detailed information of 
the chemistry on the microscale level. This can on the one hand be used to acquire 
in situ analyses that have, depending on the beam condition, usually a spot size of 
~ 1  μm. On the other hand, stringing together multiple spots in x and y-direction of 
the sample surface can be used to produce elemental mappings. 

For further details on the physical background of the electron beam techniques the 
interested readers are referred to textbooks such as “Scanning Electron Microscopy 
and X-Ray Microanalysis” [27] and “Electron Microprobe Analysis and Scanning 
Electron Microscopy in Geology” [71]. For the specific use of electron beam tech-
niques for cementitious materials including advices for sample preparation the 
readers are further referred to the textbook “A Practical Guide to Microstructural 
Analysis of Cementitious Materials” [77]. 

In the context of MICC many research studies have applied electron beam 
methods mainly to identify, describe and compare (i) organic neoformation (i.e. 
biofilms, bacteria, fungi, etc.) and (ii) inorganic (mineral) neoformation and dissolu-
tion features on actual material surfaces [13, 28, 43, 57, 63, 84–86] (see examples in 
Fig. 5). (iii) In addition, researchers also used electron beam methods to investigate 
material cross sections on (polished) cementitious samples to study (i) and (ii) with 
increasing sample depth to ultimately quantify the corrosion depth and speed, as well 
as gaining advanced understanding of the corrosion process mechanisms [13, 28, 29, 
31, 32, 41, 46, 49, 55, 83, 85, 86] (see examples in Fig. 6).
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Fig. 5 Secondary electron images of a biofilm that had developed on an OPC paste after 133 days 
of exposure in the BAC test (a). Image modified from Buvignier et al. [13] with permission from 
Elsevier. b A newly formed gypsum crystal in a concrete damaged by MICC. Image modified from 
Grengg et al. [28] with permission from Elsevier 

Fig. 6 BSE cross section and chemical composition profiles recorded by EPMA. The displayed 
sample is from a cementitious sewer pipe lining that was exposed to the BAC test (a). Image 
replicated from Lavigne et al. [55] with permission from Elsevier. b A BSE cross section image and 
elemental distribution images of Al, K, Si and S of the transition between the corroded and the intact 
areas of a low-Ca metakaolin-based AAM mortar after being exposed to a highly corrosive sewer 
environment for 18 months. The image was replicated from Grengg et al. [32] with permission from 
Elsevier 

2.2 Image Analysis and Mineral Liberation Analysis 
of SEM/EPMA Data 

The visualization and quantification of the proportions of different phases on the 
microstructural level is certainly of interest in geo and material sciences including 
the field of cement and concrete [77]. Mineral liberation analysis (MLA) can be used 
for such purposes. MLA provides the mass proportion or association of the target 
mineral either occurring as liberated (degree of liberation) or not liberated. It was
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mostly and widely used in metallurgy for mineral processing which requires detailed 
characterization of the ore and plant feed during the design and operation [19]. MLA 
was also used on concrete and on associated corrosion products generated by MICC 
for their quantitative mineral compositions, as demonstrated in some recent corro-
sion studies of concrete and rebar in sewers, and granular sludge-based bioconcrete 
[41, 84–86]. 

Mineral liberation was conventionally done using optical microscopes, which 
was time-consuming and semi-quantitative for small samples. Recent develop-
ment in electron microscopy, especially scanning electron microscopy (SEM), ever-
increasing computing power, and the development of advanced image processing 
software allowed fast (within hours) and highly quantitative results. Automation of 
the analysis, including particle segregation, X-ray analysis and database searching, 
significantly reduced the time and increased the accuracy and texture resolution, 
which is < 1 μm. The modern Mineral Liberation Analyzer is an automated SEM-
based mineralogical characterization tool that harness the power of backscattered 
electron (BSE) intensity and X-ray analysis to identify minerals present in particles 
on prepared and polished sections. The particles on the sections are usually identified 
by the BSE image and thus the boundaries of mineral phases are defined accordingly. 
For each of segmented mineral phases, an Energy-dispersive X-Ray spectrum (EDS 
or EDX) is then collected and used for offline processing to identify the mineral 
or phase based on its chemical composition. In instances where phases cannot be 
separated by grey levels of BSE images, X-ray mapping at an accelerating voltage 
of 25 kV can be used [19]. 

High resolution and quantitative data will be useful when investigating the distri-
bution of corrosion products and the corrosion progression at the interfaces between 
intact materials (concrete, rebar) and corrosion layers (gypsum, ettringite, and other 
minerals). MLA were usually obtained from polished mounts or sections made from 
the various size samples produced by cutting, embedding, and grinding procedures 
[41]. As shown in Fig. 7, MLA can provide a suite of data to facilitate the interpreta-
tion of the corrosion development and processes based on the sample BSE image, a 
false-color classified particle map (mineral mapping) and a particle and grain-based 
dataset which can be used to determine modal mineralogy, elemental deportment, 
mineral grain size and association and mineral liberation.

The use of MLA on concrete sections with corrosion makes it possible to quan-
titatively determine the distribution of corrosion products at the corrosion front. 
In combination with the elemental distribution using EDS and vertical profile 
of concrete pH, it greatly supported the conceptual model of concrete corrosion 
[41, 84–86]. 

In another MICC study, the deterioration mechanism of alkali-activated materials 
in sulfuric acid were investigated [33]. Spot analyses, BSE images and quantified 
elemental mappings were recorded by EPMA wavelength dispersive X-ray spec-
troscopy. The data was further processed using the XMapTools software [54] in  
order to produce phase maps of the transition between the corroded outer zones and 
the uncorroded matrix (Fig. 8). However, the full power of image analysis such as 
MLA in investigating concrete corrosion is yet to be explored.
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Fig. 7 BSE image (a) and MLA mineral mapping (b) Images in the second and third row shows 
BSE image and EDS element mapping of S, Ca, Fe, Si, and O respectively for the area marked with 
red circle in A and B. Reproduced from Jiang et al. [41] with permission from Elsevier

Fig. 8 Mineral phase distribution image, of an alkali activated material that was immersed in 
sulfuric acid at pH 2 for 5 weeks, produced with the XMapTools software. Image modified after 
[33]
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Data recorded by X-ray analytical methods such as μXRF and μCT can also 
be used for quantification of different phases by image analyses [4]. These X-ray 
techniques will be briefly introduced in the following section. 

2.3 (Micro)-XRF 

Besides electron beam methods, investigations with X-rays are commonly used in 
material sciences. X-rays beams (radiation) for material characterization possess 
high-energies, very short wavelengths and are produced when electrons interact 
with metals from the anode (typically copper or cobalt). X-ray fluorescence (XRF) 
describes the effect when the sample of interest is excited with primary X-rays from 
the source and then emits secondary characteristic X-rays for detection. Thereby the 
bulk (XRF) and spatial resolved (μXRF) chemical composition of materials can be 
analyzed. For further details on the physical backgrounds readers are referred to the 
textbook “Handbook of Practical X-Ray Fluorescence Analysis” [5]. Since knowl-
edge on the chemical composition is of great interest when investigating concrete 
materials and specifically their corrosion, XRF is a widely used technique. For 
instance, studies have used XRF and μXRF to investigate chloride diffusion into 
concrete [11, 50, 70]. Even tough μXRF being a promising technique to investigate 
the in situ chemical composition on relatively large samples (up to 50 cm) with low 
sample preparation effort required and fast data recording speeds, it has not been 
applied to samples from sewers where MICC had occurred. However, it has been 
used in MICC related studies. E.g. [90] exposed OPC based mortar, concrete and 
ready mix concrete in a sulfuric acid environment at pH 1 and analyzed the chemical 
composition with μXRF on unpolished cross sections after 1, 3 and 6 months (see 
Fig. 9a, b).

2.4 (Micro)-X-Ray Diffraction 

2.4.1 Background 

X-ray diffraction (XRD) has been one of the fundamental techniques to charac-
terize the mineralogical structure and phase composition of crystalline materials for 
decades. It is based on the principle of the Bragg’s equation [10] describing the 
reflection of a collimated X-ray beam on a crystal plane creating characteristic X-ray 
diffraction patterns, which can be assigned to specific mineral phases. The Bragg’s 
law describes this correlation based on the wavelength λ and the spacing of the crystal 
lattice planes d. 

nλ = 2d sin θ (1)
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Fig. 9 a Images of cross-sections of the specimens after sulfuric acid immersion at pH 1; b μ-XRF 
elemental distribution maps of S, Ca, Fe (green color represents Fe, blue Ca and red S). 
Images reproduced from Taheri et al. [90] with permission from Elsevier

where, n represents the diffraction order and θ the angle of incidence of the X-
ray beam. Conventional XRD analyses are conducted on powdered bulk samples, 
limiting the information on spatial phases changes. Micro-XRD (μXRD) analyses 
are based on the same principles, however also enabling the measurement on a micro-
scopic scale, in either small volumes of powdered samples or on solids with a high 
spatial resolution (small sample area). This is achieved by advanced polycarpellary 
focusing optics concentrating the excitation beam to a diameter in the range of a few 
tens of microns [20]. In this context it has to be distinguished between traditional, 
lab-based equipment using a standard X-ray source and synchrotron μXRD, which 
is frequently coupled with μX-ray fluorescence analytics, and provides significantly 
higher resolution and lower detection limits due to the high energy source [72]. 

2.4.2 Characterization of Mineral Phase Changes Within Corroding 
Cementitious Materials Using MXRD 

Only a few studies applied μXRD analytics to characterize location-bound miner-
alogical changes in corroded cement-based construction materials. Serdar et al. [78] 
resolved the mineralogy and spatial distribution of nano-crystalline corrosion prod-
ucts forming at and in the concrete-steel interface during the chloride-induced corro-
sion of stainless steel in concrete. Synchrotron μXRD analyses revealed goethite 
and akageneite to be the main corrosion products forming, whereas goethite mainly
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forms close to the surface of the steel due to the higher amounts of chloride present 
(Fig. 10). 

Similar findings are reported by Grousset et al. [34] who conducted in situ anal-
yses of mineral phase precipitation during chloride attack within steel reinforced 
hydraulic binders from historic monuments. They correlated the local precipitation 
of ferric oxyhydroxides, such as akageneite and goethite, via the transformation of 
a metastable chlorinated green rust, to the spatial distribution of iron accumulations 
with ongoing corrosion. 

Finally, [29] characterized the mineralogical changes throughout a, up to, 4 cm 
thick corrosion layer of a strongly deteriorated concrete collected from a concrete 
manhole exhibiting intensive biochemically aggressive conditions. Therein, using 
μXRD in combination with EPMA analyses, the dissolution behavior of the cemen-
titious matrix and accompanying changes in the mineralogical phase assemblages 
was assessed. The transition between the intact matrix and the corrosion horizons was 
attributed to a strong decrease in cementitious phases such as portlandite, ettringite 
and calcite accompanied by the precipitation of aluminum- and iron (oxy-)hydroxides 
(gibbsite, goethite, lepidocrocite, parabutlerite). Whereas gypsum and anhydrite were 
found as the main phases within the strongly corroded concrete layers. 

Micro-XRD was also employed to differentiate the crystallized compositions of 
rust at selected spots of reinforced steel in concrete [83]. Point mineralogical analysis 
was carried out on the polished cross-sectional surface of the steel/concrete interface. 
Three typical regions, including the steel/rust interface, the intact rust area and the 
cracking or external rust layer, were identified. Rusts at the interface were primarily

Fig. 10 a BSE image of the corroded steel–concrete interface. Numbers marked present the position 
of μXRD diffraction patterns presented in (b), showing characteristic peaks of akageneite (A), 
goethite (G), chromite (C) and halite (H). Data adopted from Serdar et al. [78] with permission 
from Elsevier 
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composed of Fe, Fe3O4, FeCl2 and its hydrated compounds. The intact rusts showed 
the formation of Fe3O4, α-FeOOH and γ-FeOOH. 

Another study used Micro-XRD as an accurate method for the identification of 
localized compositions of tidal regions of concrete sewers [84]. Results showed that 
various forms of iron sulfides as major compositions of the rebar rusts. Additionally, 
iron oxides or hydroxides were scattered at the rust surface together with a small 
amount of iron sulfate and iron chlorides. In a study about the rebar corrosion products 
in concrete exposed to a pilot scale sewer pipe, micro-XRD results showed they were 
a mixture of iron oxyhydroxide (FeOOH), iron oxides (Fe2O3, Fe3O4), FexSy (FeS, 
Fe3S4, FeS2), FeClx(H2O)z and Fe2(SO4)3(H2O)z [85]. 

2.5 Micro Computed Tomography 

In accordance with the two before mentioned methods, Micro Computed Tomog-
raphy (μCT) also applies X-ray radiation. In contrast the X-rays are used to produce 
cross sections of materials potentially allowing to 3D reconstruct the sample or 
certain features therein (e.g., porosity). The source generates X- rays which pene-
trate the sample. There they might either be absorbed or attenuated depending on 
various factors such as sample density, atomic number, thickness and linear attenua-
tion coefficient. The attenuated X-rays passing the sample are collected by detectors 
and produce a radiograph for a specific angular position. Fully rotating the sample 
and collecting multiple radiographs allows for a 3D reconstruction of the investi-
gated region of interest [41]. In material sciences today, μCT is a well-established 
non-destructive method and requires little to no sample preparation. This is very 
advantageous when dealing with corroded materials and further allows to combine 
results recorded by other (destructive) methods as what have been mentioned before 
in this chapter. 

Recently, μCT is increasingly used in studies related to building materials 
including concrete damaging mechanisms such as corrosion [3, 89, 98, 99]. In 
a related context, which is acid corrosion of cultural heritage building materials, 
Gibeaux et al. [26] have studied the corrosion of the natural Savonnières limestone 
(SV) and the reconstituted stone (Rs) where cement was used. The 3D reconstructions 
of the respective samples are shown in Fig. 11.

X-ray CT was used in MICC of concrete in sewers to show that the corrosion layer 
had a cloudier appearance than intact concrete, which implies it had a lower density 
due to the material expansion occurring in the corrosion layer [41]. Although μCT 
has not been widely used for studies on MICC, the methodology has great potential 
to further explore the corrosion mechanisms and depths of different cementitious 
materials in a non-destructive manner (Fig. 12).
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Fig. 11 3D reconstruction of samples before and after 1, 10 and 28 days of mixed acid solution 
treatment. Image reproduced from Gibeaux et al. [26] with permission from Elsevier

Fig. 12 Cross-section through an ultra-high-performance fibre reinforced concrete prisms after 
being outsourced for 2 years in a MICC environment
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2.6 Neutron Imaging in Cement and Concrete Research 

Neutron radiation is used world-wide in quality control of explosive devices for 
mining, defense and industrial applications, for example to assess oil and water 
flow in sedimentary rock reservoirs, assessing water damage in aircraft components 
to name a few examples. The user community varies from industrial or material 
research, non-destructive testing, geology, archaeology, and fundamental research. 
The facility can provide two-dimensional “shadow” images of objects (radiography) 
and three-dimensional neutron tomography. Neutron radiography and tomography 
stations at facilities world-wide like PSI, FRM 2, HZB and NIST have shown a 
high impact in industrial and commercial research. In Australia a new cutting-edge 
neutron imaging instrument DINGO [23] was built from 2011 to 2014 to facilitate the 
area of neutron imaging research and industry support. Research related to concrete 
and cement paste became a strong field of interest over several years of operation and 
has shown the advantages of neutron radiation [24]. A large range of applications 
is utilizing neutron radiation instead of X-rays, because of their strong penetration 
depth and different absorption compared to x-rays as shown in Fig. 13a, b. 

Another major advantage of neutron radiation over X-rays and other imaging 
methods like MRI is its high sensitivity to hydrogen or water inside metals, ceramics, 
or concrete. Generally, light elements provide stronger contrast in neutron imaging 
than with X-rays, which helps to visualize water/moisture or organic material next 
to concrete or cement paste. Depending on the application neutron radiography or 
neutron tomography can be used to analyze concrete samples. Neutron radiography 
has been mainly used to monitor water intake or distribution in cement paste samples, 
as shown in Fig. 14.

The advantage of radiography is the possible fast time resolution. Only one image 
at the time is required and can lead to a time resolution of up to 10 images per second. 
The examples in Fig. 14 were taken with 15 s exposure time and a pixel size of 25 μm. 
The samples are cement paste cylinders standing in a water bath. Water diffusion 
into the cement paste is monitored over time. The high absorption of water compared

Fig. 13 a Attenuation coefficient for x-rays (left side). b Attenuation coefficient for thermal neutron 
(right side) 
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Fig. 14 Water intake of a 
cement paste detected by 
using neutron radiography

to cement darkens the cylinder. Fast measurements for kinetic experiments where 
concrete damage will be observed require larger pixel size up to 200 μm to achieve 
10 fps time resolution. Unfortunately, radiographs do not deliver any in depth 3D 
information. 

Therefor a tomography scan is required, which can take 30 min, with large pixel 
size and low counting statistics, or 36 h and more in case of pixel sizes smaller 
than 10 μm and good counting statistics. Applications like porosity analysis require 
high counting statistics to distinguish between pores and noise if detection limit 
of 2 × 2 × 2 voxel should be reached. Figure 15 shows a test piece of a drill 
core. The tomographic 3D data was analyzed with the software package VGStudio 
(Volume Graphics) to detect porosity in the sample focusing on the region around 
the reinforcement steel. This is an area which can not be imaged with other methods 
like X-rays or synchrotron radiation. Due to the strong penetration depth into steel 
only for neutron radiation, pores close to steel are visible. The red area in Fig. 15 is 
in touch with the steel. The color coding is according to the size of the pore, from 
red for large pores to blue, small pores [24].

Further investigation on drill cores taken from the pacific highway near Port 
Macquarie in Australia have shown some large pores developing. During these 
measurements it turned out, that the maximum is around 50 mm in diameter which 
can be analysed with neutron radiation. Any larger diameter leads to reconstruction 
artifacts or cannot be reconstructed at all. In case with high moisture content the 
diameter must be much smaller, down to 20–30 mm, due to neutron absorbing of 
hydrogen. The length of the sample can be up to one meter on DINGO. Such long 
sample will be measured in section on 200 mm and stitched after reconstruction. A 
core sample with 50 mm diameter and 150 mm length is shown in Fig. 16.
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Fig. 15 Concrete drill core with reinforcement steel detected by using neutron tomography. From 
Garbe et al. [24] reproduced with permission from Elsevier

Fig. 16 Drill core from Pacific highway near Port Macquarie detected by using neutron tomography 

The left part shows the full 3D representation of the sample after reconstruction. 
The right part is the same sample under different transparency setting in VGStudio. 
VGStudio and other rendering software packages allow to set the density or trans-
parency of the 3D object to visualize the inner part and still showing the outer shape. 
This is a great tool to visualize the position of pores inside the sample. It makes it 
easy to show the relation of pore size with sample size, one of the very important 
characteristics of concrete.
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Fig. 17 The volume and distribution of granular sludge particles in control coupon-C0 (a), bio-
concrete-B1 (b) and  B2  (c). From Song et al. [86] reproduced with permission from Elsevier 

The third example of neutron imaging in concrete and cement research targets 
the identification of organic material (granular sludge) as part of the mixture [86]. 
Bio-concrete plays an important role in corrosion resistant concrete, because of its 
self-healing ability. The local distribution of the granular sludge is important to its 
self-healing abilities. Neutron radiation is very sensitive to organic material because 
the incorporated hydrogen is a strong neutron absorber and creates a strong contrast 
(it darkens the image at its location). In the first study utilizing neutron imaging, the 
position and size distribution of granular sludge was measured. Figure 17 shows the 
control sample C0 without any granular sludge and the sample B1 and B2 with 1 
and 2% granular sludge in the mix. The colour coding represents the large particles 
in red and the small one in blue. 

The rendering technique of increased transparency of the 3D sample helps to show 
the position of the sludge relative to the sample dimension. The examples above are 
just a small selection of the work which has been done in concrete and cement paste 
research using neutron imaging to visualise moisture, porosity and organic material 
distribution. The specific nature of neutron radiation makes it possible to penetrate 
large samples non-destructively and be sensitive to organic material and moisture, 
because of the strong neutron absorption by hydrogen. 

In an MICC related study [90] investigated uncorroded and sulfuric acid immersed 
concrete samples after 1, 3 and 6 months with 3D neutron tomography. Thereafter the 
samples were 3D reconstructed to decipher the corrosion mechanisms of different 
materials at the respective time of immersion.
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3 Spectroscopic Methods 

3.1 Nuclear Magnetic Resonance Spectroscopy 

3.1.1 Background 

In nuclear magnetic resonance (NMR) spectroscopy, a sample is exposed to a strong 
magnetic field and the responses of atomic nuclei in the sample to pulses of electro-
magnetic radiation are measured [17, 45, 60, 81]. To obtain NMR spectra of solids 
with a high resolution, it is required to spin the sample at a specific angle relative to 
the applied magnetic field (θ m = 54.74°, the “magic angle”); the resulting technique 
is referred to as magic-angle spinning nuclear magnetic resonance (MAS NMR) 
spectroscopy, or high-resolution solid-state NMR spectroscopy. 

For a nucleus to be amenable to NMR spectroscopy it needs to possess a nuclear 
spin, i.e., it must have an odd mass number, or even mass number and odd charge. This 
includes isotopes of essentially all elements that are relevant for cement chemistry, 
for example 1H, 13C, 17O, 23Na, 25Mg, 27Al, 29Si, 31P, 33S, 39K, and 43Ca. Since 
the major phases of most cements are silicates, aluminosilicates and/or aluminates, 
29Si and 27Al have been most often studied. The basic single-pulse MAS NMR 
experiment yields information about the fractions of sites with different chemical 
environments (coordination number, distortion of coordination polyhedron, nearest-
neighbor elements, next-nearest-neighbor elements etc.). A prerequisite to obtain 
spectra that contain such quantitative information is that the experimental conditions 
are chosen appropriately [17, 45, 60, 81]. Several other, more sophisticated NMR 
experiments (e.g., cross-polarization MAS NMR, REDOR, TRAPDOR, REAPDOR, 
and multiple-quantum MAS NMR) have been devised that make it possible to obtain 
additional information about a compound or material [17, 60]. Except for cross-
polarization (CP) MAS NMR, these advanced techniques have not yet been applied 
to study the degradation of cements subject to MICC or under related conditions, 
and thus will not be discussed here. 

Compared to diffraction methods, NMR spectroscopy can provide more detailed 
information about amorphous and semi-crystalline phases, which is particularly 
helpful in the context of the degradation of cementitious materials, as will be 
discussed below. Compared to several other spectroscopic methods, a considerable 
advantage of NMR spectroscopy is that it is element-specific, i.e., the measured 
spectra contain only information about the response of the element under study, 
which can greatly simplify analysis of the spectra in some cases. 

3.1.2 Data Presentation 

NMR spectroscopy differs from other spectroscopic methods in that it is standard to 
present the spectra as plots of intensity versus chemical shift. The chemical shift, δ, 
is defined as
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δ = 
ν − νref 

νref 
(2) 

where ν is the frequency (in Hz) of the line in question, and νref is the frequency (in 
Hz) of an agreed reference compound. Because of the small numerical values of δ, 
they are usually quoted in parts per million (ppm). The usual reference compound 
for 1H and 29Si is tetramethylsilane (Me4Si or TMS) in solution, and for 27Al it 
is Al(NO3)3 in solution [i.e., Al(H2O)6 3+]; reference compounds for other nuclei, 
common secondary reference compounds, and the agreed reference sample condi-
tions have been compiled [37, 60]. The graphical presentation of the spectra is such 
that δ increases to the left. 

A distinction has to be made between the observed shift, δ or δobs, and the isotropic 
chemical shift, δiso. While the isotropic chemical shift is characteristic of the site 
under study (i.e., it is the “true” chemical shift), the observed chemical shift of that 
site (i.e., the position of the corresponding line maximum or center of gravity in 
a measured spectrum) can be displaced from δiso, the magnitude of the displace-
ment depending on the experimental conditions. The isotropic chemical shift can 
be obtained from measurement of a series of spectra under systematically varied 
conditions and simulation of the line shape, or analysis of the spinning sidebands 
[17, 81]. However, this is not always feasible (nor necessary); thus, in many cases 
only the observed chemical shifts are reported. 

3.1.3 Nomenclature and Basic Concepts Applicable to NMR 
Spectroscopy of Cements 

For silicates, the established nomenclature system is the so-called “Q nomenclature” 
[58]. In this system, SiO4 tetrahedra are denoted Qn(mAl), where n is the number 
of oxygen bridges (Si–O–Si or Si–O–Al) to neighboring SiO4 and AlO4 tetrahedra, 
and m ≤ n denotes the number of AlO4 of these tetrahedra; for m = 0, the expression 
in parentheses is omitted. For example, Q3(1Al) denotes SiO4 tetrahedra connected 
to two SiO4 tetrahedra and one AlO4 tetrahedron via oxygen bridges. The chemical 
shift ranges of SiO4 tetrahedra in solids, including unhydrous and hydrated cements, 
are summarized in Table 2. In addition, chemical shift values have been compiled for 
many minerals [60] and cement phases [81, 97]. It can be noted from Table 2 that, in 
general, there is a systematic downfield shift by approx. 5 ppm for each additional 
AlO4 tetrahedron bonded to a SiO4 site. Much of the overlap of the Qn sites with no 
AlO4 is due to the presence of differing amounts of AlO6 in different compounds; 
for Al-free silicates, the chemical shift ranges the Qn sites are considerably narrower 
[51]. It should further be noted that there is almost complete overlap between the 
chemical shifts of Qn sites, Q4(mAl) sites, and Q3(mAl) sites; this means that an 
assignment of a resonance to one of these sites always requires knowledge (or an 
assumption) about the presence of AlO4 sites in the material under study.

For Al units in aluminosilicates and aluminates, often only the coordination 
number of the Al is indicated (AlIV or AlO4, AlV or AlO5, and AlVI or AlO6, for
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Table 2 Typical chemical 
shift ranges of Qn, Q4(mAl), 
and Q3(mAl) sites in silicates 
and aluminosilicates 

Site Chemical shift range (vs. TMS) (ppm) 

Q0 − 60 to − 88 
Q1 − 68 to − 84 
Q2 − 74 to − 93 
Q3 − 91 to − 101 
Q4 − 101 to − 116 
Q4(4Al) − 81 to − 92 
Q4(3Al) − 85 to − 94 
Q4(2Al) − 90 to − 100 
Q4(1Al) − 95 to − 107 
Q3(3Al) approx. − 77 
Q3(2Al) − 82 to − 85 
Q3(1Al) − 85 to − 90 

Data from Kirkpatrick et al. [51], MacKenzie and Smith [60] and  
Walkley and Provis [97]

4-, 5-, and 6-coordinated Al, respectively). Sometimes the connectivity of AlO4 

tetrahedra in aluminosilicates is indicated by denoting them as qn, analogously to 
the Q-nomenclature for SiO4 tetrahedra. For example, q4 denotes AlO4 tetrahedra 
connected to four SiO4 tetrahedra via Al–O–Si bonds. The chemical shift ranges of Al 
units in aluminosilicates and some aluminates, including cements, are summarized 
in Table 3. It should be noted that in other compounds, e.g., aluminium phosphates 
and aluminium borates, the chemical shift ranges of Al sites can differ considerably 
from those given in the Table 3 [60]. Chemical shift values have been compiled for 
minerals [60] and cement phases [81, 97]. 

An important concept helpful in the interpretation of 29Si MAS NMR spectra of 
aluminosilicates is the Loewenstein rule. This rule states that in crystalline alumi-
nosilicates, two AlO4 tetrahedra cannot be bonded to each other via Al–O–Al bonds, 
i.e., of two neighboring tetrahedra connected via an oxygen bridge only one can have

Table 3 Typical chemical 
shift ranges of Al sites  in  
aluminosilicates, aluminium 
oxides, and aluminium 
hydroxides 

Site Chemical shift range [vs. 
Al(H2O)6 3+] (ppm) 

AlO4 in aluminium oxides 90–62 

AlO4 in aluminosilicates: q3 80–70 

AlO4 in aluminosilicates: q4 69–50 

AlO4, strongly distorted 50–20 

AlO5 50–20 

AlO6 20 to − 10 

Data from MacKenzie and Smith [60], Müller et al. [65] and  
Walkley and Provis [97] 
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Al as the central atom [59]. Importantly, this implies that in a material with Si/Al < 
1, not all aluminum can be in the tetrahedral network; instead, AlO6 sites must exist 
in the structure of the aluminum silicate, or some or all of the Al is in an additional 
phase. 

Based on the Loewenstein rule, Engelhardt and colleagues derived an equation to 
compute the Si/Al ratio of zeolites from the intensities of the Q4(mAl) and Q4 sites 
in their 29Si MAS NMR spectra [18]: 

Si 

Al 
=

∑4 
m=0 IQ4(mAl)

∑4 
m=0 0.25 × m × IQ4(mAl) 

(3) 

where IQ4(mAl) is the intensity of the line of the respective Q4(mAl) site (m = 0: Q4 

site). This equation can be applied to other crystalline tectosilicates with substitution 
of Al for Si. The computed value may serve as an independent check of the Si/Al 
ratio obtained by other analyses. 

In amorphous aluminosilicates, such as glasses and gels, the Loewenstein rule 
is not strictly obeyed, i.e., some Al–O–Al bonds can occur between AlO4 sites. 
However, in several amorphous aluminosilicates, these Al–O–Al bonds comprise 
only a small fraction of the oxygen bridges [56, 96]; thus, the concept is called “alu-
minum avoidance principle”, and the Engelhardt equation might remain applicable, 
though not perfectly accurate, for these compounds. 

3.1.4 NMR Spectroscopy Applied to the Corrosion of Cementitious 
Materials 

Gutberlet et al. [36] applied single-pulse 27Al and 29Si MAS NMR spectroscopy 
to hardened ordinary Portland cement (OPC)-pastes exposed to hydrochloric acid 
(HCl) or sulfuric acid (H2SO4) at pH-values of 2, 3 and 4, for several weeks. For 
both acids, they observed a polymerization (increase of mean chain length) of the 
C–A–S–H, including an increase of the connectivity of the AlO4 tetrahedra, and 
the eventual formation of Q3 and Q4 sites in the material (Fig. 18). The latter was 
interpreted to indicate the complete degradation of the C–A–S–H and the formation 
of an amorphous silica gel. 27Al MAS NMR spectroscopy showed that the amount 
of ettringite, relative to AFm phase, was increased after acid exposure (Fig. 18); 
after 28 days in HCl at pH = 2, both ettringite and AFm were completely dissolved. 
Comparison of the spectra obtained from samples exposed to the two acids indicated 
that the deterioration mechanism of the cement pastes was essentially the same in 
HCl and H2SO4, but the rate of deterioration was faster in HCl.

The deterioration of alkali-activated materials (AAMs) with low or intermediate 
Ca-content in sulfuric acid was studied by Sturm et al. [88]. Using 29Si MAS NMR 
spectroscopy, these authors found that in these materials, too, exposure to H2SO4 

caused deterioration of the major phase(s) (N–A–S–H gel in the low-Ca AAMs;
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Fig. 18 29Si MAS NMR (left panel) and  27Al MAS NMR (right panel) single-pulse spectra of 
hardened OPC pastes exposed to sulfuric acid (pH indicated) for 28 days. Sample ref was stored 
under inert gas for 28 days before the measurements. The AlO6 resonances assigned to ettringite 
and AFm phase are labelled Ettr and AFm, respectively. Figure from Gutberlet et al. [36] with 
permission from Elsevier

likely some additional C–A–S–H in one of the intermediate-Ca AAMs). The dete-
rioration products contained virtually only Q3 and Q4 units, indicative of silica gel. 
In the 1H–29Si CP MAS NMR spectra of the corroded materials, the Q3 sites were 
considerably enhanced (Fig. 19), indicating that the silica gel was highly hydrated, 
i.e., that the gel particles had a small size and a correspondingly high surface area. 
Based on comparison with published spectra [14] and additional evidence, the authors 
concluded that the silica gel had formed by precipitation rather than by incremental 
dealumination and polymerization of the N–A–S–H and C–A–S–H gel during acid 
attack [88]. A subsequent study [33] provided additional evidence for this deteri-
oration mechanism for potassium silicate-activated metakaolin-based AAMs, and, 
using 27Al MAS NMR spectroscopy, identified AlO6, assigned to K-alum, in the 
deteriorated layer of the materials.

The carbonation of cementitious materials is relevant in the present context, 
because the sulfuric acid attack on cementitious materials in sewers is usually 
preceded by an abiotic attack including carbonation (Chapter “Mechanisms and 
Processes of Concrete Corrosion in Sewers”). In addition, the carbonation of cemen-
titious materials can be understood as a form of acid attack, since the dissolution 
of CO2 in the pore solution leads to the formation of carbonic acid (H2CO3) and a 
concomitant decrease of the pH; accordingly, results obtained for carbonated cemen-
titious materials may be partly transferable to materials corroded in sulfuric acid. In 
line with this, Groves et al. [35] found by 29Si MAS NMR that exposure of hardened 
C3S pastes to 100% CO2 or to air led to an increase of the fraction of Q2 units, relative 
to the fraction of Q1 units, and for the pastes exposed to 100% CO2 eventually to 
the occurrence of Q3 and Q4 units, i.e., the formation of silica gel. A subsequent 
study found by 27Al and 29Si MAS NMR that the decalcification of C–S–H during 
carbonation occurs in two steps (first, removal of Ca from the interlayer; second,
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Fig. 19 29Si MAS NMR single-pulse spectra (SP; red lines) and  1H–29Si CP MAS NMR spectra 
(CP; blue lines) of low-Ca AAM pastes after 70-day immersion in water (H2O) or after 70-day 
immersion in sulfuric acid (pH = 1; H2SO4). The grey bar in the SP spectra marks the approximate 
chemical shift range of Q4(mAl) species with m = 1…4. The comparatively narrow peak at − 
109 ppm is due to cristobalite (Crs) from the starting material. Data from Sturm et al. [88] with 
permission from Elsevier

removal of Ca from the principal layer and formation of amorphous silica), and that 
aluminum from C–A–S–H is incorporated in the resulting amorphous silica as q4 

units [79]. 
The above examples demonstrate that NMR spectroscopy can reveal information 

about the degradation of the major cementitious phases, the degradation products, the 
fate of specific elements during the process, and, in favorable cases, can provide clues 
about the degradation mechanism of the acid corrosion of cementitious materials. 
Though all examples relate to abiotic attack, it is obvious that NMR spectroscopy 
will also be a very useful tool to study the degradation of cementitious materials 
under MIC conditions.
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3.2 Infrared Spectroscopy 

3.2.1 Background 

In infrared (IR) spectroscopy, the absorption of electromagnetic radiation in the 
infrared range (130,000–10 cm−1) by matter is measured. The mid-infrared region 
spans the wavenumber range 4000–400 cm−1; this is the region which is most often 
considered in IR spectroscopy of cementitious materials, and which will be discussed 
here. There are several methods to split up (disperse) the radiation that passes the 
sample before it is detected [40, 87], but in modern IR spectrometers, this is usually 
done using an interferometer and Fourier transformation of the obtained signal; the 
instruments employing this method are called Fourier-transform infrared (FTIR) 
spectrometers. Likewise, there are several ways to expose the sample to the radia-
tion [40, 87], but in many FTIR spectrometers this is done utilizing total internal 
reflection, i.e., in a set-up in which the radiation is reflected at the interface between 
the sample and a crystal, whereby some of the radiation is absorbed by the sample; 
this technique is called attenuated total reflectance Fourier-transform infrared (ATR-
FTIR) spectroscopy. A different method is to mix the sample powder with an alkali 
halide (often potassium bromide, KBr) and compressing the powder mix produce a 
transparent disc; this disc is then exposed to the IR radiation to record the spectrum 
in transmission. 

The basis for selective absorption of electromagnetic radiation and, thus, the emer-
gence of a useful spectrum in IR spectroscopy is the vibration of molecules (or of the 
nuclei in a solid); specifically, the electric dipole moment of the molecule must change 
during the vibration to cause infrared absorption. Transitions between such vibra-
tional energy levels cause the absorption of specific wavelengths of electromagnetic 
radiation. A peak in the IR spectrum that is related to a vibrational transition is usually 
called a “band”, while the term “line” refers to features of the fine structure of spectra 
(associated with transitions between rotational energy levels) of samples in the gas 
phase; however, for liquids and solids, where a fine structure cannot be observed, 
these two terms are sometimes used interchangeably [40]. Polyatomic molecules 
vibrate in complex ways that can be described using the concept of normal modes 
of vibration, which in turn requires the theory of molecular symmetry. A polyatomic 
molecule has more than one normal mode of vibration, i.e., it will generally absorb 
infrared radiation at more than one wavelength, and there exist an agreed nomencla-
ture to refer to these different vibrational modes. The above principles, theories and 
nomenclature rules form the basis of the interpretation of IR spectra; descriptions of 
these are available at various levels of sophistication (e.g., [40, 87]). 

In solids, all nuclei interact with each other via the bonds between them; thus, 
in a strict sense, no individual molecule with a tractable number of atoms can be 
identified. However, a similar approach as for molecules in the gas phase can in some 
cases be applied, since, as a first approximation, specific units in solids (e.g., common 
oxyanions in salts, such as the sulfate, the nitrate and the carbonate ion) can be treated 
as if they absorb the infrared radiation individually [87, 92]. Considerations about
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the degree to which this approximation is valid for coordination polyhedra in solids 
led to the concept of condensed and isolated units and the assignment of specific 
wavenumber ranges that are typically absorbed by these units; for example, major 
absorption bands of SiO4 units are generally found in the range 1200–800 cm−1, 
those of AlO4 units in the range 900–650 cm−1, and those of AlO6 units in the range 
680–400 cm−1 [91, 92]. Similarly, the vibrations of specific molecular groups (group 
vibrations), such as OH groups, usually cause absorption at similar wavelengths for 
all compounds in which they occur [40, 87]. Due to the interactions between the 
nuclei in a solid, however, the bands assigned to the above units, and often also 
the bands of the group vibrations, are considerably broadened, compared to related 
bands of molecules in the gas phase. 

3.2.2 Data Presentation 

It is common practice to present infrared spectra as plots of transmittance versus 
wavenumber of the radiation, with transmittance increasing to the top, i.e., with the 
absorption bands pointing to the bottom. The transmittance, T, is defined as 

T = 
I 

I0 
(4) 

where I0 is the intensity of the radiation entering the sample, and I is the intensity 
of the radiation transmitted through sample. 

The negative logarithm of T is called the absorbance, A: 

A = − log10

(
I 

I0

)

= log10
(
I0 
I

)

= log10(I0) − log10(I ) (5) 

The absorbance of a band is proportional to the concentration of the compound 
causing the absorbance in the sample (Beer–Lambert law); thus, it is sometimes used 
instead of the transmittance for the presentation of IR spectra, particularly in contexts 
where IR spectroscopy is applied in analytical chemistry. 

The wavenumber, υ̃, of electromagnetic radiation is defined as the reciprocal of 
its wavelength, i.e. 

υ̃ = 
1 

λ 
= 

υ 
c 

(6) 

where λ is the wavelength, υ is the frequency, and c is the speed of light. In the context 
of IR spectroscopy, the wavelength is usually quoted in units of cm−1 (reciprocal 
centimeters), and it is common to present IR spectra with the wavenumber increasing 
to the left, though this convention is not always followed.
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3.2.3 FTIR Spectroscopy Applied to the Corrosion of Cementitious 
Materials 

Khan et al. [47] exposed mortars based on calcium aluminate cement (CAC) or 
a sulfate-resistant special-purpose composite cement (CEM V) for 24 months to a 
sewer environment and studied their degradation, inter alia using FTIR spectroscopy. 
They identified Al(OH)3 (bands assigned at 1025 and 967 cm−1), gypsum (bands 
at 1685, 1625 and 1122 cm−1) and calcite (bands at 1485, 875 and 856 cm−1) in  
the corroded regions of the CAC mortar (Fig. 20). In the CEM V mortar, gypsum 
(bands assigned at 1685, 1625 and 1120 cm−1) and polymorphs of CaCO3 (bands at 
1481, 1415–1410, 875 and 855 cm−1) were identified; bands at 1160, 1075, 1055, 
960 and in the range 750–650 cm−1 were attributed to C–S–H, and their shift in the 
spectra of the corroded regions was interpreted to indicate its alteration (Fig. 21). 
Reference IR spectra of the aforementioned degradation products and other relevant 
minerals can be found in the RRUFF database [53, 75], and in the compilation by 
Chukanov [15]. 

In their study of the corrosion of OPC pastes and slag/fly ash-based AAM pastes in 
5% sulfuric acid, Aiken et al. [1] found by FTIR spectroscopy that portlandite (iden-
tified through a band at 3635 cm−1) and ettringite (identified through a shoulder at 
1105 cm−1) in the OPC pastes had dissolved, and that gypsum had formed in all 
pastes that contained either OPC or slag but not in the AAM pastes based on only 
fly ash; in addition, in all pastes the main band between approx. 950 and 1000 cm−1

Fig. 20 FTIR spectra of corroded regions of a CAC mortar exposed to a sewer environment for 
24 months. Chamber I and Chamber II denote the two different overflow chambers in which the 
specimens were placed; Reference denotes a specimen not exposed to the sewer environment. Figure 
from Khan et al. [47] with permission from Elsevier
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Fig. 21 FTIR spectra of corroded regions of a sulfate-resistant composite cement (CEM V) mortar 
(SR) exposed to a sewer environment for 24 months. Chamber I and Chamber II denote the two 
different overflow chambers in which the specimens were placed; Reference denotes a specimen 
not exposed to the sewer environment. Figure from Khan et al. [47] with permission from Elsevier

had shifted to higher wavenumbers after exposure to sulfuric acid, indicating partial 
decalcification and/or dealumination during acid attack. Broadly similar conclusions 
were drawn by Vogt et al. [94] and Khan et al. [48], who used FTIR spectroscopy to 
study the corrosion of metakaolin-based AAMs in sulfuric acid and the corrosion of 
AAM mortars and sulfate-resistant composite cement (CEM V) mortars in sulfuric 
acid and in a sewer environment, respectively. Bernal et al. [8] studied the degrada-
tion of Portland cement pastes and alkali-activated slag pastes in acetic acid using 
FTIR spectroscopy and found that the C–A–S–H gel in the alkali-activated slag was 
significantly less affected (less decalcified) by the acid attack than the C–S–H gel in 
the Portland cement paste. 

As demonstrated by the above examples, IR spectroscopy is a versatile tool that 
can provide information about the dissolution of cement phases, the formation of 
secondary degradation products as well as alterations of the main cement phases 
(C–S–H, C–A–S–H, N–A–S–H). However, it should be born in mind that the band 
positions of specific compounds and molecular groups can vary between samples and 
that the bands of different phases can overlap, making interpretation of IR spectra 
sometimes ambiguous. Thus, in the context of cement degradation, IR spectroscopy 
is often used in conjunction with other methods that allow the identification of phases 
in the initial and the degraded material, such as X-ray diffraction, to facilitate assign-
ments of bands in the spectra. Nevertheless, because of the comparatively low exper-
imental effort to obtain IR spectra, it may be useful to analyze a large number of
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samples that would otherwise be inaccessible; in addition, in certain cases, amor-
phous or semi-crystalline phases (e.g., carbonates and sulfates), that would not be 
detected with diffraction methods may be observed with IR spectroscopy. 

3.3 Raman Spectroscopy and Microscopy 

3.3.1 Background 

Raman spectroscopy is related to IR spectroscopy in that it is concerned with energy 
level transitions in the range approx. 4000–400 cm−1, i.e., transitions between vibra-
tional energy levels of molecules. However, the mechanism underlying the transitions 
that gives rise to Raman spectra as well as the experimental setup that is required to 
record Raman spectra are different from those on which IR spectroscopy is based 
[40, 82]. In Raman spectroscopy, the sample is irradiated with a laser, i.e., with radi-
ation with a single frequency, and the radiation that is scattered by the sample is 
recorded. While most of the radiation undergoes elastic scattering (Rayleigh scat-
tering), i.e., scattering that involves no change of frequency, a small fraction of the 
photons will interact with the sample in a way that the frequency of the scattered radi-
ation is shifted, which is called Raman scattering. This process involves excitation 
of a molecule to a so-called virtual state and its return to an accessible vibrational 
energy level. If it returns to a higher energy level than before the scattering process, 
energy is absorbed from the scattered radiation (Stokes scattering); if it returns to 
a lower energy level than before the scattering process, the energy of the scattered 
radiation will be increased (anti-Stokes scattering). Usually, Stokes scattering is 
more intense than anti-Stokes scattering, and therefore only the Stokes spectrum is 
considered in most cases. Raman scattering requires that the molecular vibration 
that is involved in the process causes a change of the polarizability of the molecule. 
Since another property, the electric dipole moment, needs to change during vibration 
to cause absorption in IR spectroscopy, most vibrations are more intense in either 
Raman spectra or IR spectra (or do not occur in IR spectra or Raman spectra at all); 
these vibrations are called Raman-active and infrared-active, respectively. As with 
IR spectroscopy, detailed interpretation of the Raman spectra of molecules involves 
the theory of normal modes of vibration [40], while some oxyanions, molecular 
groups, and coordination polyhedra in solids can, as a first approximation, treated as 
if Raman scattering from these units occurs individually [82]. 

A major advantage of Raman spectroscopy is that Raman spectrometers can be 
coupled to a microscope; the resulting technique is called Raman microscopy or μ-
Raman spectroscopy. This technique allows one to analyze samples in situ without 
extensive prior sample preparation, and, particularly useful in the context of the degra-
dation of cementitious materials, allows to produce images or maps of samples, for 
example to locate specific compounds in the corroded regions of a material. A diffi-
culty with Raman spectroscopy and Raman microscopy is that problems with sample 
degradation and fluorescence can occur, which may even prevent the collection of
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meaningful Raman spectra at all. These problems can in some cases be avoided or 
mitigated by an appropriate choice of laser wavelength, laser energy, and irradiation 
time [82], but these measures are not always successful. 

3.3.2 Data Presentation 

Raman spectra are usually presented as plots of scattered intensity versus Raman shift 
in units of cm−1 (reciprocal centimeters). The Raman shift is the difference between 
the energy of the irradiated laser light and the energy of the scattered radiation; it 
can be calculated, expressed as wavenumber difference, �υ̃, as follows:

�υ̃ = 1 

λlaser 
− 1 

λscattered 
(7) 

where λlaser is the wavelength of the incident laser light, and λscattered is the wavelength 
of the scattered radiation. If the wavelengths are inserted in units of nm, and the 
Raman shift is sought in units of cm−1, the equation becomes:

�υ̃
(
in cm−1) =

(
1 

λlaser(in nm) 
− 1 

λscattered(in nm)

)

× 10,000,000 (8) 

The graphical presentation of Raman spectra is sometimes such that�υ̃ increases 
to the left (analogously to IR spectroscopy), and sometimes such that �υ̃ increases 
to the right. 

3.3.3 Raman Spectroscopy Applied to the Corrosion of Cementitious 
Materials 

Raman spectroscopy can be employed for the structural characterization of C–S–H 
and C–A–S–H [25, 52, 74] as well as to follow the transformations of the silicate 
structure that occurs during their degradation [9, 66]. A compilation of Raman bands 
of some units relevant for cements and cement degradation is shown in Table 4. 
However, the intensity of the Raman bands of the relevant units in amorphous and 
semi-crystalline (alumino)silicates, such as C–S–H, C–A–S–H and alkali aluminosil-
icate gels, is generally much lower than the intensity of the bands of other oxides 
and oxyanions that occur in cementitious systems, and often their bands are in the 
same wavenumber range (Table 4), making it difficult or impossible to identify the 
bands of the silicate and aluminate units of interest (e.g., [44, 80]).

Because of the aforesaid, Raman spectroscopy and Raman microscopy appears 
to be more useful to identify or map compounds such as sulfates, carbonates, iron 
oxides, organic compounds etc. in studies of MIC and related degradation processes 
of cementitious materials. The identification of these compounds is greatly aided 
by the RRUFF database [53, 75], which contains a comprehensive collection of
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Table 4 Typical wavelength ranges of Raman bands of Si and Al units in silicate and aluminosilicate 
glasses, hydrous semi-crystalline silicates and aluminosilicates, and hydrous semi-crystalline and 
crystalline aluminates, and of some oxyanions 

Range (cm−1) Structural unit Vibration 

430–500 SiO2/Q4 Si–O symmetric stretching 

~ 440 AlO4 
5− Al–O stretching 

490–550 AlO6 
9− Al–O stretching 

580–630 Si2O5 
2−/Q3 Si–O–Si motion (incl. bending) 

620–680 Si2O6 
4−/Q2 Si–O–Si motion (incl. bending) 

~ 700 Si2O7 
6−/Q1 Si–O–Si motion (incl. bending) 

710–730 NO3
− N–O degenerate symmetric stretching/planar 

angular deformation 

830–860 SiO4 
4−/Q0 Si–O symmetric stretching 

880–910 Si2O7 
6−/Q1 Si–O symmetric stretching 

~ 890 Si(OAl)4/Q4(4Al) (Si, Al)–O stretching 

940–1010 Si2O6 
4−/Q2 Si–O symmetric stretching 

~ 925 (SiO)–Si(OAl)3/Q4(3Al) (Si, Al)–O stretching 

980–995 SO4 
2−b S–O symmetric stretching 

~ 1000 (SiO)2–Si(OAl)2/Q4(2Al) (Si, Al)–O stretching 

1010–1025 SO4 
2−c S–O symmetric stretching 

1040–1070 NO3
− N–O symmetric stretching 

1050–1100 Si2O5 
2−/Q3 Si–O symmetric stretching 

~ 1060 (w)a SiO2/Q4 Si–O asymmetric stretching 

1065–1090 CO3 
2−d C–O symmetric stretching 

~ 1140 (SiO)3–Si(OAl)/Q4(1Al) (Si, Al)–O stretching 

1190–1250 (w) SiO2/Q4 Si–O asymmetric stretching 

1340–1385 NO3
− N–O asymmetric stretching 

Adapted from the compilation in Simon et al. [80], extended using data for sulfates and carbonates 
from Bensted et al. [7], Potgieter-Vermaak et al. [69], Renaudin et al. [73] and Torréns-Martín et al. 
[93] 
a (w): weak band 
b Sulfate ion in hydrous calcium sulfoaluminates (ettringite, monosulfate) or thenardite 
c Sulfate ion in calcium sulfates (gypsum, hemihydrate, anhydrite) 
d Carbonate ion in hydrous calcium carboaluminates (monocarbonate, hemicarbonate) or calcium 
carbonates (calcite, aragonite, vaterite)

Raman spectra of relevant minerals. An example is provided by Khan et al. [46], who 
identified thenardite, gypsum and calcite in the deteriorated layers of AAM mortars 
after corrosion in overflow chambers of a sewer system (Fig. 22). In addition, Raman 
spectroscopy of proteins and of naturally occurring lipids, some of which may be 
relevant in the context of MIC, has been reviewed [16, 76]. Thus, though Raman 
spectroscopy has so far only occasionally been applied to the analysis of MIC of
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Fig. 22 Raman spectra of the corroded regions of AAM mortars exposed to a sewer environment 
for 12 months, indicating the presence of thenardite, calcite, and gypsum. Figure from Khan et al. 
[46] with permission from Elsevier 

cementitious materials, this technique, particularly if applied as Raman microscopy, 
has considerable potential for obtaining relevant information, and it is expected that 
future MIC studies will benefit significantly from applying them. 

4 Summary 

Microbiologically influenced corrosion of concrete sewers is a complex multistep 
chain of reactions that ultimately lead to the destruction of (usually) very durable 
(reinforced) structures way before their expected lifespan. In order to decipher these 
complex reaction mechanisms a combination of sophisticated methods is required. 
In this chapter an overview of currently used basic and state of the art methodologies 
that are applied to explore the fascinating field of microbiologically influenced corro-
sion of concrete sewers are presented. Optical evaluations to highly sophisticated 
microstructural and spectroscopic methods are included, comprising (optical) pH 
measurement methods, electron beam, X-ray and neutron techniques (SEM, MLA, 
XRF, XRD, CT, Neutron radiography and tomography), and spectroscopic methods 
(MAS-NMR, FT-IR, and Raman).
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Characterization of Corrosion Microbial 
Communities 

Xuan Li and Guangming Jiang 

Abstract The corrosive conditions in sewers influence the corrosion development 
on concrete sewers. With the corrosion development, the continuous acid produc-
tion alters the corrosion layer conditions and the microbial community. This chapter 
briefly discussed the dynamic corrosive conditions within sewers and their impacts 
on corrosion development. H2S concentration, temperature, relative humidity, and 
contact with wastewater are critical environmental factors for corrosion devel-
opment. The pH reduction due to corrosion development changed the corrosion 
layer conditions and corrosion microbial communities, where a temporal succession 
from neutrophilic sulfur-oxidizing microorganisms (NSOM) to acidophilic sulfide-
oxidizing microorganisms (ASOM) occurs. Through culture-dependent and culture-
independent detection approaches, a diverse range of NSOM and ASOM was detected 
in corrosion layers along with heterotrophic microbes. The functions and physiology 
of core members in corrosion communities, especially in relation to the corrosion 
process are summarized.
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1 Development and Conditions of Concrete Corrosion 
Layers 

From the moment of installation, newly manufactured concrete sewer pipes undergo 
various abiotic and biotic processes caused by the corrosive environments in sewers, 
which reduce the pH of intact concrete from 13 to below 3 [1, 2]. With the develop-
ment of the corrosion processes, the corrosion layer conditions also change greatly. 
During the initiation stage of concrete corrosion, abiotic processes such as carbona-
tion (CO2) and H2S acidification reduce the surface pH of concrete from ~13 to ~9 
[2]. After the pH of the sewer surface is abiotically reduced to 9, neutrophilic sulfur-
oxidizing microorganisms (NSOM) will colonize the surface and produce acid to 
eventually lower the pH to 5–3 [3]. Although corrosion is developed on the surface 
of the concrete with the reduction of surface pH and visual appearance of corrosion 
products, the mass loss of concrete is limited and no clear corrosion front between 
the corrosion layer and the un-corroded part of the specimens can be differentiated 
when pH is above 3 [1, 4]. However, the activity of NSOM establishes suitable 
surface conditions, which allows the subsequent colonization of acidophilic sulfide 
oxidation microorganisms (ASOM) on the concrete surface [1, 5]. Once the pH is 
lower than 3, ASOM becomes the protagonist and the active corrosion drives the pH 
further down, along with the massive corrosion loss of concrete. In microbiologi-
cally influenced concrete corrosion (MICC), concrete with a surface pH of 2–3 is 
generally regarded as reaching the active corrosion stage, where the corrosion layers 
are well-established [5]. In most of the corroding sewers, concrete stays in the active 
corrosion stage for most of their service life. Thus, the active corrosion stage, with 
corrosion layer and the associated ASOM available for sampling, has obtained more 
research focuses than other stages. 

Once the corrosion is well developed, on the corroding concrete surface, a soft 
(cottage cheese-like) moist layer forms comprising largely of crystalline gypsum and 
other sulfur species. The microbial biofilms exist within the corrosion layer together 
with corrosion products (Fig. 1). Due to the paucity of some essential nutrients 
(such as organic nitrogen and phosphorus substances), which are innately absent 
from the concrete, the development of microorganisms mainly relies on sewer gases 
and wastewater. As mentioned in Chap. 2, microbiologically influenced corrosion 
majorly occurs in crown regions and tidal regions. The availability of sewer gas and 
wastewater contact varies greatly at these two locations. The hydraulic shaping and 
mixing of the wastewater flow also change the microstructures of corrosion layers. In 
crown regions, corrosion products tend to be non-uniform in size and loosely scattered 
or piled up on the intact cement matrix, while corrosion products are smaller and of 
more uniform sizes in the tidal regions [6]. Therefore, the microbial communities in 
crown regions and tidal regions are commonly different even within the same sewer 
pipe [6].

The corrosive conditions within sewers also differ temporally and spatially [8, 9]. 
Environmental factors such as H2S, relative humidity (RH), and temperature of sewer 
gas play crucial roles in the corrosion process [2, 8, 10]. H2S in the sewer gas phase is a



Characterization of Corrosion Microbial Communities 101

Fig. 1 Scanning electron microscopy image of the corroded concrete surface. Small elongated rod 
shapes are microbial cells, and angular crystal formations are sulfur-containing corrosion products, 
adapted from [7] (open access)

potential key energy source for chemolithotrophic sulfur-oxidizing microorganisms 
[11]. The H2S levels in sewer gas are also found positively related to the sewer 
corrosion development and corrosion loss [8, 10]. H2S levels above 2 ppm in sewer 
gas can cause corrosion [12]. In different sewers, average concentrations of H2S 
vary greatly between a few ppm up to a few hundred ppm [11]. Seasonal and diurnal 
variations are also commonly observed in the same sewer. For instance, in a real sewer 
manhole in tropical regions of Australia, the average gaseous H2S concentrations in 
the summer were about 8 ppm higher than the winter values (Fig. 2a). The household 
water usage also influences the real-time H2S concentrations. In the same manhole, 
H2S concentrations peaked at higher usages times at 40–60 ppm but remained low 
levels at low usage times at < 20 ppm (Fig. 2b). In some extreme conditions, H2S 
concentrations of over 800 ppm are observed in a gravity pipe [9].

In a typical sewer system, the temperature in the sewer atmosphere is relatively 
stable during a short period (i.e., days and weeks) but has seasonal variations. Take 
the manhole in Australia as an example, sewer gas temperature showed negligible 
variations within 24 h but was about 5 °C higher in summers than in winters (Fig. 2). 
Geological differences in sewer air temperature have also been reported. For instance, 
the sewer gas temperature is about 19–22 °C in Queensland, Australia but 3–20 °C in 
Denmark, and 10–30 °C in Japan throughout the year [2, 13]. The sulfide oxidizing 
activity of ASOM increased by 15% when the temperature increased from 20 to 
25 °C, but was inhibited when the temperature was below 15.6 °C [14]. In laboratory 
corrosion chambers, the increase of temperature from 13 to 30 °C showed no clear 
impact on the corrosion rate and possibly the acclimation of ASOM to temperature 
mitigated its effects. The moisture in sewer gas is measured by relative humidity. In
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a b  

Fig. 2 a The profile of gaseous  H2S concentrations, temperature, and relative humidity in a sewer 
manhole in Australia. b Typical diurnal profiles of gaseous H2S concentration and temperature of 
the sewer manhole in winter and summer

gravity sewers, the relative humidity typically ranges between 60 and 100% [15, 16]. 
Higher relative humidity levels also facilitate the corrosion development process in 
crown regions, but a negligible impact on the corrosion development in tidal regions 
due to their vicinity to wastewater [8, 10]. With the dynamic corrosive conditions in 
sewers, the corrosion development and relevant corrosion-inducing microorganisms 
vary temporally and spatially, the characterization and function of sewer corrosion 
microbial communities are discussed in the following sections. 

2 Detection Approaches for Identifying Corrosion 
Microbial Communities 

Conventionally, the identification of corrosion microbial communities relies on 
culture-dependent methods, where corrosion layer samples are used as inoculum 
in suitable culture media to facilitate their growth [17, 18]. Since the choice of 
growth substrates, supplements, and conditions for cultivation heavily influences 
what will grow, only a limited number of microorganisms that suit the culture media 
can be detected in individual culturing attempts. Thus, prior information for the suit-
able culture media is required for the target microorganism or microorganism group 
(Table 1). The selection of one or a group of targeted microorganisms can thereby 
be achieved by the selection of culture media [19]. However, only a small fraction 
(in the order of 1%) of bacteria present in the environment are readily obtained in 
pure culture in the laboratory [20]. This largely biases our view on the diversity of 
the corrosion microbial community.

The development of culture-independent methods has revolutionized studies of 
microbial ecology [21]. The application of culture-independent methods in the iden-
tification of corrosion communities has advanced greatly in the past decade and is 
providing revealing insight. This is especially with the application of high-throughput 
next-generation sequencing (NGS) of small-subunit rRNA gene amplicons (normally
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Table 1 Detection approaches applied for the identification of corrosion microbial communities 

Detection 
approach 

Specificity Throughputs Functional 
information 

Prior 
information 

Amplification 

Culture-dependent 
methods 

Targeted one or 
a group of 
microorganisms 

Low Depends on 
the culture 
media 

Culture 
media 
selection 

N/A 

16S rRNA genes 
sequencing 

All the 16S 
rRNA genes 

High Not directly Required 
for primer 
selection 

Yes 

Metagenomic 
sequencing 

All DNA 
fragments 

High Direct No No 

FISH Target DNA 
fragments 

Low Yes Yes No

16S rRNA genes) for community profiling and of whole community DNA for metage-
nomics (Table 1). Most of the corrosion community profiling is based on sequences 
of the small subunit ribosomal genes, where 16S rRNA genes are used commonly for 
the detection of bacteria and archaea [11]. Using this approach, 16S rRNA genes in 
DNA samples extracted from corrosion layers are amplified by relevant primers using 
the polymerase chain reaction (PCR) and further analyzed against 16S databases, i.e., 
Greengenes, Silva, and EzBioCloud, for microorganism identification. This provides 
thousands of gene reads that represent operational taxonomic units (OTUs) within the 
sample. The 16S rRNA sequencing provides direct information regarding the taxo-
nomic composition and phylogenetic diversity of corrosion layer samples. However, 
the reads obtained in 16S rRNA gene sequencing are short reads of a few hundred 
bases, so the resolution for identification of the OTU is limited to the order, family, 
or genus level at best [11]. The major bias of the 16S rRNA gene sequencing is intro-
duced by the PCR amplification of genes from corrosion samples. It is reported that 
the success of the amplification can be variable, and this likely relates to the quality 
and quantity of DNA extracted from such samples and also the primer used for PCR 
[22]. The relatively low levels of microorganisms in the samples and the co-extraction 
of molecules inhibitory to the PCR amplification would challenge molecular-based 
studies. 

Furthermore, 16S rRNA sequencing cannot directly identify metabolic or other 
functional capabilities of the microorganisms under study (Table 1). Some recent 
studies have extended these intuitions to predict the functional contribution of partic-
ular community members through different bioinformatic tools such as Tax4Fun 
and BugBase algorithms for selected Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways [23]. The accuracy of such approaches has not been evaluated, 
but the correlation between gene content and phylogeny (excepting special cases 
such as laterally transferred elements and intracellular endosymbionts with reduced 
genomes) suggests that it may be possible to approximately predict the functional 
potential of microbial communities from phylogeny [24]. Nevertheless, the approach
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has been extremely enlightening and has led to significant new insights into the 
microbial communities involved in sewer concrete corrosion. 

Another culture-independent method for understanding microbial community 
composition and function is metagenomic sequencing. This approach sequences 
the total genomic component and utilizes bioinformatics tools to directly access the 
genetic content of the entire community [25]. Compared with the 16S rRNA gene 
method, metagenomics not only reveals the taxonomic diversity of a community but 
also allows the detection of functional genes and the compilation of complete and 
near-complete genomes of the microorganisms within a sample. Conversely, metage-
nomic sequencing aims to sample all genes from a community and can produce 
detailed metabolic and functional profiles [24]. However, metagenomic sequencing 
has a higher requirement for the quality and quantity of DNA extracted from such 
samples, longer handling time, and cost. In particular, the concrete corrosion layer 
is inherently low in biomass quantity but high in inorganic compounds such as 
corrosion products including gypsum and ettringite [11], which limits the applica-
tion of metagenomic sequencing. To date, only one study has applied metagenomic 
sequencing for the characterization of corrosion microbial community in sewers [25]. 

Apart from DNA-based analysis, cells in corrosion layers can also be detected 
directly using probes targeting rRNA molecules by fluorescence in situ hybridization 
(FISH). This approach allows the real quantitative estimations of cells in samples 
and can target a couple of microorganisms or microorganism groups. The specificity 
of FISH relies on the choice of probes. By performing the hybridization in solution 
(rather than directly on samples dried onto microscope slides) and filtering portions 
of the solution onto black filters for microscopy, the total cell density and a key 
ASOM (i.e. Acidithiobacillus) were identified [26]. Another study also identified the 
density of Acidithiobacillus in corroded mortar samples [5]. Both studies managed 
to detect Acidithiobacillus using its specific genus level probes, the use of a more 
extensive range of probes is required to obtain a more complete picture of community 
compositions. Overall, this approach is rarely applied to characterize the corrosion 
community in sewers. FISH of concrete samples is conceivably a difficult procedure 
due to the combination of relatively meagre cell densities, variable cell activity, and 
interfering autofluorescence from mineral particles [11]. 

3 Microbial Communities in Concrete Corrosion Layers 

3.1 Neutrophilic Sulfur-Oxidizing Microorganisms 
in Corrosion Layers 

As mentioned in the above sections, the sulfur-oxidizing microorganisms are impor-
tant protagonists of the corrosion process as they accelerate the reduction of surface 
pH through the production of various sulfur compounds including sulfuric acid
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Table 2 Physiological characteristics of key NSOM detected in corrosion layers 

NSOM Range of pH for growth Sulfur substrate Products 

Thiobacillus thioparus 6–10 H2S, S0, S2O3 
2− S0, Polythionic 

acids 

Halothiobacillus neapolitanus 
(formerly Thiobacillus 
neapolitanus) 

6–8 S0, S2O3 
2− Polythionic 

acids, SO4 
2− 

Thiobacillus plumbophilus 4–6.5 H2S – 

Thiomonas sp. 3–9 H2S, S2O3 
2− SO4 

2− 

Thiobacillus novellus 6–8 S2O3 
2− S0 

[11]. With the gradual decrease of the concrete surface pH, microbial commu-
nities in corrosion layers go through a temporal succession from NSOM to 
ASOM. Both NSOM and ASOM use reduced forms of sulfur as energy sources, 
but respectively, have a preference for growth at a neutral or acidic pH [1]. 
NSOM starts to colonize the surface once the pH of concrete is reduced to 9, 
and produces various sulfur compounds to eventually lower the pH to 5–3 [3]. 
Depending on the pH and availability of sulfur compounds in corrosion layers, 
various dominant NSOM species have been detected (Table 2) including Thiobacillus 
thioparus, Thiobacillus plumbophilus (formally as Sulfuriferula plumbophilus) [27], 
Thiomonas sp., Thiobacillus novellus and Halothiobacillus neapolitanus [5, 28, 29]. 

Thiothrix spp. and Thiomonas spp. can grow chemoorganoheterotrophically or 
chemolithoautotrophically using either organic carbon or the inorganic sulfur species 
H2S, S2O3 

2−, and S0 as electron donors. In comparison, Halothiobacillus sp. are obli-
gate chemolithoautotrophic sulfur-oxidizing bacteria. The initial activity of NSOM 
on the sewer surface provides suitable conditions for subsequent colonization by 
ASOM [1, 5, 17, 30, 31]. Some heterotrophic and neutrophilic bacteria, including 
Psychrobacter fozii, Planococcus antarcticus, Polaromonas naphthalenivorans, and 
Acidovorax delafieldii, were also detected at the end of the initiation stage when the 
pH of concrete was neutralized to around 8 [5, 32]. The role of these heterotrophic 
microbes has not been clearly revealed. Although they are not involved in the sulfur 
oxidation process, they can scavenge organic compounds produced by the growth 
and metabolic activities of NSOM [33]. 

3.2 Acidophilic Sulfur-Oxidizing Microorganisms 
in Corrosion Layers 

Through culture-dependent methods, Acidithiobacillus is the most typical genus 
of ASOM detected in corrosion layers [11]. The prominent species of 
Acidithiobacillus include Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxi-
dans, and Acidithiobacillus caldus [5, 25, 28, 34, 35]. Acidithiobacilli are autotrophic
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sulfur-oxidizing bacteria, which is an essential advantage in such an environment 
on concrete surfaces with low organic carbon availability and high levels of reduced 
sulfur compounds [33]. Acidithiobacillus thiooxidans is the most commonly cultured 
organism among the Acidithiobacillus from sewer concrete corrosion [1]. Recent 
culture-independent methods revealed a more diverse range of ASOMs in corrosion 
layers. However, there are instances where NGS analyses report low abundance or no 
detection of A. thiooxidans in sewer corrosion samples [22, 29]. Mycobacterium spp. 
are often detected as abundant in acidophilic communities of sewer corrosion layers 
[5, 22, 36]. In corrosion layers from two sewers in Sydney, Acidiphilium spp. and 
Mycobacterium spp. were the most dominant acidophilic microbial groups across 
the 10 samples examined, while Acidithiobacillus spp. was prominent in only one 
sample and made up < 3% of the total populations in all other samples [22]. In 
another study, in 5 of the 6 crown samples, Mycobacterium spp. dominated with the 
abundance of 45–98% among all the detected bacteria, while Acidithiobacillus spp. 
were prominent in only 2 crown samples with the abundance of 28–36% [36]. Previ-
ously, Mycobacterium were assumed to have a heterotrophic role in MICC, however, 
recently an acidophilic Mycobacterium sp. has been observed to oxidize sulfur and 
produce acid [37]. 

Significant proportions of Xanthomonadales spp., Burkholderiales spp., and 
Sphingobacteriales spp. were detected in wall and ceiling samples of the sewers 
[22]. The Xanthomonadales spp. have been reported in other sewer corrosion envi-
ronments and are considered primarily as heterotrophs [25, 29, 35]. However, the 
Xanthomonadales sequence from Cayford et al. [22] phylogenetically affiliates with 
Xanthomonadales spp., which are capable of sulfur oxidation [38]. 

On one occasion Ferroplasma spp. are reported in severely corroded concrete 
biofilms with an extremely low pH [28]. Ferroplasma spp. are extreme acidophiles 
and versatile heterotrophs that can oxidize iron [39]. Heterotrophic fungi have 
also been detected in acidic corrosion layers (pH 2.6), and are found to exist in a 
symbiotic relationship with ASOM by oxidizing H2S to thiosulfate and by utilizing 
organic compounds produced by the bacteria [40]. Another study isolated fungi from 
corroding concrete which was identified as a Fusarium sp. [41]. However, Fusarium 
sp. are not reported to be acidophilic, although they are suggested to contribute to 
the corrosion process by producing organic acids [41]. 

With the diversity of microorganisms detected in corrosion layers, the role of each 
microorganism is also of high interest for researchers. Under pH 2–3, the oxidation 
of reduced sulfur compounds would be the major energy source in the oxidative 
corrosion layers of the dark sewer, an environment that is low in other inorganic 
or organic electron-donating molecules. Reduced iron is another electron source 
that may be present mainly due to the reinforcing bar used in the concrete pipe. In 
relation to the limited types of electron donors, the important metabolic functions 
of different acidophilic microbes found in the sewer corrosion layer of concrete are 
thus summarized in Table 3.

Acidithiobacillus spp., as chemolithoautotrophs, are a keystone group in the corro-
sion community. This group undertakes the activities of sulfur-oxidation (and iron-
oxidation for some species), carbon-fixation, production of extracellular polymeric
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Table 3 Specific microorganisms detected in acidic concrete corrosion layers and their functions 
adapted from [11] (open access) 

Species Frequency of detection Abundance Potential functions 

Acidithiobacillus 
thiooxidans 

Nearly always 3–95% Sulfur-oxidation 
Carbon-fixation 
Acid Production 
EPS formation 

Acidithiobacillus 
ferrooxidans 

Often 2–9% Sulfur-oxidation 
Carbon-fixation 
Acid Production 
Iron-oxidation 
EPS formation 

Acidithiobacillus 
caldus 

Often 35–50% Sulfur-oxidation 
Carbon-fixation 
Acid Production 
Iron-oxidation 

Acidiphilium spp. Often 50–70% H2S-oxidation 
Organic carbon utilization 

Mycobacterium spp. Often 17–45% Possible H2S-oxidation 
Organic carbon utilization 

Ferroplasma spp. Rarely Not reported Iron-oxidation 
Organic carbon utilization 

Xanthomonadaceae Occasionally 5–20% Organic carbon utilization 

Fungi Occasionally Not reported H2S-oxidation 
EPS formation

substances (EPS), and the generation of sulfuric acid. The production of EPS would 
be an important activity that enables the biofilms in the corrosion layer to exist. As 
a major component of the biofilm matrix, biofilm would provide favorable habitat 
for the EPS producers and for other non-EPS producing microorganisms [42]. It 
is estimated that Acidithiobacillus spp. excrete as much as 20% of the CO2 they 
fix as small organic substances [43], and these excreted organic molecules can be 
inhibitory to their own growth [5]. Typically, the corrosion layer is expected to be low 
in organic carbon levels and the molecules excreted by Acidithiobacillus spp. would 
be an important organic carbon source for energy and growth of the heterotrophic 
members of the microbial communities. 

Mutualistic relationships between Acidithiobacillus spp. and heterotrophs, that 
can degrade such inhibitory organic compounds, are proposed [40, 44]. Therefore, 
simple roles for the proposed heterotrophs, such as Mycobacterium spp., Xanthomon-
adales, Ferroplasma spp., and fungi found in the sewer corrosion communities, 
would be the degradation of the secreted organic compounds and the production 
of CO2. These activities would maintain favorable conditions for the growth of the 
chemolithoautotrophs and enable their activities to continue, which would enhance 
the sewer corrosion. Based on these observations, a conceptual model for the corro-
sion layer is proposed (Fig. 3). The microbial biofilm is dense near the surface of
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Fig. 3 A conceptual model for the sewer concrete corrosion layer. See the text for description of 
the activities within the zones. From [11] with open access 

the corrosion layer where the diffused oxygen and H2S levels are high. Sulfuric acid 
is generated by SOM in the biofilm, and this diffuses through the corrosion layer 
towards the surface of the intact concrete [5]. With the acid diffusion, the gypsum 
(pH < 3) and ettringite zones (pH > 3) are formed and as they are expansive, together 
with iron mineral precipitation, cause cracking of the intact concrete. 

Some heterotrophs in this environment are also found to have the ability to 
oxidize H2S or iron. Acidiphilium spp. are sulfur-oxidizing heterotrophs that are often 
detected in corrosion layer communities. Additionally, Acidiphilium are known to 
reduce ferric iron in anaerobic conditions [45], although, that activity is likely negli-
gible in the aerobic concrete corrosion layers. Leptospirillum spp. are also detected 
in corroding concrete. They are common in very acidic, iron-rich environments, and 
are obligate iron oxidizers [45]. Their presence in this environment may be related 
to the dissolution of iron bar used for sewer pipe reinforcement. 

Iron oxidation is considered less important with regard to concrete sewer corrosion 
as iron is generally in low concentrations in this environment. However, iron is 
often embedded in sewer pipes to reinforce the concrete, and during concrete loss, 
this becomes exposed to corroding conditions. Iron oxidizing microbes detected in 
sewer corrosion layers include A. ferrooxidans and Ferroplasma spp. (Table 3). A. 
ferrooxidans is the most well studied of all acidophiles with regard to iron oxidation. 
Through oxidation of ferrous to ferric iron in A. ferrooxidans electrons are transferred 
to reduce oxygen and this utilizes protons within the cell. Ferroplasma spp. also uses 
iron oxidation as an energy conservation process [46] through Fe(II) oxidation that 
transfers electrons for the intracellular reduction of O2 [47]. In certain circumstances, 
it may be the case that acidophilic microorganisms in sewer corrosion are utilizing 
iron oxidation as the primary mechanism for energetic and growth requirements.
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4 Summary 

This chapter briefly introduced the corrosion development in concrete sewers and 
the change of corrosion layer conditions and microbial communities with the corro-
sion development. The corrosion development is largely affected by the corrosive 
conditions inside sewers, where environmental factors such as H2S levels, relative 
humidity, temperature, and contact with wastewater play crucial roles in corro-
sion development. The corrosive conditions within sewers are dynamic with great 
temporal and spatial variations. Although the impact of each environmental param-
eter on the corrosion development still needs future investigations, the pH change of 
corrosion layers shows a direct indicator for the corrosion development and corrosion 
layer conditions. 

During the corrosion process, no clear corrosion front can be differentiated from 
the concrete matrix until the surface reaches active conditions. Along with the reduc-
tion of surface pH, a temporal succession of key corrosion-inducing microorganisms 
from NSOM to ASOM also occurs. For the identification of microbial communities 
in corrosion layers, culture-dependent and culture-independent methods have been 
applied. NGS approaches greatly advanced the understanding of corrosion-inducing 
microbial communities and provided revealing insights. Diverse communities of 
ASOM and NSOM have been detected by NGS, along with heterotrophic bacteria. 
The core members of NSOM and ASOM along with their functions are summarized 
in this chapter. In aerobic sewer biofilms, the NSOM and ASOM play an important 
role in sulfur oxidation and carbon fixation, while heterotrophs degrade the extracel-
lular organic molecules to support their growth, which also removes the presence of 
small organic molecules that may be toxic to NSOM and ASOM. The understanding 
of corrosion communities is crucial for the control and mitigation of sewer corrosion 
and preventing structure failure. 
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A Systematic Laboratory Testing 
of Concrete Corrosion Resistance 
in Sewers 

Guangming Jiang, Xiaoyan Sun, Jurg Keller, Xuan Li, Yarong Song, 
Markus Schmid, and Günther Walenta 

Abstract This chapter developed a Systematic COrrosion REsistance (SCORE) 
testing to determine the concrete corrosion resistance in urban wastewater systems, 
primarily sewers. Microbially induced concrete corrosion has a profound impact 
on the useful service life of concrete sewers, which leads to billions of dollars of 
economic loss annually. Concrete is widely used in the rehabilitation or construction 
of new wastewater infrastructure. It is vital to quantitatively measure the corrosion 
resistance for a reliable and sustainable design. The testing of corrosion resistance 
is primarily based on the measurements of initiation time and corrosion rate, in 
combination with corrosion development parameters including surface pH, sulfur
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compounds, and sulfide uptake rate. The different corrosion parameters support each 
other to make a cohesive comparison of different concrete products. Two newly 
developed Calucem concrete products were demonstrated with different corrosion 
resistance using this testing approach. In addition, advanced microscopic methods 
and microbial community analysis will help to optimize the concrete design by 
providing insights into the corrosion resistance. The systematic testing approach has 
been applied in large-scale concrete sewers and showed its effectiveness in supporting 
the service life design. 

1 Introduction 

Microbiologically influenced concrete corrosion induced by hydrogen sulfide in 
sewer systems leads to early structural failure and shortened life expectancy of 
pipes and other structures (pump wells, manholes, etc.) made of concrete [1–3]. 
The corrosion damaged concrete sewer infrastructure is costly to replace or rehabil-
itate. In sewers, hydrogen sulfide is mainly produced in the fully anaerobic condi-
tions present in rising mains (pressure pipes) after pump stations or slowly flowing 
gravity driven sewer pipes. Sulfate-reducing bacteria residing in anaerobic sewer 
biofilms or sediments are the primary source of sulfide production [4]. Once the 
sulfide containing wastewater is discharged into the gravity pipes partially filled 
with sewage, the transfer of gaseous H2S from the liquid phase to the head space of 
the pipe can take place. H2S in the gas phase then transfers to the exposed surface 
of the concrete pipes above the wastewater line, where it is oxidized to sulfuric 
acid by mostly sulfide-oxidizing bacteria [5–8]. The sulfuric acid produced in this 
biological pathway can penetrate into the pores of concrete and react with the cement 
compounds (particularly the Ca and Al minerals) to form highly expansive minerals 
like gypsum and ettringite (3CaO·Al2O3·3CaSO4·31H2O, or the monosulfate form 
3CaO·Al2O3·CaSO4·12H2O when sulfate concentration is not high enough to stabi-
lize the ettringite) [3, 9–11]. This process leads to concrete surface pH reduction, 
formation of loosely bound corrosion products with little mechanical strength, and 
thus loss of mass and eventually structural failure of the concrete pipes. 

Model is a helpful tool to predict concrete corrosion in sewers. However, the 
relationship between H2S concentration and concrete corrosion is unknown yet [12– 
14]. The types of concrete and their properties are also detrimental factors for the 
corrosion resistance, including its corrosion initiation time, active corrosion rate 
and other corrosion parameters [15]. The design and construction of new concrete 
sewer systems require the detailed characterization of concrete to be used in terms 
of its corrosion resistance, especially when sulfide induced MICC is the primary 
deterioration for the structure. Such corrosion resistance would be equally important 
for the operation, maintenance, and management of sewer systems to achieve the 
designed service life [16]. Water utilities need to measure the corrosion during sewer 
inspection and such accurate measurement does not exist yet due to the complexity 
of MICC and the destructive nature of many corrosion testing methods.
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The concrete can be designed to use different binding materials (cement), ratios of 
water/cement, various admixtures, and curing conditions [17–20]. Many researchers 
have been working on the development of more corrosion-resistant and durable 
concrete for the corrosive sewer environments. For a specific concrete product, its 
corrosion resistance needs to be quantified experimentally through biocorrosion tests. 
However, due to the lack of a standard, various methods have been reported for the 
test of various concrete products. Experimental methods include chemical immersion 
tests, microbiological simulation tests, and in-situ tests [21–30]. Chemical immer-
sion tests can only simulate the fast chemical reactions between concrete and acids. 
Thus, such tests provide a simple and accelerated way for the evaluation of concrete 
corrosion resistance to sulfuric acid. Major disadvantages are apparent since the tests 
are not based on the MICC mechanism and results from different studies are incom-
parable due to the different accelerations employed. Most importantly, chemical 
immersion tests cannot provide a meaningful corrosion rate as biological processes 
might be the rate-controlling steps in MICC, which are not taken into consideration 
in these tests. 

In comparison to chemical immersion tests, microbiological simulation tests and 
in-situ tests incorporate both biological processes and chemical reactors, which can 
represent the MICC mechanisms better. Especially, microbiological simulation tests 
can be delivered in laboratory-scale corrosion chambers simulating different sewers 
under well-controlled conditions [31, 32]. The in-situ test is usually difficult to 
achieve as it requires a representative working sewer environment [33–35]. 

Another important consideration for the evaluation of corrosion resistance is the 
choice of corrosion parameters, which will require different analytical techniques. 
Previously, various approaches, e.g. measurement of concrete surface pH and corro-
sion layer thickness, analysis of corrosion products and microbial characterization 
within corrosion layer, were used to monitor and analyze the corrosion processes in 
sewers [36–38]. However, the availability and usefulness of these methods has limits. 
For example, it is difficult to monitor corrosion progress through pH measurement 
under acidic conditions (heavily corroded concrete) as the pH may stagnate when it 
decreases to about 3–5 [39, 40]. Therefore, surface pH is only indirectly related to 
the corrosion process, and thus not a good indicator of corrosion rate. 

The corrosion rate may be determined by direct detection of the corrosion layer 
thickness. However, this requires removal of the surface corrosion layer, which is 
destructive, disrupting the continuous monitoring of the corrosion process. Addi-
tionally, detection of the corrosion layer thickness is technically very difficult. 
In the corrosion process the concrete samples will corrode and malform, this 
making it extremely difficult to maintain a point of reference so that the change 
in concrete thickness can be determined. Specialized approaches, such as imbed-
ding non-corroding components are required, and these can be difficult and expen-
sive to implement within concrete samples. Consequently, obtaining corrosion rates 
by direct detection requires years of monitoring activity and is very demanding on 
resources [37]. 

Microbial analysis is arduous, time consuming and costly and currently quan-
titative analysis has not been correlated with corrosion rates [40]. Moreover, the
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understanding of corrosion microbial communities is still very limited, advanced 
sequencing techniques reveal that unexpected microbial types can be abundant [36], 
and most investigations are restricted to severely corroded concrete, thus early stage 
microbiology is not well studied. 

Consequently, it is critical to develop a systematic microbiological simulation 
test with a set of corrosion parameters to be measured in order to fully quantify the 
corrosion resistance of a concrete product. This chapter presents such a systematic 
testing approach, with demonstrative results being obtained from some highly corro-
sion resistant concrete products to be used for the construction of a large-scale sewer 
system. A detailed design of the corrosion chamber, preparation of concrete samples, 
testing parameters and their interpretation were discussed in detail to encourage the 
development of this systematic approach as a standard corrosion resistance test in 
the future. 

2 Material and Methods 

This section describes all the required steps involved in a systematic evaluation of the 
corrosion resistance of concrete products, including preparing the sample, as well 
as the biocorrosion simulation chambers, testing parameters, analytical methods and 
data interpretation for the potential service life. 

2.1 Sample Preparation and Pre-Treatment 

The corrosion resistance test is conducted using multiple coupons of the same 
concrete products for two reasons: (1) temporal measurements at different exposure 
time to obtain corrosion rate and other parameters related to corrosion resistance; (2) 
some measurements are destructive or severely disturbing to the ongoing corrosion 
processes. Each concrete coupon is designed in a size of 100 × 70 × 50 mm, to 
ensure enough depth (50 mm) to quantify the corrosion deterioration and enough 
exposure surface (100 × 70 mm) to obtain multiple sampling areas for parameters 
like surface pH and corrosion products for chemical and microbial analysis. 

It is recommended to commission a concrete specialist provider or concrete 
research lab to cast the concrete product in a large block, which can then be cut 
to the required coupon size. This ensures that all concrete coupons are cast and cured 
at the same conditions and thus present replicates for each other. The cast and curing 
should be carried out according to the product-specific concrete design which is 
geared for maximum performance in application. As an example, beams (prisms) 
with dimensions of 400 × 100 × 100 mm (L × W × H) are cast for the corrosion 
resistance test. Two beams were prepared for each type of concrete mix design. The 
beams are cut as shown in Fig. 1, to provide ten test specimens per beam, a total 
of 20 coupons per type of concrete. It is recommended to prepare surplus concrete
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Fig. 1 Schematic of the concrete specimens cutting plan, to make 10 specimens from one standard 
400 × 100 × 100 mm concrete prism 

specimens for each type of concrete in case of any imperfections or damages in some 
of the specimens. The two residual 50 × 50 × 100 mm block (light grey in Fig. 1) 
can be discarded as left-over. 

The bottom surface (100 × 70 mm) will be used as the exposure surface while the 
other surfaces of each specimen are covered by epoxy in the stainless-steel frame, 
as  shown in Fig.  2. Maximum tolerance on specimen dimensions is + / − 3 mm. 
After cutting and embedding in frames, these samples will be installed into corro-
sion chambers for bio-corrosion testing, which can determine corrosion resistance 
parameters including corrosion rate.

Concrete specimens can be water-saturated during the despatch to the corrosion 
chamber. However, precaution should be taken to not mix different types of concrete 
in one container to avoid cross-contamination. The test can cover both the corrosion 
initiation stage and the active deterioration stage. To skip the initiation stage, concrete 
coupons for corrosion resistance tests will be pre-treated to reduce surface pH by 
immersing or spraying the exposure surface with sulfuric acid. The surface pH should 
be acidic (2–4) to facilitate the growth of acidophilic microorganisms. After the pre-
treatment with acid, the coupons will be placed in the corrosion chambers. For the first 
2 months, the concrete coupons will be inoculated (spraying domestic wastewater on 
the concrete surface) with real wastewater weekly to induce active microbiologically 
influenced concrete corrosion. After the inoculation period, the corrosion develop-
ment and activity will be monitored using surface pH, sulfide uptake rate (SUR), 
photogrammetry, weight change and sulfur compounds (as described below).
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Fig. 2 The enclosure of two concrete coupons in one stainless steel frame with epoxy

2.2 Corrosion Chamber Design and Operation 

The corrosion chamber is designed and constructed to simulate the corrosive envi-
ronment of real sewer systems by controlling the temperature, relative humidity and 
gaseous hydrogen sulfide concentration. It is composed of a H2S gas generator, a 
sewage circulation system, a cooling water system, a PLC controller and a chamber 
body to house concrete samples (Fig. 3). The corrosion chamber conditions can be 
adjusted according to the test requirement, e.g., the gas-phase temperatures at 30 °C 
to mimic a tropical location, relative humidity of 100% for most gravity sewers, and 
H2S gas concentration of 100 ppm for a severely inductive level. The level of H2S 
is recommended to be 50–100 ppm for bio-corrosion tests as it simulates a highly 
corrosive sewer environment. The corrosion resistance determined under such high 
level of H2S concentration would be highly supportive in selecting concrete products 
for many challenging sewer construction projects.

To achieve the specified H2S gaseous concentrations in the corrosion chamber, 
Na2S solution is injected into a container partially filled with acid (13% HCl), using 
a corrosion-resistant solenoid pump (Bio-chem Fluidics, model: 120SP2440-4TV) 
with a dispense volume of 40 µL. The H2S concentrations are monitored using two 
H2S gas detectors with a range between 0 and 200 ppm (Acrulog Pty Ltd, Clontarf, 
Australia). A programmable logic controller (PLC) was employed to monitor the 
H2S concentration and to trigger the dosing pump for Na2S addition to maintain the 
specified H2S concentrations (Fig. 1).
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Fig. 3 Schematic of the corrosion chamber with gaseous H2S concentration, relative humidity and 
gas temperature controlled by a PLC

The dimensions of the chamber room are 1336 mm (L)× 1000 mm (D)× 1286 mm 
(H), as shown in Fig. 4. Concrete coupons can be installed either with its exposure 
surface facing downwards but above the wastewater, i.e., gas phase coupons, or 
being partially submerged by wastewater with its exposure surface facing sidewards, 
i.e., partially-submerged coupons. The chamber has 4 layers of trays for gas-phase 
concrete coupons, and 4 layers of trays for partially submerged concrete coupons. 
The eight liquid trays each hold 4 cm depth of real wastewater, which can be collected 
from a local sewer pumping station or wastewater treatment plant, and replaced every 
two weeks. The wastewater temperature and pH are regulated to maintain comparable 
conditions over time. The wastewater pH is maintained at around 7.5, a typical value 
for raw wastewater. The wastewater temperature is kept at the specified temperature 
and it creates the relative humidity in combination of the cooling water system.

Each sample tray has a capacity of 16 concrete coupons, with two in each stainless-
steel frame (Fig. 4). Gas-phase coupons (a maximum capacity of 128 samples) 
enclosed in stainless steel frames are exposed to the gas phase within the cham-
bers with the exposed surface facing downwards approximately 170 mm above the 
wastewater surface in the wastewater tray below. These gas-phase concrete coupons 
simulate the sewer pipe crown, a location which is reported to be highly susceptible 
to sulfide induced MICC. For all gas-phase coupons, cooling water will be circulated 
through the samples and help to create condensations on the exposure surface, that 
is critical for the development of sulfide-oxidizing biofilms. 

Half of concrete coupons (a maximum capacity of 128 samples) can be placed at 
the bottom of the liquid trays, which were thus partially submerged (approx. 20 mm) 
in the wastewater simulating the concrete sewer pipe near the water level, which has 
been reported as a region of high corrosion activity. The partially-submerged samples
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Fig. 4 Arrangement of gas-phase and partially-submerged concrete samples in the corrosion 
chamber for H2S exposure

might experience much higher corrosion rates for different concrete types than gas-
phase concrete samples, due to wastewater inoculation of nutrients and bacteria, in 
addition to high moisture levels [31]. 

2.3 Testing Schedule and Analytical Parameters 

Once the concrete products to be tested are cast into concrete specimens, which 
will be cut into sub-samples or coupons (100 × 70 × 50 mm) to test the corrosion 
development over a period of 12 months. This testing period is determined based 
on a general assumption of 2 months for corrosion development and 10 months of 
active MICC induced concrete deterioration. For the determination of a meaningful 
and representative corrosion rate, at least 3 measurements of corrosion losses over 
10 month is required. However, it can be possible to measure up to 5 corrosion losses 
in 10 months, but more frequent measurements are unnecessary. That also means 
the overall testing period can be shortened to 8 months if a faster turnaround of 
evaluation is required.
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Table 1 Proposed analytical 
items and frequency for the 
monitoring of corrosion 
development in corrosion 
chambers over a 12-month 
exposure period 

Item Times Frequency 

Surface pH 13 Once every month 

Sulfide uptake rate (SUR) 7 0, 2, 4, 6, 8, 10 and 
12 months 

Photogrammetry 4 0, 4, 8 and 12 months 

Microbial community 3 4, 8 and 12 months 

Weight change 4 0, 4, 8 and 12 months 

Sulfur compounds 1 12 months 

In general, the total number of samples is divided into two equal sets, one as the 
gas-phase coupons and one as the partially-submerged coupons. Pairs of concrete 
samples are embedded in epoxy inside stainless-steel 316 frames, to provide only 
one exposure surface to H2S. These samples may be cast and provided in different 
batches. However, these embedded samples should be installed in the corrosion 
chambers at the same time to ensure comparable exposure to the H2S containing 
corrosive environments. The proposed analytical parameters and monitoring items 
are listed in Table 1. For each parameter, duplicate samples will be used and usually 
multiple measurements on one sample should be carried out to obtain the average 
value and standard deviation. 

Surface pH and SUR are non-destructive measurements which are useful in moni-
toring the corrosion initiation and development on concrete coupons. It is recom-
mended to measure surface pH monthly and SUR bi-monthly. Periodically, at inter-
vals specified in the testing schedule (2 to 4-month interval is recommended), one set 
of coupons (one gas-phase coupon and one partially submerged coupon) is retrieved 
from the corrosion chamber for detailed analysis of different corrosion parame-
ters. A standard step-by-step procedure of various analysis is employed to measure 
surface pH, followed by sampling for sulfur species (primarily elemental sulfur and 
sulfate, as other sulfur compounds were found to be at nonsignificant levels), and then 
photogrammetry analysis (thickness change) and weight change (corrosion loss). 

2.4 Analytical Methods 

The corrosion resistance can be analyzed by many related corrosion development 
parameters, among them the performance related parameters are recommended but 
mechanism related parameters are supplementary in the evaluation of corrosion resis-
tance. Surface pH, SUR, corrosion rate, weight loss are essential parameters. Sulfur 
compounds, microbial community and microscopic measurements are supportive 
parameters. However, as the whole test is quite time-consuming to organize, it would 
be prudent to include as many parameters as possible to obtain the best understanding
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of the concrete product and its corrosion resistance. Table 2 listed all potential param-
eters to be chosen in the evaluation. The actual testing items can be decided according 
to the testing schedule discussed in Sect. 2.3. 

Table 2 Parameters to be measured with the Systematic COrrosion REsistance testing (SCORE) 
methodology. Detailed description of different analytical methods has been published in referred 
journals 

Parameter Unit Method description 

Surface pH – Flat surface pH electrode (Extech 
PH150-C concrete pH kit, Extech 
Instruments, USA) [37] 

Sulfide uptake rate (SUR) mg S/m2 h The corrosion activity is measured using 
a SUR test, which is conducted using a 
reactor designed specifically for the 
dimension of concrete coupons [16] 

Corrosion rate mm/year The corrosion rate, i.e., the decreased 
depth of concrete over time, is measured 
using a photogrammetry method [34] 

Weight loss rate kg/m2 year The weight of each concrete coupon is 
measured at the start (0 month) and 
extraction date (e.g., 4, 8 and 12 months) 
of the exposure tests in corrosion 
chambers [7] 

Advanced microscopic analysis – The corrosion products or intact 
concrete are prepared (drying, 
sectioning, coating per analytical 
requirements) and measured using 
electron microscopy (SEM, EDS, XRD, 
MLA) and neutron radiography [8, 10] 

Sulfur compounds in corrosion products g S/m2 The sulfur content in the corrosion 
products is analyzed using a Dionex 
ICS-2000 IC with an AD25 absorbance 
(230 nm) and a DS6 heated conductivity 
detector (35 °C) [4] 

Microbial community – The composition of microbial 
community: Total DNA was extracted 
using the FastDNA SPIN Kit for Soil 
(MP Biomedicals, CA, USA), as per the 
manufacturer’s instructions. The 16S 
rRNA genes were amplified and 
sequenced on a Genome Sequencer FLX 
Titanium pyrosequencer (Roche 454 
platform, CA, USA) or MiSeq 
Sequencing System (Illumina) [33, 31, 
9] 
Inactivation of microorganisms in 
corrosion biofilm is determined by 
LIVE/DEAD staining kit [41]
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2.4.1 Surface pH Measurement 

A flat surface pH electrode (Extech PH150-C concrete pH kit, Extech Instruments, 
USA) is used to measure the coupon surface pH. The pH meter was allowed to reach 
steady reading after contacting the electrode with the measuring spots wetted by 
about 1 mL of milliQ water. Four measurements were made on randomly selected 
spots on the coupon surface (100 × 70 mm) to determine an average value for one 
coupon. 

2.4.2 Sulfide Uptake Rate (SUR) 

The SUR reactor for the H2S uptake tests was constructed from glass in order to 
minimise reaction and absorbance of H2S and was designed to neatly fit around the 
coupon pairs and stainless-steel frames used in the corrosion chamber experiments. 
A concrete coupon is extracted from the corrosion chamber and fitted on top of 
the SUR reactor to reach air-tight condition. H2S is then injected to a level around 
the exposure concentration in the corrosion chamber. The decrease of H2S gaseous 
concentration in the chamber is monitored using a H2S sensor (App-Tek OdaLog® 
Logger L2, range of detection is 0–200 ppm). H2S uptake rate is then determined by 
calculating the slope of the measured H2S concentration versus time [42]: 

r = d[H2S] 
dt 

(1) 

where [H2S] is H2S gas phase concentration (ppm), t is time (h). Then, the rate was 
converted into a surface specific H2S uptake rate using Eq. (2). 

rH2 S = −d[H2S] 
dt 

× 101.325KPa × 32g/mol 

RT 
× V 

A 
(2) 

where rH2S is the surface-specific H2S uptake rate (mg-S m−2 h−1), R is the universal 
gas constant (J K−1 mol−1), T is the absolute temperature (K), V is the total gas 
volume in the reactor (m3), A is the concrete surface exposed to the reactor atmosphere 
(m2). 

2.4.3 Sulfur Compounds 

After measuring the surface pH and SUR, the exposed surface of concrete coupons 
can be washed using a high-pressure washer (Kaercher K 5.20 M). Four litres of 
water is used for each coupon. The wash-off water is homogenized using a magnetic 
mixer for 2 h before subsamples taken into sulfide anti-oxidant buffer solution [43]. 
A Dionex ICS-2000 IC with an AD25 absorbance (230 nm) and a DS6 heated 
conductivity detector (35 ºC) is used to measure the soluble sulfur species.
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2.4.4 Photogrammetry 

After concrete coupons being washed using a high-pressure washer (Kaercher K 
5.20 M), five photos for each concrete coupon are taken to measure the coupon 
thickness using photogrammetry. A 3D cloud image of the exposed surface for each 
coupon is generated to calculate the surface height of the coupon relative to the 
stainless-steel frame as the reference plane. 

The decrease in thickness after certain exposure time (e.g., 4, 8, 12 months) is 
then calculated by subtracting the average thickness after washing from the average 
thickness before exposure (0 month). This technique not only enables an accurate 
change in coupon thickness to be determined irrespective of the surface roughness but 
also provides a detailed record of the spatial distribution of the losses that occurred. 

2.4.5 Weight Change 

The weight of each concrete coupon pairs is measured at the start and finish of 
the exposure tests (e.g., 0, 4, 8, 12 months) in corrosion chambers. The change of 
coupon weight is thus used as an indicator of the mass loss due to corrosion. The 
measurement will be done for weights that have equilibrated with humidity in the 
corrosion chamber. However, the previous curing and storage conditions might affect 
the accuracy. 

2.4.6 DNA Extraction and Microbial Community Analysis 

The corrosion layers on the surface of each coupon are scraped with a sterile surgical 
scalpel directly into sterile 50 ml polypropylene containers. The wet samples are 
stored at 4 °C for less than 24 h until used for DNA extraction. To loosen the microbial 
cells from the corrosion layer matrix the samples are first sonicated on ice for 30 s 
followed by 30 s resting on ice and repeated twice. Sonicated samples are then loaded 
onto a sucrose density gradient and are washed in pyro-phosphate buffer (pH 4) and 
centrifuged to pellet the cells (18,000 g for 10 min at 4 °C). The cell pellets are 
finally resuspended in pyrophosphate buffer (pH 7.5) and then cells are lysed, and 
DNA extracted using the Fast DNA™ SPIN Kit for Soil. 

To perform 16S rRNA gene amplicon sequencing, extracted DNA samples can 
be delivered to a sequencing provider, such as Australia Center for Ecogenomics 
(ACE, Brisbane, Australia). PCR amplifications are conducted in Q5 Hot Start High-
Fidelity 2X Master Mix (New England Biolabs) in standard PCR conditions. Modi-
fied universal primers 28F and 519R are used for the amplification of 450 bp of the 
variable regions V1–V3 of the 16S rRNA gene. Amplification products are confirmed 
with eGels (Life Technologies, Grand Island, New York), and the confirmed prod-
ucts are sequenced on MiSeq Sequencing System (Illumina) using paired end (2 × 
300 bp) sequencing with V3 chemistry in ACE according to manufacturer’s protocol.
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Sequences are quality filtered and dereplicated using the QIIME (qiime.org) script 
split_libraries.py with the homopolymer filter deactivated and checked for chimeras 
against the greengenes database using UCHIME ver. 3.0.617. Sequences are treated 
following the procedures using QIIME scripts with the default settings: (1) sequences 
are clustered at 97% similarity into operational taxonomic units (OTUs); (2) cluster 
representatives are selected; (3) Greengenes taxonomy is assigned to the cluster 
representatives using BLAST; (4) tables with the abundance of different OTUs and 
their taxonomic assignments in each sample are generated. 

2.5 Estimation of a Scaling Factor to Real Sewers 

The corrosion resistance testing results can be obtained using the lab-scale corrosion 
chamber to simulate the real sewer conditions. The test described above is thus 
not an accelerated test of corrosion resistance of concrete samples. The chamber 
was operated to simulate a controlled environment simulating that of sewers, i.e., 
at specific gas-phase temperatures, relative humidity and H2S gas concentration. To 
apply the tested corrosion rates to other sewer conditions different from the testing 
chamber conditions will require the data being scaled based on a range of factors 
related to the actual conditions in the real sewer. 

2.5.1 Different Levels of Hydrogen Sulfide Gaseous Concentration 

For different H2S gaseous concentrations, the corrosion rate is theoretically propor-
tional to the sulfide oxidation rate, which is related to gaseous H2S concentration 
(ppm) in a power function. In the equation, k is a constant coefficient, with n around 
0.5 [6, 8]. 

r = k · Cn 
H2 S (3) 

2.5.2 Different Levels of Humidity 

The relative humidity of the sewer gas has a big impact on the corrosion rate, 
which was regarded as a result of changing the moisture content in the concrete. 
If it is assumed that the rate of corrosion is directly proportional to the moisture 
content present in the concrete pore structure, then it follows that for a certain type 
of concrete [35]. 

r = k · Cn 
H2 S ×

(
0.1602RH  − 0.1355 

1 − 0.9770RH
)

(4)
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It should be noted that this equation changes for different types of concrete 
depending on their porosity and pore size distribution. In most sewer systems, the 
relative humidity is close to 100%. Therefore, it is not necessary to do this correction 
of relative humidity. 

2.5.3 Different Levels of Temperature 

The influence of gas phase temperature on the chemical, physiochemical and biolog-
ical processes involved in sewer corrosion can be described as a function of the 
activation energy using the Arrhenius relationship [35]: 

r = k · Cn 
H2 S ×

(
0.1602RH  − 0.1355 

1 − 0.9770RH
)
× e( −45000 

RT ) (5) 

2.5.4 Fluctuations of Hydrogen Sulfide Gaseous Concentration 

In real sewers, large fluctuations of gaseous H2S concentrations occur due to the 
diurnal profiles of sewage flow and retention times and the necessity of intermittent 
pumping of sewage from pressure pipes into gravity pipes. The peaks and troughs of 
H2S profiles lead to lower corrosion in comparison to concrete exposed to a constant 
H2S levels at the same average concentration (like the corrosion chambers) [26, 
27]. It is estimated that the fluctuation of hydrogen sulfide can cause a decrease of 
corrosion by about 5–85%. To be on the safe side, it is recommended to use a scaling 
factor of 0.67 by assuming the chamber overestimates the corrosion rate by 50%. 

2.5.5 Other Correction Factors 

In addition to the well-studied and known factors contributing to the scaling factor, 
there are other processes that can affect the acid reaction with the concrete (e.g., 
the loss of acid before it reaches the concrete). The well-known Pomeroy equation 
[44] uses a correction factor of 0.3–1 in the calculation of corrosion rate. There is 
probably a similar factor that can be applied to the translation of rates obtained in 
chamber to real sewers. 

Therefore, the scaling factor of the testing condition is about 3 due to constant 
H2S concentration in the corrosion chamber and other corrections listed above. If the 
real sewer condition is different from the chamber, a scaling factor can be calculated 
using the above equations, e.g. the scaling factor of a real sewer condition (30 °C, 
100% RH and 5 ppm H2S) can be estimated to be 0.075. That means the measured 
rate is roughly 13.4 times higher than the expected rate in a real sewer. It should be
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Table 3 Estimation of a scaling factor for the corrosion rates determined in the laboratory corrosion 
chamber tests 

Factors Laboratory corrosion 
chamber 

Actual sewer condition Scaling factor 

Temperature 30 °C 30 °C 1 

Relative humidity 100% 100% 1 

H2S concentration 100 ppm 20 ppm 2.24 

H2S fluctuations Constant Diurnal fluctuations 2 

Loss of acid before it 
attacks concrete 

Flat surface of gas-phase 
specimens 

Curved surface 2 

Overall scaling factor 1 × 1 × 2.24 × 2 × 2 = 8.96 

noted that this is not an acceleration factor but a scaling factor because the chamber 
test is not an accelerated corrosion test. Below is an example of how to estimate the 
overall scaling factor based on the scientific literature discussed above (Table 3). 

The corrosion rates can be correlated with the service life. The service life (L, 
year), which is determined by the time for corrosion to initiate (ti, month) and the 
corrosion rate (r, i.e. concrete depth lost over time, mm/year) [34]. 

L = ti 
12 

+ D 
r 

(6) 

where D is the concrete depth (mm) that can be sacrificed before the end of service 
life. 

Although this section provides an approach to estimate the expected corrosion 
rate in certain sewer conditions based on the measured data, it is the responsibility of 
the person who does such extrapolation to conduct detailed investigation to ensure 
reasonable assumptions are taken. A good safety factor should be adopted for the 
design of the depth of concrete cover to ensure the 100-year service life. In addition 
to that, control strategies should be implemented to achieve operational target for the 
control of H2S gas concentration and gas humidity through either chemical dosing 
in sewage or sewer air ventilation. 

3 Results and Discussion 

As a demonstration of the systematic evaluation of corrosion resistance, two different 
types of concrete products named SewerCem Concrete, i.e. SCC-I and SCC-II 
provided by Calucem Company, Germany, were tested. Two different concretes 
(a total of 24 samples, 12 samples each type of concrete) were cast for testing in 
Calucem’s lab. The samples for this test were cast as cubes 150 × 150 × 150 mm, 
five cubes per concrete. They were cured for at least 28 days before being sliced by
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water-lubricated diamond saw into individual test specimens. Four such test speci-
mens were prepared from each of the five replicate cubes per concrete, giving a total 
of 20 replicate specimens per concrete. The test surface on specimens from all cubes 
is 100 × 70 mm and represents the inside of the cube as-cast. In the end, twelve out of 
the twenty specimens were randomly chosen for the corrosion resistance testing. The 
corrosion chamber was operated at a highly corrosive condition, i.e. the gas-phase 
temperatures of 30 °C, relative humidity of 100% and H2S gaseous concentration of 
100 ppm. This level of H2S was used as it simulates a highly corrosive sewer environ-
ment and can provide measurable corrosion within limited exposure time. The level 
of H2S employed in the corrosion chamber requires precautious lab management and 
risk controls according to occupational health and safety regulations. 

3.1 Corrosion Chamber Conditions During the Test 

Hydrogen sulfide (H2S) and gas temperature profiles are recorded continuously 
through two Acrulog sensors (Acrulog Pty Ltd, Clontarf, Australia) in the corro-
sion chamber. The data were used to calculate the daily average concentrations, 
which are plotted in Figs. 5 and 6. 

Domestic sewage was circulated through the chamber to simulate the wastew-
ater flow in sewers. The sewage pH was monitored and adjusted to be similar 
to fresh sewage. The daily average profile is shown in Fig. 7. As the humidity 
sensor cannot handle continuous monitoring, we periodically monitor the humidity 
(which is ensured by the temperature control of sewage and cooling water system) 
when we change chemicals or wastewater, or during sampling events. The weekly 
measurements we did so far confirmed the RH to be around 99.5%.

Fig. 5 Daily average hydrogen sulfide gaseous concentration in the corrosion chamber during the 
testing period
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Fig. 6 Daily average of gas temperature in the corrosion chamber during the testing period

Fig. 7 Daily average of wastewater pH of the corrosion chamber 

3.2 Testing of Calucem Concrete Samples 

In the time period from January 2019 to January 2020, the above detailed corrosion 
resistance evaluation methodology was applied to test two concrete products (Fig. 8) 
as specified and provided by Calucem company, Germany. The purpose of the project 
was to determine the corrosion resistance (activated deterioration rate followed the 
surface pre-treatment) of two types of client-provided concrete samples in corrosion 
chambers simulating gravity sewer conditions.

Concrete samples were sent to the corrosion lab after being prepared (cast, curing, 
and cutting) by the product provider. Each concrete type (SCC-I, SCC-II) was tested 
for surface pH, sulfide uptake rate, corrosion rate, weight loss and sulfur compounds. 

3.2.1 Summary of Corrosion Resistance Evaluation 

Table 4 summarizes the results without applying a scaling factor to corrosion rates. 
After 12 month of exposure in the corrosion chamber, the surface pH of all concrete
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Fig. 8 Photos of the embedded concrete coupons of two concrete products, i.e. SCC-I and SCC-II

samples has reached to 1.2–2.8, with the partially-submerged (PS) coupons showing 
pH values about 1–1.5 unit lower than the gas-phase (GP) coupons. Measurements on 
the two types of concrete were conducted after being exposed to the H2S-containing 
corrosion chambers for 0, 2, 4, 6, 8, 10 and 12 months. It is clear that the surface pH 
of pre-treatment samples (test of activated corrosion) is reaching equilibrium around 
2.5–2.8 and 1.2–1.6 for gas-phase and partially-submerged samples, respectively. 
This is typical for concrete with active sulfide induced corrosion. Test results of 
surface pH are graphically presented in Fig. 9. This suggests that corrosion-inducing 
acidophilic microorganisms were established on these coupons within 12 months 
after being placed into the corrosion chambers. The PS coupons were close to 
wastewater, which likely provides sufficient moisture, nutrients and inoculum for 
the succession of corrosion biofilms. Thus, the surface pH is generally lower for 
PS concrete coupons. The overall observation of surface pH is that all concrete are 
experiencing active biogenic acid corrosion. 

The corrosion rates (Table 5) measured by photogrammetry are used to determine 
the corrosion resistance of the tested concrete samples, supported by the measure-
ment of weight loss and SUR. It was found that SCC-II performed slightly better

Table 4 Summary of 12-month test results for concrete SCC-I and SCC-II. Results are given as 
an average value of triplicate measurements except for the sulfur compounds and weight loss. The 
ranking of corrosion resistance was primarily based on corrosion rate and weight loss, with other 
data as the supporting criteria 

Concrete Surface pH SUR Corrosion rate Weight loss Sulfate 

– mg S/m2 h mm/year kg/m2 year g S/m2 

Gas-phase coupons simulating sewer crown 

SCC-I 2.83 80.78 1.39 1.14 3.77 

SCC-II 2.53 80.00 1.12 0.95 3.70 

Partially-submerged coupons simulating sewer tidal regions 

SCC-I 1.66 163.58 4.11 3.50 38.41 

SCC-II 1.20 150.83 3.49 3.34 33.50
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Fig. 9 Surface pH measured on concrete SCC-I and SCC-II after 2, 4, 6, 8, 10 and 12 months of 
exposure in the gas-phase (top) and partially-submerged (bottom) in sewage in the H2S corrosion 
chambers

with a low corrosion rate around 1.1 mm/year and low weight loss in the gas phase of 
the corrosion chamber. For the partially-submerged condition, SCC-II also outper-
formed SCC-I with a corrosion rate around 3.5 mm/year. Overall, SCC-II has higher 
resistance than SCC-I, both in the gas-phase and partially-submerged phase.

The level of corrosion resistance is largely consistent with other parameters like 
SUR (Table 6), sulfate and surface pH. The slight discrepancy between different
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Table 5 Corrosion rate measured on concrete SCC-I and SCC-II after 4, 8 and 12 months of 
exposure in the gas-phase (top) and partially-submerged (bottom) in sewage in the H2S corro-
sion chambers. Results are given as average and standard sample deviation calculated from three 
individual measurements 

Time (month) 4 8 12 

Gas-phase SCC-I 1.23 ± 0.19 1.91 ± 0.04 1.39 ± 0.01 
SCC-II 0.76 ± 0.06 1.36 ± 0.26 1.12 ± 0.19 

Partially-submerged SCC-I 5.18 ± 0.25 5.33 ± 0.05 4.11 ± 0.18 
SCC-II 3.96 ± 0.47 4.59 ± 0.04 3.49 ± 0.07

Table 6 Sulfide uptake rate measured on concrete SCC-I and SCC-II after 4, 8 and 12 months 
of exposure in the gas-phase (top) and partially-submerged (bottom) in sewage in the H2S corro-
sion chambers. Results are given as average and standard sample deviation calculated from three 
individual measurements 

Time (month) 4 8 12 

Gas-phase SCC-I 17.12 ± 3.45 72.62 ± 5.76 80.78 ± 11.25 
SCC-II 16.57 ± 3.57 62.67 ± 7.04 80.00 ± 3.72 

Partially-submerged SCC-I 30.39 ± 11.08 155.63 ± 14.54 163.58 ± 7.52 
SCC-II 35.58 ± 13.23 115.31 ± 11.80 150.83 ± 3.27 

measured parameters might be due to the special mix design or mechanical proper-
ties of each concrete, which makes it non-sensitive to the wastewater effects or other 
corrosion processes. Due to the high corrosion rate in the chamber, the measured 
sulfate concentrations are semi-quantitative due to the likely loss of corrosion 
products. 

The SUR results obtained on the coupons indicate how quickly the hydrogen 
sulfide was oxidized to sulfuric acid. In general, SUR is directly proportional to 
the instantaneous concrete corrosion rate. However, caution should be taken while 
interpreting this SUR results to long-term corrosion loss because SUR is an instan-
taneous measurement and it is unable to account for any factors affecting the long-
term corrosion processes. Besides, the coefficient to convert SUR to actual corrosion 
rate ( 17520× f 

A×Ms 
) might be different for different types of concrete due to the different 

buffering capacity of concrete and/or sewer conditions. More accurate calculation 
can be done if concrete properties like acid neutralisation capacity are known. 

In summary, the data obtained so far suggests that for the two types of concrete 
sample, SCC-II has better performance in resisting H2S induced corrosion in a gravity 
sewer environment. The extrapolation of the testing results to different sewer envi-
ronment need to consider a scaling factor, that should be determined based on the 
sewer environmental conditions (mainly H2S concentration, temperature, relative 
humidity, wastewater location) and the concrete structural properties (mainly the 
porosity and pore size distribution).
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3.2.2 Microbial Activity and Community Analysis 

At the end of the exposure (4, 8 and 12 months) in the corrosion chamber, micro-
bial analysis was carried out to determine the microbial community through DNA 
sequencing. For the determination of the microbial community, the corrosion layers 
on the surface of each coupon were scraped for DNA extraction using the Fast DNA™ 
SPIN Kit for Soil. Data generated from Illumina high-throughput sequencing were 
analysed via a pipeline that consisted of denoising and chimera detection followed 
by microbial diversity analysis. 

Microbial community analysis was determined based on DNA sequencing on 
different samples and the top 10 abundant genera are shown in Fig. 10. Considering 
the low pH on those samples, the typical corrosion-causing acidophilic bacteria such 
as Acidithiobacillus (or Thiobacillus), Ferroplasma, Sulfobacillus and Mycobac-
terium dominated the microbes detected on the concrete exposed to the corrosion 
chamber.

Acidithiobacillus and Acinetobacter were the highest abundant genera at 4-month 
of exposure. The relative abundance of Acidithiobacillus/Thiobacillus was 71.4% 
and 55.2% on the partially-submerged samples of SCC-I and SCC-II, respectively. 
The next most abundant bacteria were Acinetobacter, which is an acid producer 
and is often detected from corrosion environment. However, the abundance of 
Ferroplasma dominated for the 8-months and 12-months of exposure, followed 
by Acidithiobacillus on the partially-submerged samples and one gas-phase sample 
(SCC-II). The rest of samples showed a more even distribution of microbial commu-
nity. This temporal change might be due to the development of the corrosion and 
change of surface conditions on specific concrete samples. 

Acidithiobacillus, the most frequently reported sulfide-oxidizing bacteria in 
corroding sewers, only showed dominant abundance after 4-months exposure. Ferro-
plasma, also a known Archaea causing concrete corrosion, emerged at high abun-
dance after 8-months exposure. For 8-months and 12-months samples, Ferroplasma 
is the leading bacteria. This might be due to the fact that Ferroplasma is more adapted 
to the active corrosion environment and the specific corrosion products formed on 
those concrete samples. 

After 4 months of exposure, it was noted that Fungi was also detected at a level 
around 10.5% for SCC-I concrete samples in the gas phase, indicating the importance 
of Fungi for this type of concrete. However, Fungi disappeared from the 8-months 
analysis. Sulfobacillus were also sulfur oxidizing bacteria contributing to the concrete 
corrosion in the liquid phase samples during the 8-months and 12-months exposure. 
Other bacteria were detected mostly due to the vicinity to wastewater substrates and 
nutrients, which were originated from wastewater or human gut as real sewage was 
used in the chambers. Some other bacteria like Alicyclobacillus were originated from 
wastewater or human gut as real sewage was used in the chambers. 

Collectively speaking, the microbial communities showed temporal change and 
comparable differences on different types of concrete. The variation in microbial 
communities might be due to the specific concrete properties of the concrete, which 
support the development of different microbial communities.
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Fig. 10 Microbial community of relative abundance (%) measured on concrete SCC-I and SCC-II 
after 4 (top), 8 (middle) and 12 (bottom) months of exposure in the gas-phase or partially submerged 
in sewage of the H2S corrosion chambers

4 Conclusions 

This chapter presented a systematic approach to determine the corrosion resistance 
of concrete products experimentally in lab-scale sewer corrosion chambers and 
discussed how to apply these results to different real sewer conditions by estimating 
a scaling factor to the measured corrosion rate. The systematic approach was demon-
strated on two real concrete products provided by Calucem Company, which showed
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that one product has a higher corrosion resistance than the other. It is thus an effec-
tive and quantitative evaluation method for various concrete products to be used in 
sewer systems. The corrosion resistance data can be used by civil and environmental 
engineers in designing new concrete sewer systems to meet their specific service life 
by providing adequate cover depth on rebar. 

The biocorrosion testing method is advantageous compared to acid immersion 
tests and in-situ tests due to its well-controlled conditions, together with the modelling 
tools to extrapolate results to different application scenarios. All the analytical 
methods have been published in top quality academic journals and thus will provide 
scientific data to support the comparison of corrosion resistances. It is anticipated 
that the proposed testing approach will be standardized and widely accepted and 
applied by the concrete and water industry. 
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Controlling Environmental Factors 
of Microbiologically Influenced Concrete 
Corrosion in Sewers 

Guangming Jiang, Xiaoyan Sun, Xuan Li, Yarong Song, and Jurg Keller 

Abstract Microbiologically influenced concrete corrosion occurs in sewers through 
two distinct stages, i.e., initiation and deterioration. Although different concretes 
have various corrosion resistance, both corrosion stages are known to be affected 
by the sewer environmental conditions, such as temperature, relative humidity, and 
most importantly gaseous hydrogen sulfide concentration. In addition, wastewater 
itself was also identified as an important factor in the corrosion process. The location 
of concrete surface relative to the wastewater level was also found to be critical in 
both lab experiments and field studies in real sewers. Recent research advance has 
identified, delineated, and quantified these controlling environmental factors and their 
variations on the MICC in sewers. The knowledge about controlling environmental 
factors is not only important for the operation and management of sewer systems, 
but also critical for the development of mathematical models for sewer concrete 
corrosion. This chapter summarizes recent findings about different environmental 
factors that are controlling the corrosion development.
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1 Introduction 

The global population growth and increasing urbanization level require the construc-
tion of new sewer systems as an addition to existing wastewater infrastructure. The 
outdated sewers without proper functions due to the expiry of their service life need 
huge investment to be replaced. As a result, fresh concrete sewer pipes and auxiliary 
structures have been constructed globally, especially in developing countries, due to 
many advantages of concrete including excellent strength, low costs, and molding 
flexibility. 

For microbiologically influenced concrete corrosion to develop on fresh concrete 
surface, the surface will go through an initiation stage. Gravity sewers provide 
amenable conditions for microbiologically influenced concrete corrosion to initiate, 
including the availability of water due to condensation or wastewater splashing or 
flooding, high concentrations of carbon dioxide and H2S as corrosion precursors 
[1–3]. However, corrosion-causing microorganisms found it impossible to colonize 
on the fresh concrete surface after construction due to the high surface pH (a result 
of cement alkalinity). Therefore, sulfide oxidizing microorganisms can only develop 
after the initiation period when the surface reacts with corrosive compounds like CO2 

and H2S in gravity  sewers  (stage 1 in Fig.  1). 
During the corrosion initiation stage, the surface pH of concrete is reduced due 

to the neutralization of cement alkalinity (Ca(OH)2) with weak acids like CO2, 
H2S and organic acids in wastewater [5, 6]. Following stage 1, netruophilic and 
acidiophilic sulfide oxidising-bacteria colonize and grow on the modified concrete 
surface with a pH below 9. Their microbial metabolism, primarily sulfide oxida-
tion to produce sulfuric acid, would lead to the further loss of cement alkalinity 
[7–9]. The cement alkalinity is converted to corrosion products, including gypsum 
(CaSO4·2H2O) primarily in the corrosion layer with a pH around 2, and ettringite 
((CaO)3·Al2O3·(CaSO4)3·32H2O) mostly near the corrosion front with a slightly 
higher pH [8, 10].

Fig. 1 The development of 
microbiologically influenced 
corrosion on new concrete 
sewer surfaces, adapted from 
[4], with the corrosion 
initiation period (indicated 
by the time tin) including 
stage 1, 2 and a small part of 
stage 3 
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The total time span starting from fresh concrete surface to the active mass 
loss of concrete (deterioration) covers all the corrosion development stages. Many 
sewer environmental factors affect the physical (condensation), chemical (oxida-
tion, neutralization) and biological (sulfide oxidation) processes related to the MICC 
development. These environmental conditions change due to the geographical loca-
tions, or the design and operation of the wastewater collection, and some corrosion 
control measures such as chemical dosing and ventilations. It is thus inevitable to 
establish a sound understanding of effects of environmental factors for a quantitative 
relationship being simulated using mathematical modelling. 

The well-known Pomeroy model was established to estimate the deterioration rate 
of concrete sewer pipes in early days with limited understanding of MICC in sewers 
[11]. Recent research advances and new knowledge of the relationship between 
corrosion initiation/deterioration and sewer environmental factors including H2S 
concentration, relative humidity and temperature is critical for the overall prediction 
of sewer corrosion. 

2 Controlling Environmental Factors for the Initiation 
Stage of Concrete Sewer Corrosion 

At the very beginning of concrete sewer corrosion, carbonisation by CO2 starts 
immediately after the cast of concrete. Theoretically, carbonation can lower the pH 
from 12 to 8.4 (pH of carbonate-bicarbonate-carbon dioxide equilibrium), as shown 
in Eq. (1). Our previous research found the surface pH of fresh concrete to be around 
10.5, which indicates the effect of carbonation of the exposed surface during the 
cast, curing, transportation, and storage of the concrete sewer pipe to the laboratory 
[1, 6]. The CO2 concentration in the open atmosphere is around 414 ppm. However, 
this could be much higher in the sewer system due to the anaerobic processes in 
wastewater, which was reported to be around 1.0% in the sewer head gas. 

Ca(OH)2 + CO2 → CaCO3 + H2O (1)  

When concrete is exposed to the sewer environment, in the presence of H2S, 
neutralisation of cement alkalinity would further reduce surface pH, as shown in Eqs. 
(2) and (3). Both Ca(OH)2 and CaCO3 react with H2S as a weak acid. In comparison 
to H2S, the contribution of CO2 to the reduction of surface pH is insignificant. 
Within a period of 12 months, a decrease in surface pH by 1.8, 3.5, and 4.8 units was 
observed for coupons exposed to a temperature of 30, 25 and 18 °C and 50 ppm H2S, 
respectively [6]. Elemental sulfur was found to be the major oxidation product of 
H2S on the concrete surface. Higher levels of H2S, temperature and relative humidity 
increased both surface pH reduction and sulfide oxidation. 

Ca(OH  )2 + 2H2S → Ca(HS)2 + 2H2 O (2)
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2CaCO3 + 2H2S → Ca(HS)2 + Ca (HCO3)2 (3) 

A later long-term study over 4.5 years found that for concrete exposed to the 
gas-phase, like the sewer crowns, the corrosion initiation took similar time around 
20 months for the different H2S concentrations above 5 ppm [1]. No clear trend of 
decreasing corrosion initiation time was not observed with increasing gaseous H2S 
concentrations. H2S above 5 ppm was likely a critical point for the corrosion initia-
tion, implicating a certain level of H2S is required for significant corrosion develop-
ment. It was pointed out that the corrosion of gas-phase coupons was determined by 
the sulfide oxidation rate, not the H2S concentration. However, this long-term study 
indeed confirmed that for corrosion in the sewer crown regions, corrosion initiation 
was faster with higher temperature and higher humidity in sewer head gas. 

In contrast to the corrosion initiation at the crown regions, the initiation at the tidal 
regions was observed to be faster with increased H2S concentration in this 4.5 year 
study. The decrease of surface pH is more prominent on partially-submerged coupons 
for all H2S gas levels than the gas-phase coupons. This is partially due to at the initial 
stages, the surface pH was lowered by H2S and CO2, which was facilitated by high 
moisture levels at the tidal regions. 

It was also reported that H2S can be chemically oxidized into small crystal particles 
of elemental sulfur, owing to the presence of catalytic oxides on the new concrete 
surface [12, 13]. Overall, an important step is the dissociation of hydrogen sulfide 
to HS− in the adsorbed film of water on the concrete surface. This dissociation is 
enhanced by the alkaline surface pH, which is an important factor for the uptake 
of gaseous hydrogen sulfide during this first stage [14]. Additionally, the chemical 
sulfide oxidation rate in the sewer is seen to double for a temperature increase of 9 °C 
by the same study. Therefore, relative humidity, H2S concentration and temperature 
all play a certain role in the corrosion initiation stage. 

Following the chemical neutralization by CO2 and H2S at the initial stage, H2S can 
then be oxidized to acids either chemically or biologically as the surface is conducive 
for the colonization of sulfide-oxidizing bacteria. It is reported that when surface pH is 
above the threshold of 8.3–9.4, H2S is mainly oxidizing to elemental sulfur due to the 
oxygen limitation in the thin water film on concrete surface. Sulfate (or sulfuric acid) 
became the oxidation products when surface pH is below the threshold value [6]. The 
elemental sulfur formed would further promote the development of sulfur-oxidizing 
microorganisms on the concrete surface, which would further catalyze the formation 
of sulfuric acids [15]. During this time, both elemental sulfur and sulfate (in the form 
of corrosion products like gypsum) can be observed on the concrete surface. As a 
result, the corrosion initiation can be accelerated by these microorganisms. Another 
study also pointed out the inoculation by wastewater can accelerate the corrosion by 
providing nutrients, moisture and diverse microorganisms [5]. 

Collectively speaking, carbonization occurs as the first step, followed by further 
acidification by H2S to reduce the surface pH. Sulfide oxidations produce both 
elemental sulfur and sulfate, depending on the surface pH is above or below 8.3–9.4, 
respectively. Microbial colonization occurs due to the wastewater inoculation and
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supply of other essential nutrients. The biological sulfide oxidation leads to faster 
production of sulfuric acid than chemical reactions. The corrosion initiation finishes 
with the fully development of acidophilic sulfide oxidizing bacteria. 

3 Controlling Environmental Factors for the Deterioration 
Stage of Concrete Sewer Corrosion 

The corrosion initiation usually takes a few months, up to a few years, depending on 
the sewer conditions and the type of concrete product. In comparison, the designed 
service life of sewer systems is usually 50–100 years as they are highly expensive 
infrastructure. That also means, concrete sewers are subject to active corrosion and 
deterioration for most of its service life. It is thus critical to delineate the controlling 
factors for the deterioration stage of concrete sewer corrosion. The deterioration rate 
is directly correlated to the biological sulfide oxidation rates in sewers. Recent studies 
show that the biological sulfide oxidation rates correlate with H2S concentration, 
relative humidity and temperature [8, 14, 16]. This section will discuss in details how 
these environmental factors, including the level and variations, affect the deterioration 
rates of concrete. 

H2S gas in sewers was initially generated by anaerobic sulfate-reducing bacteria 
mostly in the rising main (pumped) sewer biofilms or deeper layers of gravity sewer 
biofilm and sediments. Protonated sulfide, i.e. H2S, in wastewater is emitted to the 
sewer head gas where it is diffused into the thin water film on the concrete surface 
(sides and crown of sewer pipes above the water line). Subsequently, biological 
oxidation of H2S leads to the production of sulfuric acid [17–20], which is responsible 
for deterioration of the concrete [4, 21]. A highly diverse microbial community, 
composed of primarily sulfide-oxidizing bacteria, archaea and fungi, was reported 
to be involved in this acid production [7, 9, 15, 22–25]. 

The biologically generated sulfuric acid attacks the intact cement in concrete, 
mainly hydrated calcium silicate (CaO · SiO2 · 2H2O) and portlandite (Ca(OH)2)), 
forming corrosion products including gypsum and ettringite [10, 26]. Both gypsum 
and ettringite, including recently reported iron precipitates, are believed to cause 
internal cracking near the corrosion front and hence accelerate the corrosion rates 
[26–28]. 

To control concrete sewer corrosion, different technologies were developed and 
widely used according to the local situations. The sulfide control technologies include 
liquid- and gas-phase technologies that use chemicals such as nitrates or iron salts to 
reduce the production and emission of H2S into sewer head gas [29–33] or remove  
H2S from sewer air through forced ventilation [34]. It is important to evaluate the 
effectiveness of these different treatment and control technologies, usually through 
the direct measurement of concrete sewer corrosion rate, in terms of the annual 
concrete depth loss (mm/year). In reality, dissolved sulfide in wastewater or gaseous 
H2S concentrations in the head gas before and after treatment were used instead, due
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to the difficulty to measure actual corrosion rates in operating sewers. However, H2S 
concentration must be employed together with various sewer environmental factors 
such as relative humidity and temperature to evaluate and optimize the corrosion 
control strategies. 

3.1 Gaseous Hydrogen Sulfide Concentration 

The gaseous H2S concentration in the head gas of sewers depends greatly not only on 
the factors related to production, such as hydraulic retention times, wastewater flow 
velocities and wastewater characteristics, but also on the factors related to dissipation 
like natural or forced ventilation, and corrosion itself as a H2S consumer. In addition 
to a high relative humidity and high atmospheric oxygen content, a H2S level > 2 ppm 
was suggested to be required for the sulfide oxidation to proceed on concrete sewers 
[35]. Conventionally, a simplified directly proportional relationship was assumed 
between the H2S emission rate and concrete sewer corrosion rate [36]. An early 
model was developed to calculate the deterioration rate of concrete sewer pipes 
based on the acid production rate that was proportional to the hydrogen sulfide uptake 
rate [11]: 

Cr = 
11.5kφsw 

alk 
(4) 

where Cr = concrete sewer corrosion rate (mm/year); k = factor related to the acid 
formation, based on climate conditions, 0.8 in moderate climates; ∅sw = hydrogen 
sulfide flux at the air-wall interface [g H2S/(m2 hr)]; and alk = alkalinity of the 
concrete pipe material (g CaCO3/g concrete). 

It is undoubtedly that gaseous H2S concentration is a key factor determining the 
concrete corrosion rates during long-term exposure to sewer conditions, as the higher 
the concentration, the higher the sulfide flux to the sewer concrete wall. A recent long-
term study over 45 months found that for both the initial corrosion rate (0–12 months) 
and the long-term corrosion rates (12–24 and 24–45 months), the increasing trend 
with increasing gaseous H2S concentration is evident, with respective p-values of 8.6 
× 10−5, 1.5  × 10−6, and 6.4 × 10−7 (Fig. 2). The results demonstrates that gaseous 
H2S concentration is one of the primary controlling factors for the concrete sewer 
corrosion rates on a time scale of years. Similar to the Pomeroy model (Eq. 1), the 
concrete sewer corrosion rate is deemed directly proportional to the sulfide oxida-
tion rate (SOR), which can be simulated using a power function of gaseous H2S 
concentration [37, 38]. 

Cr = kSO  R  × SO  R  = kCn 
H2 S (5)

where Cr is the concrete sewer corrosion rate (mm year−1); CH2S is the gaseous H2S 
concentration in the sewer head gas; k and n are model constants to be estimated
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Fig. 2 Box-plots of corrosion rates of partially-submerged concrete coupons related to gaseous 
H2S concentration, relative humidity and gas temperature in the corrosion chambers. Plots in the 
three rows are for corrosion rates during 0–12, 12–24, and 24–45 months, respectively. Reproduced 
from [8] with permission from Elsevier

from the experimental data. Theoretically, the corrosion layer can be assumed as a 
biofilm, of which the flux of hydrogen sulfide is usually diffusion limited. This would 
generally lead to a n value of 0.5. 

Although H2S exists ubiquitously in the head gas of sewer systems, its concen-
trations vary temporally and spatially from a few ppm to several hundred ppm [8, 
39]. In some sewers, hydrogen sulfide can accumulate to a very high concentration, 
i.e. > 800 ppm, not only leading to severe corrosion but also different deterioration 
mechanisms. At relatively low gaseous H2S concentration, microbially catalyzed
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sulfuric acid production is regarded as the primary cause for concrete sewer corro-
sion since the biological oxidation rate is much higher than the chemical oxidation 
rate [40]. However, the chemical sulfide oxidation can become important at very 
high concentrations of gaseous H2S concentration, as it is a nth order reaction with 
n between 0.90 and 1.38 [41, 42]. Especially, when corrosion-resistant materials are 
adopted in sewers, instead of reacting with concrete, the gaseous H2S in sewer air 
might accumulate to a very high concentration. Furthermore, many factors like high 
sulfate concentration in wastewater (e.g. the use of sea water for toilet flushing in 
Hong Kong [43]), extended hydraulic retention time could also lead to high H2S 
concentrations [44, 45]. 

One study explored the chemically induced concrete corrosion in the presence 
of high gaseous H2S concentration [46]. A corrosion rate around 3 mm year−1 was 
detected on fresh concrete being exposed to gaseous H2S around 1000 ppm. The 
corrosion developed within one month, with the concrete surface pH being reduced 
to around 3. The fast concrete corrosion was mainly due to the chemical oxidation 
of H2S to sulfuric acid as no sulfide-oxidizing bacteria were found in the corrosion 
products. The sulfide oxidation rate increased exponentially with hydrogen sulfide 
concentrations between 500 and 1500 ppm, which implies a high corrosion rate that 
cannot be predicted by conventional MICC mechanisms (Fig. 3). 

Many studies on the effects of gaseous hydrogen sulfide concentration employed 
a constant value in the experiments or the model (e.g. Eq. 2). However, real sewers 
usually show highly dynamic gaseous hydrogen sulfide concentration due to diurnal 
wastewater flow and seasonal temperature changes etc. As shown in Fig. 4, the  
diurnal wastewater flow leads to fluctuations of dissolved sulfide in wastewater, and 
the gaseous H2S concentration in the sewer head gas. This leads to periodic sudden 
increases of H2S concentrations in the gravity pipe gas phase, creating so called 
‘spikes’ or H2S overload situations. The periodical pumping events and the temporal 
variation of sulfide concentrations can intermittently create gaseous H2S levels up  
to 100 times as high as the average concentrations, most typically in the first pump 
cycles in the morning [31].

Fig. 3 Sulfide oxidation rate 
of concrete coupons before 
and after sterilization under 
10–200 ppm H2S (Left), and 
the sulfide oxidation rate of 
concrete coupons under 
500–1500 ppm H2S. 
Reproduced from [46] with  
permission from Elsevier 
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a 

b 

Fig. 4 Diurnal profiles of the total dissolved sulfide, pH and temperature at the end of a rising main 
sewer pipe located in the Gold Coast, Australia, and gaseous H2S in the discharge manhole from 
the main. Reproduced from [47] with permission from Taylor & Francis 

It was found both short and long H2S overload events, i.e. spikes, decrease the 
sulfide uptake rate of concrete coupons. The latter leads to a larger temporary reduc-
tion of sulfide uptake rate whereas they cause similar persistent inhibition effects 
[48]. For the sulfur transformation in sewer concrete corrosion layer, the oxidation 
of sulfide or other reduced sulfur species is likely the rate-limiting step of the overall 
sulfide uptake process. This results in an initial increase in the sulfide uptake rate 
after a short-term (1 h) gaseous H2S deprivation period, likely due to a depletion of 
the sulfur species previously accumulated in the corrosion layer. After the H2S depri-
vation period, it will create a higher initial driving force and subsequent increase of 
sulfide uptake rate [49]. Because real sewers typically experience fluctuating gaseous 
H2S concentration, the knowledge about dynamic sulfide uptake by concrete sewer 
is important for better estimation of corrosion rates and sewer service life.
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3.2 Relative Humidity 

The high relative humidity in the head gas of gravity sewer is mainly due to the 
relatively high (warm) wastewater temperature in comparison to the slightly cooler 
sewer walls, which also creates condensation on the concrete surface at crown regions 
[50]. However, the impact of relative humidity on the concrete sewer corrosion rate 
was not studied as thoroughly as gaseous H2S concentrations. On one hand, it is 
usually difficult to measure the relative humidity with sensors continuously in sewer 
environment due to the working principle of these sensors. Indeed, the diurnal fluctu-
ation of relative humidity is not as severe as the gaseous H2S concentrations (Fig. 5). 
On the other hand, it is often assumed that relative humidity is very high, close to 
100%, due to the wastewater flow and turbulence nature in sewer pipes. The usual 
relative humidity is indeed above 95%, with higher level in summer and lower in 
other seasons (Fig. 5).

Generally, it is no doubt that the bacteria causing concrete sewer corrosion would 
need a moist concrete surface to grow. The thin water film on concrete surface also 
facilitates the transfer of H2S in the sewer head gas to the liquid where chemical and 
biological reactions happen. The relative humidity in the sewer head gas was linked 
to the moisture content of concrete by considering it as a porous material [39]. Early 
studies showed that the moisture of concrete surface reached a low state (descriptively 
as a “dry pipe”) that can complete halt sulfuric acid production by bacteria when 
relative humidity less than ~ 85% [52]. With the increase of relative humidity, water 
vapour starts to condense at 100% relative humidity. The condensed water initially 
fills the smaller diameter pores and then progressively in larger diameter pores, the 
pore space is completely filled. A visible condensate film forms on the concrete 
surface after filling all porous structures in the concrete. 

As shown in Fig. 5, the relative humidity is an important factor affecting the 
moisture of concrete surface, especially in the crown regions. For the tidal regions, 
the fluctuation of water level and the wastewater splashing would be another source 
of moisture on concrete surface. The water and nutrients provided by wastewater 
are found to promote the microbial corrosion, especially for the area close to the 
water level in a sewer pipe [5, 53]. For the pipe surface further away from the water 
level, the relative humidity of the sewer air and the condensation process on the 
concrete surface would generate a water film for microbial growth. However, when 
the wastewater flushing becomes more frequent, it can also reduce the corrosion by 
washing away the sulfuric acid and corrosion-causing bacteria. This observation was 
reported in two real sewer sites in Sydney that were subject two frequent flooding 
due to heavy rainfall [54]. 

A long-term 3.5 year corrosion chamber study found that high relative humidity 
(100%), in comparison to low humidity at 90–95%, led to increased corrosion rates 
on concrete coupons located in the gas-phase (simulating crown regions), but did not 
affect the corrosion rate of the concrete coupons partially submerged in wastewater. 
This is because the wastewater level is constant and concrete coupons tend to absorb 
moisture from wastewater for those concrete surface in proximity to wastewater.
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Fig. 5 Diurnal (left) and seasonal variation (right) of H2S concentration (top), humidity (middle) 
and gas temperature (bottom) at the Perth sewer site. (The diurnal data shown was recorded on the 
24th March 2012). Reproduced from [51] with permission from Elsevier

Collectively speaking, high relative humidity levels close to saturation is nearly 
inevitable in sewer systems due to the constant wastewater flow and its slightly higher 
temperature than the sewer gas (partly due to the cooler sewer wall). Only in rare 
occasions, the natural humidity might become lower than 90% due to the sewer 
system itself or the climate. Another possibility is that forced ventilation is adopted 
to reduce the humidity, together with odor treatment in many cases [47]. It is thus 
recommended to regard sewer head gas to be always at a 100% relative humidity 
when assessing the corrosion rates of concrete in sewers.
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3.3 Location in the Sewer System and Wastewater 
Inoculation 

The sewer pipe crown is a location which is reported to be highly susceptible to sulfide 
induced corrosion due to the high level of condensation and the high concentration 
of hydrogen sulfide [38, 53]. Another corrosion hotspots were usually observed on 
the concrete sewer pipe near the water level, which is also a region of high corrosion 
activity. This is generally attributed to the wastewater providing sufficient moisture, 
nutrients and microbial inoculum for the succession of corrosion biofilms. As shown 
in Fig. 6, our study in real sewer sites located in Sydney found close correlation of 
microbial community between tidal regions and wastewater, including its sediments. 
The 2011 ceiling or crown samples showed closer correlation to wastewater due to 
the flooding of the sewer pipes which becomes fully-filled flow during heavy rainfall 
before the sampling dates. The results clearly indicate the effects of wastewater on 
the dynamic changes of corrosion microbial communities. 

Indeed, it was reported that sulfate concentrations detected in corrosion layers 
on concrete surface of partially-submerged coupons were twice as high as that of 
coupons located in the gas phase, for the same level of H2S exposure [8]. After

Fig. 6 PCA of microbial community compositions derived from corrosion layer samples at the 
tidal, wall and ceiling regions of the Sydney sewers, Pipe 1 and Pipe 2. PCA clustering analysis 
of samples shows relatedness between samples. Each coloured dot represents the community in 
the sample; similar samples cluster together. Each sample point is comprised of three concentric 
circles, the external represents the sampling date (green for September 2011 and dark blue for April 
2012), the middle circle represents the location from which the sample was taken (black for ceiling, 
dark blue for wall and green, red and light blue for the tidal, sediment and wastewater respectively, 
the central dot represents which pipe the sample was from (black representing Pipe 1 and red Pipe 
2). Reproduced from [54] with permission from Taylor & Francis 
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Fig. 7 A box and whiskers plot summarizing the profile of gaseous H2S concentrations during 
the exposure in the manhole (a). The middle line of the box represents the median, the upper 
and lower lines represent the 25th and 75th percentile, the whiskers extending the box, and the 
outliers represent the data outside the interquartile range. And typical diurnal profiles of gaseous 
H2S concentration (H-H2S, M-H2S and  L-H2S) and temperature (H-T, M-T, L-T) observed at three 
heights of the manhole (i.e. H, M, L) (b). Reproduced from [55] with permission from Elsevier 

3.5 years of exposure to H2S, corrosion loss on coupons located in the gas-phase 
was limited to 2–8 mm. In contrast, the partially-submerged coupons showed much 
higher levels of corrosion, i.e. between 3 and 15 mm after 45 months exposure. In 
a sewer manhole located in the Gold Coast, Australia, the H2S concentrations at 
different heights varied greatly during the monitoring period, especially for the peak 
concentrations (Fig. 7). The average H2S concentration was 8.0, 10.7, and 18.7 ppm 
at height H, M, and L of the manhole (being 1.5, 1, and 0.5 m from wastewater), 
respectively. Therefore, the higher corrosion rate at the tidal region was also likely 
related to the higher H2S concentrations near the wastewater surface. 

In addition to the higher average H2S concentration at height L, being 0.75 and 
1.4 times higher than that of M and H, respectively, a higher fluctuation range of 
H2S concentrations were observed at deeper parts of the manhole. Moreover, the 
coupons at location L were more susceptible to wastewater splash. Enhanced biolog-
ical sulfide oxidation on concrete surfaces with regular wastewater inoculation due to 
flooding or splashing has been commonly observed, which can also accelerate corro-
sion development [5]. Another explanation might be due to the shift of major sulfide 
oxidizing microorganisms on the concrete coupons placed at different heights of the 
manhole. Ferroplasma was more dominant the Thiobacillus at height L and height 
M than height H. Although both are acidophilic bacteria (pH < 3) [56], Ferroplasma 
has highly impermeable membranes composed of tetraether lipids which are highly 
adapted to lower or extreme pH conditions [15]. 

Another study characterized the physical-chemical conditions and corrosion prod-
ucts in the tidal region of concrete sewers [57]. The corrosion of concrete were found 
to be correlated with the succession of microorganisms, starting with the coexistence 
of conventional autotrophic sulfide oxidizing bacteria and acidophilic heterotrophic 
bacteria, and ending with the predominant colonization of Mycobacterium (75%) 
after 6 months. The microbial succession was a result of the imminent vicinity
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of concrete surface to wastewater. The high water content, abundant organics and 
nutrients, continuous microbial inoculation, and persistent and gradual removal of 
corrosion products, collectively contribute to the severe corrosion in the tidal regions. 

The 15-month field study reported concrete corrosion rate within 50 cm of wastew-
ater surface was about 1.6–1.8 times higher than that of a location 1.5 m above the 
wastewater [55]. It is thus discernable to understand concrete sewer corrosion is 
not an even process even in one single sewer pipe. The location or distance to the 
wastewater level can be a critical factor accounting for the final corrosion rate. When 
assessing the concrete corrosion in sewers, it is prudent to take the hotspots with the 
highest corrosion rates, not the average rate for the whole pipe, for the estimation of 
the overall service life. 

3.4 Temperature 

As concrete sewer corrosion is largely due to biochemical reactions, which are 
inevitably affected by the temperature. The influence of sewer gas temperature on 
the chemical, physiochemical and biological processes involved in sewer corrosion 
was described as a function of the activation energy using the Arrhenius relationship 
[39], as shown in Eq. (6). 

r ∝ e− Ea RT (6) 

where r is the corrosion rate of concrete sewer (or sulfide oxidation rate) at temper-
ature T (K), Ea is the activation energy for the process (J mol−1), ranging from 35 
to 80 kJ mol−1 have been reported for abiotic and biotic oxidation and for uptake 
of H2S under aerobic conditions in wastewater environments. R is the universal gas 
constant (=8.314 J mol−1 K−1). 

In sewer systems, the diurnal temperature fluctuation is minimal as shown in 
Figs. 5 and 7. However, the seasonal change of temperature can be up to 10 °C 
or higher depending on the local climate. When ventilation is strong (naturally or 
due to forced ventilation), short-term changes of temperature can happen due to 
temperature differences and interactions between sewer systems and outer atmo-
sphere [58]. One important process for sewer concrete corrosion is the air-water 
transfer of hydrogen sulfide, which was found to increase with increasing temperature 
due to higher diffusion coefficients [59]. 

It is widely accepted that the sulfide oxidation rate, both chemically and biolog-
ically, increases with temperature, which can be described with the Arrhenius rela-
tionship like Eq. (6) [14, 60]. The sulfide oxidation rate is reported to double for 
a temperature increase of 7–9 °C. In addition, sewer systems located in different 
climates may have biological activity that is acclimated to different temperatures. The 
sulfide oxidation rates, and accordingly corrosion rates, could thus be very different 
for different climatic regions. Although the theory is very clear and widely accepted,
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in the 3.5 years long-term study, no clear effects of temperature were observed for 
surface pH, sulfate and corrosion loss [8]. This indicates the effects of temperature 
were likely masked by more prominent effects of gaseous H2S concentration and 
relative humidity. The same was also observed in corrosion rates obtained in real 
sewers [39]. 

4 Summary 

Concrete corrosion in sewers is an ultimate phenomenon due to a complex of physical, 
chemical and biological processes. It was divided into the initiation and deterioration 
stages, for which different impacting factors relevant to sewer environments were 
discussed in detail. A focus was put on the establishment of quantitative relation-
ships so the knowledge would contribute to the development of a comprehensive 
mathematical modelling of concrete corrosion in sewers. Gaseous hydrogen sulfide 
concentration is the mostly important controlling factor of concrete sewer corrosion. 
Relative humidity can be detrimental to corrosion if it is lower than 90%, which 
usually indicates a dry concrete surface. The location of concrete surface relative 
to wastewater level is critical for corrosion development for a few reasons related 
to corrosion development. It should be recognized that current data available is still 
limited in many cases, so an accurate relationship is still impossible yet. For the evalu-
ation of concrete service life, it should always consider the highest corrosion possible 
as the whole pipe needs to be replaced no matter which location was damaged first. 
Specifically, corrosion rates need to be determined close to wastewater levels, during 
the summer season with the highest gaseous temperature and with a saturated relative 
humidity (100%). 
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Mathematical Modelling for the Concrete 
Corrosion of Sewer Systems 

Guangming Jiang, Yiqi Liu, Xuan Li, and Xiaoyan Sun 

Abstract Concrete corrosion in sewer systems is a complicated and dynamic process 
that involves wastewater, head gas, and concrete surfaces. The key process is the 
biological sulfide oxidation by corrosion microbial communities in the corrosion 
layer. Mathematical models are practically useful in designing new concrete sewer 
systems meeting the service life, or in planning the sewer rehabilitation and chemical 
dosing by estimating the corrosion rates. Theoretically, various corrosion models can 
also be employed to optimize the design of corrosion-resistant concrete or sewer oper-
ation. This chapter provides a review of models for the sulfide oxidation kinetics and 
different types of models for the service life, including corrosion initiation time and 
corrosion rate. As corrosion rate is the determining factor for concrete sewer service 
life, various models were discussed for its estimation, including empirical models, 
data-driven models, and process dynamic models. These mathematical modelling 
tools would enable better design, construction, operation, and management of sewer 
systems.
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1 Introduction 

The corrosion of concrete sewer pipes and other structures is mainly a result of the 
microbial oxidation of hydrogen sulfide in sewer air. As a predominant form of dete-
rioration that reduces the service life of the concrete sewers, it is critical to model 
the corrosion processes for the planning of inspection, maintenance, and rehabili-
tation in the management of sewer assets. Due to the slow corrosion process and 
the transient dynamics of corrosion factors (gas flow, H2S concentration, humidity 
etc.), the instant corrosion fluctuates for the same sewer location. It is fundamentally 
important to understand the corrosion processes by modelling such instantaneous 
corrosion rates. However, the long-term corrosion rate (mm/year), or alternatively 
the service life, is the primary objective for such corrosion models. The sewer service 
life (L, year) is determined by two stages, i.e. corrosion initiation and concrete dete-
rioration (see Chap. 7 for detailed discussions). It is thus possible to calculate the 
concrete sewer service life using two key corrosion parameters: the time for corro-
sion to initiate (ti, month) and the corrosion rate (r, i.e. concrete depth lost over time, 
mm/year) (Eq. 1). 

L = 
ti 
12 

+ 
D 

r 
(1) 

where D is the depth (mm) of concrete cover that can be sacrificed before the end 
of sewer service life. It is thus possible to estimate the depth of sacrificial layer 
of concrete sewers when corrosion parameters and service life are designated. This 
equation of concrete sewer service life thus forms the base for further discussion 
about sewer corrosion models. 

In the early research about concrete sewer corrosion, empirical models were estab-
lished based on the understanding of concrete corrosion at that time, which mainly 
relies on the direct proportional relationship between sulfide uptake and concrete 
mass loss [40, 45, 46]. Although this fundamental principle of concrete sewer corro-
sion still applies nowadays, the empirical models have a few empirical parameters 
that would require careful considerations for their accuracy in using the models. 

In addition to the conventional empirical models, there are different approaches to 
the corrosion modelling: (1) simplified process models mainly based on the kinetics 
of sulfide oxidation [14, 16, 47]; (2) physicochemical models including purely the 
reaction–diffusion system [5] or comprehensive models integrating surface neutral-
isation, biological sulfide oxidation, acid transport and chemical reactions [54, 55]; 
(3) data-driven models performing prediction based on sewer environmental factors 
[19, 29, 33, 48, 49].
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2 Oxidation Kinetics of Hydrogen Sulfide in Sewer 
Environment 

Although sulfur may exist as several oxidation states (Table 1), only three are signif-
icant in nature: − 2 (sulfhydryl R-SH, and sulfide, HS−), 0 (elemental sulfur, S), 
and + 6 (sulfate, SO4 

2−). For sulfur cycle in sewers, sulfate can be reduced by many 
sulfate-reducing bacteria (SRB) via either dissimilatory or assimilatory pathways. On 
the other hand, sulfur compound oxidizing bacteria (SOB) are capable of oxidizing 
sulfide directly or indirectly to sulfate. 

Some aerobic bacteria are capable of removing sulfate intracellularly to sulfide 
(–SH), which is then incorporated into new cellular materials (assimilatory sulfate 
reduction). However, biological sulfate reduction generally denotes the anaerobic 
dissimilatory sulfate reduction. Anaerobic sulfate reduction may occur in pressure 
sewer biofilms, and the deep layer of biofilms or sediments in gravity sewer environ-
ment [8, 10]. Sulfide oxidation is also widespread when oxygen and nitrate/nitrite are 
injected or added to sewer wastewater either naturally or artificially. In wastewaters, 
various sulfur compounds appear in the chemical and biological sulfur cycle [20, 
25]. The sulfide production and sulfate reduction constitute a complete sulfur cycle 
as shown in Fig. 1.

Aeration in partially-filled gravity sewer pipes is a primary source of dissolved 
oxygen in wastewater. Oxygen in the sewer head gas is also available for any biolog-
ical sulfide oxidation on the concrete surface exposed to the sewer air. The aerobic 
oxidation of hydrogen sulfide can happen both in the wastewater or on the concrete 
surface where oxygen is available. Sulfide oxidation in the wastewater phase is 
usually not considered harmful because it doesn’t reduce the wastewater pH signif-
icantly due to the large volume of wastewater, limited hydraulic residence time in 
sewers (usually less than 10 h), and its high buffering capacity. In contrast, it is a 
highly damaging process on concrete surface due to the reaction is in a thin moisture 
layer with limited amount of condensation water and its relative stagnant nature. The 
corrosion of concrete sewer pipes and other structures is mainly a result of the micro-
bial oxidation of hydrogen sulfide by oxygen mainly in gravity sewers. The reaction 
kinetics of aerobic sulfide oxidation is critical to the production rate of sulfuric acid,

Table 1 Oxidation states of 
sulfur, adapted from [9] 

Oxidation state Name Formula 

+ 6 Sulfate SO4 
2− 

+ 5 Dithionate S2O6 
2− 

+ 4 Sulfite SO3 
2− 

+ 4 Disulfite S2O5 
2− 

+ 3 Dithionate S2O4 
2− 

+ 2 Thiosulfate S2O3 
2− 

0 Elemental sulfur S0 

− 2 Sulfide S2− 
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SO4 
2- S2-

S 

Organic 
sulfur 

compounds 

Sulfur 
deposits 

Sulfidic 
minerals (e.g 

pyrite) 

Sulfate 
reservoir 
(sewage) 

Dissimilatory sulfate 
reduction 

Biological oxidation with 
O2/NO3

-

Assimilatory sulfate 
reduction Mineralization process 

Biological oxidation with 
O2/NO3

- Biological oxidation 
with O2/NO3

-

Spontaneous oxidation 

Dissimilatory sulfur 
reduction 

Fig. 1 The biological sulfur cycle in the sewer systems, adapted from [20, 23, 25]

which eventually causes the deterioration of concrete. This chapter focuses on the 
surface reactions that is directly relevant to the concrete corrosion. 

2.1 Oxidation Reactions and Products of Hydrogen Sulfide 

As a weak acid, the speciation of sulfide (thus the reactants of sulfide oxidation) can 
affect the oxidation rates. Hydrogen sulfide (H2S) can form different sulfide species 
in an aqueous solution, of which the equilibrium depends largely on the solution pH 
and its thermodynamic dissociation constants (Figs. 2 and 3). 

H2S � HS− + H+; K1 = 
[H+][HS−] 

[H2S] (2) 

HS− � S2− + H+; K2 = 
[H+][S2−] 

[HS−] (3)

The aerobic sulfide oxidation products include elemental sulfur (S0) and sulfate 
(SO4 

2−) through either biological or chemical processes [36, 38]. Many factors like 
temperature, pH have been investigated for their effects on aerobic sulfide oxidation 
[35]. The rate of sulfide oxidation was found to double with a temperature increase
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Fig. 2 Correlation between 
the reaction order (n) and  the  
hydrogen sulfide gas phase 
oxidation rate at 100 ppm. 
Regression line (solid) and 
95% confidence intervals 
(dashed lines) are shown. 
Reproduced from [47] with  
permission from Elsevier

of 7–9 °C. The effect of pH is mainly related to the dissociation of H2S to form  
bisulfide ion (HS−), with HS− being more easily oxidized chemically than H2S. 

2HS− + O2 → 2S0 + 2OH− (4) 

2HS− + 2O2 → S2O2− 
3 + H2O (5)  

2HS− + 3O2 → 2SO2− 
3 + 2H+ (6) 

2HS− + 4O2 → 2SO2− 
4 + 2H+ (7) 

Chemical sulfide oxidation was found to produce thiosulfate and sulfate, while 
elemental sulfur and sulfate is the main product of biological oxidation [6, 35]. 
Many efforts have been made to understand the kinetics and stoichiometry of aerobic 
sulfide oxidation [3, 37]. The stoichiometry of chemical oxidation of sulfide with 
oxygen varies with different intermediates and products, mainly elemental sulfur 
(S0), thiosulfate (S2O3 

2−), sulfite (SO3 
2−) and sulfate (SO4 

2−) [37]. 
In the water phase, the chemical oxidation accounts for less than 5% of the total 

sulfide oxidation while biofilms accounted for the majority [35]. For the biological 
sulfide oxidation with oxygen by sewer biofilm, it is reported to be 0.5 g O2 consumed 
for the oxidation of 1 g sulfide [36], corresponding to elemental sulfur being the 
oxidation product [39]. A detailed review of sulfide removal rate with O2, NO3

−, 
and CO2 as electron acceptors have been provided by [7].
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Fig. 3 Corrosion rates of 
partially-submerged concrete 
coupons fitted with the PSC 
model for 0–12 (a), 12–24 
(b), and 24–45 (c) months. 
Error bars are standard 
deviations of corrosion rates 
(•) determined for the same 
level of H2S. Reproduced 
from [16] with permission 
from Elsevier

a 

b 

c 
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2.2 Thermodynamics and Kinetics of Sulfide Oxidation 
by Oxygen 

Sulfide oxidation can occur abiotically in the absence of SOB, although biolog-
ical sulfide oxidation dominates in the concrete sewer corrosion when gaseous H2S 
concentration is limited to be less than 100 ppm [16, 28, 43]. At extremely high 
concentration like 500–1500 ppm, chemical sulfide oxidation might become the 
major contributor of concrete corrosion, especially on fresh concrete with a high 
surface pH [30]. The overall biological chemotrophic oxidation of sulfide by sulfide 
oxidizing bacteria in the presence of O2 is described in Eqs. below [31]. 

H2S + 0.5O2 → S0 + H2O,△G0 = −209.4 kJ(−104.7 kJ/e−) (8) 

S0 + 1.5O2 + H2O → SO2− 
4 + 2H+,△G0 = −587.1 kJ(−97.9kJ/e−) (9) 

H2S + 2O2 → SO2− 
4 + 2H+,△G0 = −798.2 kJ(−99.8 kJ/e−) (10) 

For aerobic sulfide oxidation, the final sulfur products are largely dependent on the 
mass molar ratio between oxygen (O2) and sulfide (O/S). When O/S ratio is below 
0.6, aerobic sulfide oxidation mainly produce thiosulfate (S2O3 

2−) through abiotic 
chemical oxidation, which can outcompete biological sulfide oxidation under such 
low oxygen conditions [2, 12, 13]. A higher O/S ratio around 0.7 would ensure S0 

being the primary final product through Eq. 8, which has a theoretical stoichiometry 
of 0.5. An even higher O/S ratio > 1 leads to the formation of sulfate (SO4 

2−) as the  
major final products of biological sulfide oxidation. The low O/S ratio means low 
energy production, which subsequently inhibits the growth of some sulfide-oxidizing 
bacteria [2] because of energy shortfall for the biomass synthesis [26]. 

Theoretically the corrosion rate is directly proportional to the biological sulfide 
oxidation rate (SOR), which is related to gaseous H2S concentration in a power func-
tion [14, 47]. The uptake of hydrogen sulfide from the sewer head gas by corroding 
concrete was described using the nth-order kinetics, and was consequently normal-
ized to the exposed concrete surface area [14]. The surface removal kinetics of gas 
phase hydrogen sulfide under varying temperature conditions were corrected to a 
temperature of 20 °C using an Arrhenius expression with a temperature coefficient 
applicable for a diffusion-limited process [11]. 

rH2S = kCn 
H2S 

10−6 × 101325 × 32 × V 
RT A  

1.03(T −293.16) (11) 

where rH2S is the hydrogen sulfide removal rate [g S m−2 s−1], k is the rate constant for 
hydrogen sulfide uptake [(ppm)−n+1 s−1], CH2S is the hydrogen sulfide concentration 
[ppm], n is the reaction order [–], V is the air volume for the concrete surface A [m3],
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R is the universal gas constant [J K−1 mol−1], T is the absolute temperature [K], A 
is the area of concrete surface exposed to the gas phase [m2]. 

By comparing the measured gas-phase hydrogen sulfide uptake rate and the batch 
reactor tests with corrosion products, it was concluded that hydrogen sulfide uptake 
by the concrete surface was governed by a combination of sorption and biological 
oxidation [15]. It is therefore prudent to differentiate sulfide uptake rate (SUR) and 
sulfide oxidation rate (SOR), when they are utilized to quantify the concrete corrosion 
rates in sewers. For a specific temperature and sewer system, Eq. 10 can be simplified 
as: 

rH2S = kACn 
H2S (12) 

where kA is surface-specific process rate constant [mg S m−2 s−1 ppm−n]. It was found 
that the reaction order (n) correlated weakly with the hydrogen sulfide oxidation rates 
[47]. Experimentally, the biological sulfide oxidation rates increased with increasing 
hydrogen sulfide concentrations and showed no tendency towards saturation, even 
at gas phase concentrations as high as 1000 ppm. The hydrogen sulfide oxidation 
kinetics followed simple nth order kinetics, with a process order in the range from 
0.45 to 0.75 and an average rate constant of 0.005 mg S m−2 s−1 ppm−n (Fig. 2). 

The measured hydrogen sulfide oxidation kinetics was extrapolated to gravity 
sewer systems by considering the transfer or release of hydrogen sulfide from wastew-
ater [47]. It was found that the fast hydrogen sulfide oxidation rate was limited by the 
slower hydrogen sulfide release rate at rather low gaseous H2S concentrations. This 
has a profound implication as that it is the hydrogen sulfide release rate that controls 
the corrosion rate and that high corrosion rates can occur even though hydrogen 
sulfide gas phase concentrations are low. The H2S release was largely controlled 
by the wastewater pH, gravity sewer pipe diameter and slope. It is thus essential to 
simulate the H2S release from wastewater. 

2.3 Hydrogen Sulfide Release Rate from Wastewater 

Sulfide is mostly generated in wastewater and H2S is subsequently released from 
wastewater surface to the sewer head gas. This mainly takes place in sewer networks 
having a free water surface from which the gas can escape, e.g., gravity sewers, 
pumping stations and manholes [53, 54]. The key element in the emission process is 
molecular aqueous hydrogen sulfide, H2Saq. The ionized forms, bisulfide ion HS− 

or sulfide ion S2− due to H2S dissociation, at typical pH values of domestic wastew-
ater cannot pass across the air–water interface [11]. The concentration of S2− is 
negligible because of its insignificant presence in the domestic wastewater, e.g., only 
approximately 0.1% present at a high pH value of 14 and even less with decreasing 
pH (Eqs. 2 and 3). The sulfide dissociation in wastewater depending on the pH is 
represented as below:
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log 
[HS−] 

[H2S(aq)] = pH  − pKa (13) 

where, pKa is negative logarithm of the H2S/HS– equilibrium constant (= 7.0 for 
typical wastewater conditions). As shown in Eq. 2, lower wastewater pH shift the 
H2S distribution toward higher H2S(aq) fractions, implying increased emission rates, 
while alkaline conditions diminish the H2S(aq) fraction. Based on the Henry’s law 
constant of H2S and the two-film or two-resistance theory [27], the mass transfer of 
H2S from wastewater to air is mainly controlled by a thin water film at the air–water 
interface, i.e. resistance in the water phase being over 98% of the overall resistance 
[32, 34, 42]. Therefore, the release rate of H2S from wastewater is not affected by 
the turbulence in the air phase except the gaseous H2S concentration. 

In sewers, the gaseous and aqueous H2S concentrations are usually not equi-
librated, i.e. no air–water mass transfer of H2S. The release rate of H2S is thus 
determined by the overall mass-transfer coefficient and concentration difference, 
i.e. the difference between the concentration in the water phase and the saturation 
concentration corresponding to the gaseous concentration. 

rH2S = KLaH2S(Cw,H2S − 
Ca 

Hc 
) (14) 

where, rH2S is H2S release rate from wastewater (gS m–3 h–1); KLaH2S is overall mass 
transfer coefficient of H2S (h–1); Cw,H2S is dissolved H2S concentration in the water 
phase (gS m–3); CA is gaseous H2S concentration in the sewer head gas (gS m–3); Hc 

is Henry’s law constant of H2S (m3 of water phase m–3 of air phase). By considering 
dissolved H2S as a part of total dissolved sulfide and the impact of temperature and 
correction for wastewater rather than clean water, the below equation was proposed 
by Yongsiri et al. [53]. 

rH2S = α f KLaH2S(Cw − 
Ca 

f Hc 
)θ (T−20) 

e (15) 

where, f is the ratio of dissolved H2S to total dissolved sulfide; Cw is the total 
dissolved sulfide concentration (gS m–3). α is the ratio of KLaH2S for domestic 
wastewater to that for clean water (–), being about 0.6; θ e is temperature correction 
factor for H2S mass transfer, being about 1.034 and T is temperature (°C). 

KLaH2S depends largely on the physical and hydraulic conditions of wastewater. 
[52] described an empirical equation to determine KLaH2 S based on the KLaO2 and 
wastewater pH. 

KLaH2S = (1.736 − 0.196pH  )KLaO2 (16) 

KLaO2 = 0.86(1 + 0.2F2 )(su)3/ 8 d−1 
m α(T −20) 

r (17)



168 G. Jiang et al.

where, KLaO2 is the overall mass-transfer coefficient of oxygen (reaeration coeffi-
cient) at 20 °C (h–1). u is the mean wastewater flow velocity (m s–1); s is the slope 
of sewer pipes (m m–1); dm is the mean hydraulic depth of wastewater in the sewer 
pipes, i.e., the water cross-sectional area divided by the width of the water surface 
(m); F is the Froude number, F = u(gdm)–0.5; g is the gravitational acceleration (m 
s–2); αr is the temperature coefficient for reaeration = 1.024; T is the wastewater 
temperature (°C). 

3 Empirical Models 

In the early time of concrete sewer corrosion research, some empirical models 
were developed to forecast the hydrogen sulfide production, accumulation, and 
corresponding corrosion rates based on data observed in wastewater and corroding 
concrete. Pomeroy [41] summarized different equations involved according to the 
best knowledge at that time. The well-known Pomeroy model calculates the corro-
sion rate of concrete sewer pipes based on the H2S emission from wastewater and a 
few empirical parameters [41]: 

Cr = 
11.5kφsw 

alk 
(18) 

where Cr = concrete sewer corrosion rate (mm/year); k = factor related to the acid 
formation, based on climate conditions, 0.8 in moderate climates; φsw = hydrogen 
sulfide flux at the air-wall interface [g H2S/(m2 h)]; and alk = alkalinity of the 
concrete pipe material (g CaCO3/g concrete). As discussed above, the sulfide uptake 
rate by concrete tends to equilibrate with the release rate of H2S from wastewater 
to the sewer head gas. The flux of H2S to the wall equals to the flux of H2S from  
sewage to sewer air, i.e. ∅s f  (US [46]. 

φs f  = 0.7(su)3/ 8[H2Saq ] =  0.7(su)3/ 8 f [T DS] (19) 

where φs f  is the flux of H2S at the wastewater-air interface (g m−2 h−1); s is the 
slope of sewer pipes (m m−1); u is the wastewater flow velocity (m s−1); f is the 
pH-dependent factor for proportion of H2S in total dissolved sulfide; [TDS] is the 
total dissolved sulfide concentration (mg L−1). 

This empirical equation has been widely used for the estimation of corrosion 
rate based on the H2S emission from wastewater. Recent study also confirmed that 
the model estimated corrosion rate corresponds well with the measurements in a 
pilot-scale concrete sewer [47]. However, the estimated corrosion rate could be 
very different from the actual rate due to the local flow turbulence or the impact
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of factors other than H2S. Many environmental factors, including gaseous H2S, rela-
tive humidity, temperature and wastewater inoculation, have been determined to be 
influential to the concrete corrosion rate observed in both lab-scale and real sewers 
[16, 18, 21, 49]. Therefore, some recent empirical models should consider other 
factors that play significant roles in determining the corrosion rate. 

To accommodate the effects of relative humidity, it is assumed that the sulfide 
oxidate rate is proportional to the water content in the concrete because water is 
essential for possible biological and chemical reactions. The water content can be esti-
mated from the relative humidity using a Brunauer–Emmett–Teller (BET) sorption 
isotherm [51]. Based on these considerations and the statistical analysis of long-term 
corrosion testing results obtained using lab-scale corrosion chambers, the following 
models were proposed to estimate corrosion rates. 

For sewer tidal regions : Cr = kCn 
H2S + Cri (20) 

For sewer crown regions : Cr = kCn 
H2S fBET  (RH  ) + Cri (21) 

where Cr is the corrosion rate (mm year−1); CH2S is the gaseous H2S concentration; 
k and n are model constants that can be estimated from the experimental data. Cri 

represents the corrosion caused due to previous exposure. f BET(RH) is a BET sorption 
isotherm. The sewer tidal region model was examined by fitting with the experimental 
data (Fig. 3). The empirical model can adequately describe the relationship between 
corrosion rates and H2S concentrations. 

Another study explored theoretical relationship between corrosion rate and 
gaseous concentration, relative humidity and temperature to establish an empirical 
model [50]. The effects of sewer head gas temperature on the chemical, physiochem-
ical and biological processes involved in sewer corrosion was described as a function 
of the activation energy using the Arrhenius relationship: 

r ∝ e−Ea /RT (22) 

where r, (mol s−1), is the rate of the process in question at temperature = T (K), Ea 

is the activation energy for the process (J mol−1) and R is the universal gas constant 
(= 8.314 J mol−1 K−1). The value of Ea was estimated using the concrete corrosion 
data obtained in field conditions as a value at the midrange of reported values of Ea 

= 45 kJ mol−1, with literature values ranging from 35 to 80 kJ mol−1 for abiotic 
and biotic oxidation and for uptake of H2S under aerobic conditions in wastewater 
environments [50]. 

To approximate the effects of sewer head gas relative humidity on concrete corro-
sion, a relationship between humidity and concrete moisture content was assumed as 
a function of the pore size distribution of the concrete, the geometry and tortuosity of 
the individual pores as well as the temperature of the pipe relative to the sewer head 
gas [50]. The maximum pore radius into which vapour will condense was estimated 
for relative humilities ranging from 85 to 100% using the Kelvin equation which
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relates the maximum radius of a pore at which capillary condensation occurs to the 
partial pressure of water vapour. 

rcond = −2γ Vm 

ln(P/Psat )RT 
= 

−2γ Vm 

ln(PRH  )RT 
(23) 

where, rcond is the radius of the pore in which condensation occurs (m), P/Psat is the 
partial pressure of the water vapour (equivalent to the relative humidity PRH(−)), γ is 
the surface tension of water (N m−1), Vm is the molar volume of water (m3 mol−1), R 
is the universal gas constant (= 8.314 J mol−1 K−1), and T is the absolute temperature 
(K). It is also assumed that the concrete corrosion rate is directly proportional to the 
moisture content present in the concrete pores. Based on the previously reported 
relationship between sulfide oxidation and gaseous hydrogen sulfide concentration 
(Eq. 12), this study finally established an empirical model of the concrete corrosion 
rate for the specific concrete products as below. 

r = A × C0.5 
H2S × 

(0.1602PRH  − 0.1355) 
(1 − 0.977PRH  )

× e(−45000/RT ) (24) 

The value of the scaling constant, A (= 207,750 mm year−1 ppm−1/2), was 
determined using the average humidity, temperature and gaseous H2S concentration 
associated with corrosion measurements obtained in the study. 

4 Dynamic Process Models 

The corrosion of concrete sewers includes an initiation stage (no mass loss) and a 
deterioration stage evidenced by continuous formation of corrosion products and loss 
of intact concrete. Recent years have seen significant advancement in understanding 
the development of corrosion, detailed corrosion processes and impacting factors 
for the different corrosion stages. The initiation of corrosion on concrete starts with 
carbonation and neutralisation by H2S. The initiation process might take a few years 
depending on the conditions [21]. Few models have tried to address this initiation 
period due to its insignificance compared to the whole service life [19, 56]. For the 
corrosion prevention in new sewers, more research is required to better understand 
and model the initiation processes. 

The key process of concrete corrosion is the sulfide oxidation, both chemical and 
biological, in the corrosion layer. The simple approach for sulfide oxidation can be 
adequately modelled as a nth order kinetics with n around 0.5 [16, 47]. For the active 
deterioration stage, many complex process models have been developed not only for 
the modelling of corrosion rate but also the formation and distribution of different 
corrosion products. A multiple diffusion–reaction system with a moving boundary, 
i.e. the corrosion front, was employed to simulate the corrosion in sewer pipes [1].
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Recently, similar comprehensive models were developed and validated with data 
from accelerated corrosion tests [5, 55, 56]. 

Yuan et al. [56] employed a set of reactive transport model to simulate the 
initial neutralization process of concrete surface, sulfuric acid (H2SO4) production 
by sulfide-oxidizing bacteria community, and H2SO4 degradation of concrete. This 
model is capable of predict the change of pH in corrosion products (SOB commu-
nity), the composition of pipe concrete during the biodeterioration process, and the 
decrease of concrete depth during the MICC process. 

For the neutralisation of concrete surface, the absorption of hydrogen sulfide 
and its various chemical reactions with cement were considered. The absorption of 
hydrogen sulfide was simulated by the nth order kinetics as described as follow 

FH2S = kabs pn H2S (25) 

where, pH2S is the gaseous H2S concentration (ppm). kabs is the surface specific 
H2S absorption rate constant, which is reported to vary between 6.25 × 10–8 and 
3.12 × 10–7 mol S m−2 s−1 (ppm H2S)−n depending on temperature. The chemical 
neutralization of cement by H2S considered a set of different reactors as listed in 
Table 2. 

Based on the equilibrium constants listed in the Table 2, the critical hydrogen 
sulfide concentration was estimated to be 8.90 × 10–10 mol L−1 for CaS precipitation, 
i.e., dissolution of portlandite takes place when aqueous H2S concentration is higher 
than this critical level. With the above-described absorption of H2S in gas phase and 
the chemical reactions of neutralization of concrete, the pH reduction of concrete 
surface can be calculated. 

The biological production of sulfuric acid was simulated in a formality to the curve 
of succession of SOB at different pH range, which was fitted by a set of lognormal 
functions.

Table 2 Chemical reaction 
between cement and 
hydrogen sulfide 

Aqueous reactions Equilibrium constant (K) 

H2O � H+ + OH− KH2O = 10 × 10−14 

H2S � H+ + HS− KH2S = 8.9 × 10−8 

HS− � H+ + S2− KHS− = 1.2 × 10−13 

CaOH+ � Ca2+ + OH− KCaOH+ = 1.66 × 101 

Ca2+ +S2− � CaS KCaS = 3.5 × 103 

Ca2+ + 2HS− � Ca(HS)2 KCa(HS)2 = 1.276 × 101 

Ca2+ + H2SiO
2− 
4 � CaH2SiO4 KCaH2SiO4 = 3.89 × 104 

Ca2+ + H3SiO
− 
4 � CaH3SiO

+ 
4 KCaH3SiO

+ 
4 

= 1.58 × 101 

SiO2 + 2H2O � H4SiO4 KSiO2 = 1.94 × 10−3 

H4SiO4 � H3SiO
− 
4 + H+ KH4SiO4 = 1.55 × 10−10 

H3SiO
− 
4 � H2SiO

2− 
4 + H+ KH3SiO

− 
4 

= 4.68 × 10−14 
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NSOB : RH2SO4 =
α0 

σ 
√
2π 

e− (pHNSOB− pHASO B  )
2 

2σ 10pHNSO  B−pH  (26) 

ASOB: : RH2SO4 = 
α0 

σ 
√
2π 

e− (pH−pHASOB )
2 

2σ (27) 

where, α0 and σ are constants depending on SOB numbers and activity, which 
were determined using previous experimental data. When pH ≥ pHASOB, α0 = 8 
× 10–7 mol L−1 s−1, σ = 0.48; while α0 = 4 × 10–7 mol L−1 s−1, σ = 0.24 when 
pH ≤ pHASOB. 

The biologically produced sulfuric acid, as a strong acid, will penetrate the porous 
concrete react with concrete due to its alkalinity. This leads to the dissolution of 
the calcium hydroxide and production of gypsum and ettringite as a layer of white 
precipitate on the concrete surface. The modelling of these chemical reactions was 
simulated in a previous paper by Yuan et al. [54]. The coupling between the transport 
of different reactive species in porous concrete (assuming water saturation due to high 
relative humidity in sewers) and the bio-/chemical reactions were simulated by their 
mass balance equations. This model provides a prediction of the biodeterioration 
depth of concrete being exposed to hydrogen sulfide. As shown in Fig. 4, the model 
predicted biodeterioration depth during 8 cycles of submersion is consistent with the 
experimental results (Fig. 5). 

Overall, the process models need to be validated with corrosion data from long-
term tests under real sewer conditions. Some improvement in modelling the different 
physicochemical and biological processes may enhance the model performance. 
Process parameters of current models were not calibrated or properly verified with 
reliable experimental data due to the complexity and difficulty in obtaining such 
data. Some models assume the corrosion microbial community as one single species 
and the biological sulfide oxidation as a simple correlation to the pH. The relation-
ship of the biological sulfide oxidation rate with the environmental factors needs 
to be accounted for adequately to ensure a good simulation of the acid production

Fig. 4 Concrete surface pH 
after exposure of 1 year and 
its model simulated values. 
Reproduced from [55] with  
permission from Elsevier
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Fig. 5 The model predicted 
and measured corrosion 
depth of concrete. 
Reproduced from [55] with  
permission from Elsevier

rate, which is the most determining factor of corrosion rate. Especially, this should 
consider the diurnal fluctuation of H2S load in real sewers [44]. 

For chemical reactions between sulfuric acid and concrete, cement has been 
assumed to be calcium carbonate (CaCO3) or calcium hydroxide (Ca(OH)2). A 
method for deciding the most appropriate chemical formula for different concrete 
types should be developed and validated to represent their alkalinity, acid neutrali-
sation capacity and heterogeneity. 

Some has considered the effects of humidity and water condensation [1], either 
on the biological sulfide oxidation or the diffusion/transport of H2S and sulfate in 
the corrosion layer, other has consider the corrosion layer as water saturated [55]. 
The condensation might lead to the loss of sulfuric acid due to the dripping of 
excess surface water into the sewage, which has not been accounted in the existing 
process models. In addition, the expansion of the corrosion products (both gypsum 
and ettringite), which changes the porosity and thus the diffusion length of both H2S 
and sulfuric acid, needs to be considered in the process models. 

5 Data-Driven Models 

As discussed above, it is difficult to use deterministic models for the simulation of 
the complex processes involved in corrosion, data-driven (black-box) type models 
can be used to obtain predictions with reasonable accuracy. This approach includes 
models based upon multiple linear regression (MLR), Gaussian processes regression 
(GPR), artificial neural network (ANN) and adaptive neuro fuzzy inference system 
(ANFIS) etc.
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5.1 MLR Model 

The multiple linear regression analysis generates the correlation in terms of a straight 
line which best approximates all the individual data points including target and output 
parameters [4, 24]. The general form of the MLR is thus given as: 

Ŷ = a0 + 
m∑ 

j=1 

a j X j (28) 

where, Ŷ is the MLR model output; X j is the independent input variables to the MLR 
model; and a0, a1, a2, . . . ,  am are the partial regression coefficients. 

The categorization of in-sewer location of corrosion hotspots (Location), relative 
humidity (RH, %), atmospheric temperature (T, °C) and H2S gaseous concentration 
(H2S, ppm) were chosen as input variables for the prediction of corrosion rate (r) 
and initiation time (ti) using MLR models [19, 29]. The interaction between these 
variables were analyzed and significance of their interaction was assessed using F-
test. The coefficients for each of the input variables in each model were determined 
with associated standard error. Due to the interaction between Location and RH on 
the prediction of corrosion initiation time, MLR models were established by either 
using separated locations, i.e., gas-phase (GP) or partially submerged (PS) data or 
introducing the Location*RH into the model (Table 3). 

The MLR model for the GP location showed a good prediction with R2 value 
around 0.76, while that for PS was pretty poor (R2 = 0.42). After including the 
interaction term, i.e., Location * RH, into the MLR model, the model performance 
improved with R2 increased from 0.54 to 0.62. Based on the coefficients of input 
variables, MLR models provide a way to evaluate the contribution from different 
sewer environmental factors. For example, higher impact of H2S concentration and 
lower impact of gas temperature was found on PS than GP corrosion hotspots.

Table 3 MLR models built with full dataset and location specific data for the prediction of initiation 
time 

Dataset Interaction Model R2 

Full dataset – ti = 96.34 + 1.68 * Location − 0.18 
*H2S − 0.54 * RH − 0.84 * T 

0.54 

Gas phase dataset – ti = 147.7–0.160 * H2S − 1.01 * RH − 
1.08 * T 

0.76 

Partially Submerged dataset – ti = 44.94 − 0.208 * H2S − 0.0708 * 
RH − 0.592 * T 

0.42 

Full dataset Location: RH ti = 96.34 + 46.07 * Location − 0.184 
* H2S − 0.538 * RH − 0.835 * T − 
0.467 * Location * RH 

0.62 



Mathematical Modelling for the Concrete Corrosion of Sewer Systems 175

5.2 ANN Model 

A semi-empirical model based on theoretical dependency of corrosion on environ-
mental factors was proposed and the parameters determined using a small dataset 
obtained in field studies [49, 50]. This approach might suffer from the simplifica-
tion of corrosion processes and the limited data availability. Generally, data-driven 
models should be based on a large dataset, especially those obtained under well-
controlled experimental conditions. Recently, ANN was successfully used for the 
prediction of both the corrosion initiation time (ti) and corrosion rate (r) based on 
data obtained over 4.5 years [19]. It was also found that ANN performs better than 
the MLR models due to the nonlinear nature of corrosion processes. 

The ANN model trained with laboratory experimental data was further validated 
using corrosion rates measured in real sewer sites in Australia and those in litera-
ture reviewed by Wells and Melchers [50]. The ANN model demonstrated accurate 
predictions of corrosion rates for most sewer sites, while under-predicting the corro-
sion rates of two sites (Fig. 6). The mis-predictions occurred because the ANN 
was trained solely using data obtained from laboratory-scale corrosion chambers. 
The inclusion of the field and literature dataset in the model training significantly 
improved the ANN model prediction capability. The simple MLR model did show 
promising performance especially for corrosion rates lower than 4 mm/year. 

ANN model was observed to give predictions of corrosion with relatively large 
deviations. The deviation from observations was likely due to either the negligence 
of some affecting factors and inherent variances in the corrosion data. One study

Fig. 6 Validation of the 
ANN and multiple regression 
(MR) models using 
corrosion rates observed in 
real sewers. The ANN 
predictions were improved 
by including corrosion rates 
observed in real sewers in 
the model training process. 
Reproduced from [19] with  
permission from Elsevier 
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found that, in comparison to constant gaseous H2S concentrations, diurnal fluctu-
ation occurring in real sewers can affect the H2S oxidation pathway and the total 
amount of H2S uptake by the sewer concrete [44]. Also, the periodic inoculation 
of the concrete surface by sewage due to changing water levels (e.g. flooding) and 
splashing can significantly change the corrosion process [22]. The wastewater inoc-
ulation accelerates the initiation of corrosion and corrosion rate on frequently wetted 
concrete. Additionally, different sewer pipes are made of different cements and aggre-
gates with different water to cement ratios. Therefore, the concrete properties and 
other variables should be included for the improvement of the ANN sewer concrete 
corrosion model. 

5.3 Gaussian Processes Regression (GPR) Model 

However, there are still not many studies in the application of data-driven models 
for the prediction of sewer corrosion. The limiting factors are the source and quality 
of data. The water industry might have accumulated lots of data about corrosion 
rate, although without adequate data for the related sewer environmental conditions, 
like H2S concentration, temperature, and humidity etc. Efforts should be invested 
to collect more data and future models should implement a strategy to enhance its 
capability and tolerance in utilizing the incomplete dataset. A major challenge in 
practice for such data-based models is the limited availability of reliable corrosion 
data obtained in well-defined sewer environments. To enhance the predictability of 
the hybrid Gaussian Processes Regression (GPR) model, an interpolation technique 
was implemented to extend the limited dataset [33]. 

GPR model is a simple and general class of functions, describing the distribution 
over functions such that a finite set of function values { f (x1), f (x2), . . . f (xn)} have 
a joint Gaussian distribution. Given a new testing input x∗ with a given training 
set D = {(xi , yi )|n i=1} of n pairs of inputs xi and noisy outputs yi , GPR is usually 
formulated to compute the predictive distribution (distribution of possible unobserved 
values conditional on the incoming observed values) of f . Assuming that the noise 
is additive, independent and Gaussian, the relationship between the function f (xi ) 
and the observed noisy targets y are derived by Rasmussen and Williams [42]: 

yi = f (xi ) + εi (29) 

ε ∼ N (0, δ2 n ) (30) 

f (.) ∼ GP(0, k(., .)) (31) 

where GP(0, k(., .)) represents a Gaussian process with mean and covariance matrix 
equaling to 0 and k(., .), respectively. The noise ε follows the Gaussian distribution
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Fig. 7 Uncertainty analysis of GPR models based on laboratory and field corrosion data for both 
of gas-phase and partially submerged sewers. Reproduced from [33] with open access 

with mean 0 and covariance σ 2 n . A GP model was established for the corrosion initia-
tion time and corrosion rate, which gave predictions together with its uncertainty, as 
shown in Fig. 7. This capability of prediction uncertainty was normally not addressed 
by ANN type models. Together with the uncertainty level from the GP model, the 
confidence of each prediction value can be accessed and quantified properly. 

5.4 Model Robustness with Partial Input Data 

The above discussed data-driven models usually need inputs such as gaseous H2S 
concentration, gas temperature, relative humidity and other data. It is usually diffi-
cult to have reliable inputs and often only partial data are available in the real sewer 
environments. It is thus highly important for the robustness of the model subject 
to the incomplete dataset as the input. The resilience of data-driven models to the 
incompleteness of input data would be an important criterion in choosing the suit-
able corrosion models. Obviously, not all the environmental factors, i.e. input data, 
contribute equally to the prediction of sewer corrosion, in terms of ti and r. In the  
aspect of ti, H2S and temperature are significant factors while RH has no-significant
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effect [18]. For corrosion rate r, H2S and RH were significant controlling factors for 
the corrosion rate of concrete coupons. 

Based on the nature of data and also the limited availability of real data as inputs 
to the corrosion models, comprehensive assessments of 12 different partial input 
scenarios were tested using MLR, ANN, and ANFIS models [29]. The analysis 
showed that all the data-driven models for ti are sensitive to the partial input data. 
It is thus essential to provide as much sewer environmental data as possible for the 
accuracy of prediction for ti. In contrary, the data-driven models for predicting the 
corrosion rate are more robust when only partial inputs were provided. Among all 
inputs, location and H2S concentration are the two key input parameters. This is also 
consistent to a previously identified minimum adequate models, which are also based 
on these two input parameters, which were able to predict corrosion rate reasonably 
well [17]. As the input of location only has two corrosion hotspots, i.e., the tidal zone 
or crown zones. The sewer service life based on concrete corrosion can be adequately 
estimated with only the hydrogen sulfide concentration as a model input. 

6 Summary 

Concrete corrosion in sewers is a complicated phenomenon that can be generally 
separated as a two-stage process, i.e., the corrosion initiation stage of mainly chemical 
neutralisation of concrete surface, and the following biodeterioration stage of mainly 
biological sulfuric acid production and reaction with concrete. The key corrosion 
parameters are thus corrosion initiation time (tin in months or years) and corrosion 
rate (r in mm/year) for the two stages. 

This chapter provides a summary of different modelling approaches that have been 
developed for the concrete corrosion in sewers. These models can be used in the esti-
mation or prediction of corrosion rates, and thus the service life under a certain 
sewer environmental condition. The empirical and data-driven models are shown 
to be effective in achieving those predictions with confident accuracy. However, 
further development of mechanistic models is much needed with the increasing 
understanding of concrete corrosion in sewers. The integration of concrete corro-
sion model with other sewer process model would provide a useful capacity in the 
sewer corrosion management. 
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Abstract This chapter discusses the advances on corrosion-resistant concrete for 
sewers from the viewpoint of binder materials, aggregates and additives. For binder 
materials, alkaline activated materials (AAM) and calcium aluminate cement (CAC) 
are not included, as they are presented in Chaps. 10 and 11. The performance of 
several other binder materials, including sulfate resistant cement, the use of supple-
mentary cementitious materials, polymer modified cements, and sulfur binder, under 
(sulfuric) acidic conditions and sewers conditions are summarized. The possible 
benefits and limitations of each binder material are critically discussed. The impor-
tance of aggregate in corrosion resistant concrete is highlighted primarily due to 
the high-volume fraction (e.g. > 60%). Aggregates studied include siliceous and 
calcareous aggregates, crushed CAC clicker aggregate and polyethylene terephtha-
late (PET) aggregate. Additives may play a significant role in improving the corrosion 
resistance of concrete. The effects and limitations of using antimicrobial agents and 
novel corrosion-resistant bioconcrete are also discussed.

F. Yang · Y. Zhao · M. Wu (B) 
Department of Civil and Architectural Engineering, Aarhus University, 8000 Aarhus, Denmark 
e-mail: mnwu@cae.au.dk 

F. Yang 
School of Materials Science and Engineering, Southeast University, Nanjing 211189, China 

Y. Zhao 
College of Harbour, Coastal and Offshore Engineering, Hohai University, Nanjing 210098, China 

T. Wang 
Department of Chemical and Biochemical Engineering, Technical University of Denmark, 2800 
Denmark, Lyngby, Denmark 

Y. Song 
Australian Centre for Water and Environmental Biotechnology, The University of Queensland, 
Brisbane, QLD 4072, Australia 

G. Jiang 
School of Civil, Mining, Environmental and Architectural Engineering, University of 
Wollongong, Wollongong, NSW 2522, Australia 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
G. Jiang (ed.), Microbiologically Influenced Corrosion of Concrete Sewers, Engineering 
Materials, https://doi.org/10.1007/978-3-031-29941-4_9 

185

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-29941-4_9&domain=pdf
mailto:mnwu@cae.au.dk
https://doi.org/10.1007/978-3-031-29941-4_9


186 F. Yang et al.

1 Binder Materials 

1.1 Sulfate Resistant Cement 

Sulfate resistant cement (SRC) is a type of Portland cement designed to mitigate 
associated problems for concrete exposed to aggressive sulfate environments (e.g., 
seaports, underground, tunnels, roads, and bridges). Compared to ordinary Portland 
cement (OPC), typically the C3A (3CaO · Al2O3) content is low in SRC. This is 
due to that C3A phase can react with sulfate ions in the presence of water, resulting 
in volume expansion and crystallization pressure which can lead to cracking and 
destruction of hardened concrete. Therefore, by changing the mineral composition of 
cement clinker, i.e. reducing the C3A content, the ability of the cement to resist sulfate 
attack is increased. Generally, standards for sulfate resistant cement set corresponding 
requirements on the limits of C3A content. Table 1 shows the main physicochemical 
requirements on sulfate resistant cement in some countries/regions. 

The application of SRC in concrete to increase the resistance against sulfate attack 
and durability of the concrete has been widely investigated and validated [58, 73]. 
Since the main acid generated in the MIC processes is sulfuric acid (sulfate ions 
contained), various studies have been performed to investigate if sulfate resistant 
cement can be beneficiary in improving the performance of concrete exposed to 
(chemical or biological) sulfuric acid conditions.

Table 1 Requirements on sulfate resistant cement in standards, adapted based on [155] 

ASTM-V EN 197 GB 748 

Loss on ignition/% ≤ 3 ≤ 3 ≤ 3 
Insoluble matter/% ≤ 0.75 ≤ 1.5 ≤ 1.5 
w(MgO) /% ≤ 6 ≤ 5 ≤ 5 
w(SO3) /% ≤ 2.3 ≤ 2.5 ≤ 2.5 
w(Na2O + 0.658K2O) ≤ 0.6 – – 

w(C3A)/% ≤ 5 ≤ 3.5 P-MSR ≤ 5, P-HSR 
≤ 3 

w(C4AF)/% 2C3A + C4AF ≤ 25 – – 

Specific surface area/ 
m2/kg 

≥ 280 – ≥ 280 

Initial setting time/min ≥ 45 ≥ 60 ≥ 45 
Final setting time/min ≤ 375 – ≤ 600 
Volume stability Autoclave Expansion ≤ 

0.8% 
Expansion of Le 
Chatelier needles ≤ 
10 mm 

Boiling method is 
qualified 

ASTM American Society for Testing and Materials; EN European standard; GB China national 
standard; P-MSR medium sulfate resistant Portland cement; P-HSR high sulfate resistant Portland 
cement 
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In the laboratory studies [11, 41], similar performance of concrete samples 
prepared by SRC and OPC was observed after the exposure to chemical sulfuric 
acid. Similarly, in another study [58], the improved resistance of concrete using 
SRC when exposed to chemical sulfuric acid was also not confirmed. Estokova et al. 
[40] performed investigations on the corrosion of SRC concrete by chemical and 
biological sulfuric acids. The acid induced deteriorations were evaluated through 
the leached quantities of the main chemical elements, e.g. Ca, Si, Fe and Al, sulfate 
ions in the solutions, and the surface and mineralogical changes of the samples. 
It was reported that the leaching behavior varied considerably under chemical and 
biological sulfuric acid attacks. Furthermore, the surface precipitates of the samples 
affected by the biological and chemical acids showed different morphologies (Fig. 1). 
The formation of surface compounds was found to be more significant in the case of 
the biological acid compared to the chemical counterpart. This could be linked to the 
fact that the concentrations of sulfate ions exposed to the biological acid were almost 
5 times higher than that of the chemical acid. Analysis of the precipitates revealed 
the presence of Ca, Si, O, and S, indicating the existence of sulfate compounds, e.g. 
gypsum, anhydrite and/or bassanite, consistent with reported results elsewhere, e.g. 
in [117, 156]. In addition, the phosphorus, which was a component of the nutrient 
medium for the sulfur-oxidizing bacteria in the form of K2HPO4, was also observed 
in the biologically affected samples. Overall, Estokova et al. [40] concluded that 
concrete prepared by SRC appeared to be more resistant to chemical than biological 
sulfuric acid, which might be related to the complex processes caused by bacteria and 
their micro-environmental effects. Harbulakova et al. [59] investigated the leaching 
of Ca, Si, Fe and Al elements from concrete prepared by SRC with the exposure 
to Acidithiobacillus thiooxidans strain. The correlation analysis of leaching trends 
of selected ions demonstrated that the leaching behavior strongly depends on the 
aggressiveness of bacterial medium. 

Fig. 1 New compounds (sulfate-based products exist in the form of white coating or discrete 
crystals) on the surface of the samples exposed to a biologically generated acid and b chemical 
sulfuric acid; reproduced from [40]
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With respect to studies under site conditions, Grengg et al. [49] performed a case 
study from a combined sewer network in Austria. Even with the use of C3A free  
(highly sulfate resistant) cement, the corrosion depth of the concrete after 9 years in 
service reached around 9 cm, corresponding to an average corrosion rate of 1 cm/year. 
El Gamal et al. [37] conducted a 24-month field research on the physical and chem-
ical effects of the actual sewer environment on Portland cement concrete (PCC) 
and SRC concrete (SRCC). The results showed a reduction in the alkalinity of PCC 
and SRCC, due to the exposure to the sewer environment. SRCC showed higher 
corrosion depth in the beginning than PCC; however, after 24 months of exposure, 
SRCC had a lower corrosion depth than PCC (3.2 mm vs. 3.8 mm), see Fig. 2. The  
SEM examination of PCC in Fig. 3a showed obvious cracks at the paste-aggregate 
interface and in the surrounding matrix, which might be attributed to the attack 
caused by the sewer environment. Figure 3b demonstrated that thaumasite was one 
of the formed products in PCC. Figure 3c, d presented the SEM results for the 
SRCC. SRCC became porous after exposure to the sewer environment and crystal 
products, i.e. calcite and gypsum, were formed. The formation of gypsum was a 
consequence of the oxidation/hydration of sulfur and the interaction of the formed 
sulfuric acid with the concrete. In [74, 75], the deterioration observed in natural 
sewer conditions (North Head wastewater treatment plant in Sydney) and the effects 
of six-month sulfuric acid (1.5% H2SO4) attack on SRC mortar were compared. The 
study found that widespread crystallization of gypsum within the corroded regions 
of SRC mortar was responsible for the major micro-cracking, loss in strength, loss 
of mass and surface disintegration. However, by comparing the mechanisms of dete-
rioration observed in natural aggressive sewer environment to that observed after 
exposure to chemical sulfuric acid solution, significant differences were highlighted. 
The mechanism of neutralization in natural sewer conditions was governed by the 
simultaneous carbonation and H2S acidification in addition to the interactions with 
microorganisms, which produced sulfuric acid (biologically generated) and caused 
localized deteriorations within the mortar microstructure after the penetration of 
the biological acid. While with chemical sulfuric acid exposure, neutralization of 
mortar was due to the widespread diffusion of SO4 

2− and H+ ions from the acid 
solution, leading to an alkalinity loss and then the deterioration. Both mechanisms 
are schematically shown in Fig. 4. This is another example showing that the chemical 
tests based solely on sulfuric acid are not reliable to predict field behaviors in sewers.

Based on the discussions above, it seems that the use of SRC does not neces-
sarily improve the acid resistance of concrete under MIC conditions. It should be 
highlighted that there is a major difference between sulfate attack and sulfuric acid 
attack. For concrete attacked by sulfuric acid, apart from the chemical reactions with 
the sulfate ions, the action of hydrogen ion has to be considered [58, 105]. In general, 
concrete deterioration caused by sulfuric acid attack is much more severe compared 
to that of sulfate attack [58].
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Fig. 2 Average affected (or corrosion) depth with time of exposure to sewerage environment for 
PCC and SRCC, data based on [37] 

Fig. 3 SEM photos of specimens of Portland cement concrete (PCC) and SRC concrete (SRCC) 
after exposure to actual sewer environment for 24 months. Reproduced from [37] with permission 
from Elsevier
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Fig. 4 Schematic models for deterioration of SRC mortar in two aggressive exposure conditions: 
a actual sewer environment; b sulfuric acid solution. Reproduced from [74] with permission from 
Elsevier

1.2 Supplementary Cementitious Materials 

Ground granulated blast furnace slag (GGBFS), fly ash (FA) and silica fume (SF) are 
the most commonly used supplementary cementitious materials (SCMs). SCM acts 
as a partial replacement for cement clinker composition, to enhance the mechanical 
performance and durability of concrete. GGBFS has a similar chemical composition 
to OPC, while FA and SF have totally different compositions (Table 2) [68]. The 
replacement ratio of GGBFS to OPC can be up to 70–80% [85], while it is relatively 
lower for other types of SCMs, e.g. 20–40% for FA [66, 80, 92, 109, 153] and 2.5– 
10% for SF [78, 134]. During the cement hydration process, hydration products like 
calcium silicate hydrate (C–S–H) and calcium hydroxide (CH) are firstly formed due 
to the reactions between cement and water. The size of capillary pores in hardened 
cement/concrete can be reduced with the addition of GGBFS which reacts with 
the CH and facilitates the formation of C–S–H. The reduction of CH compacts or 
densifies the concrete matrix and hinders the penetration of aggressive ions [135]. 
Different from GGBFS, there is a low content of calcium oxide (CaO) in both FA and 
SF, where the main composition is silicon dioxide (SiO2). Therefore, the formation 
of C–S–H is insufficient due to the lack of calcium source in the mix in the early 
stage, while a delayed strength evolution can be observed due to the pozzolanic 
reaction between CH and SiO2. After the depletion of CH, the unreacted GGBFS 
and FA would only serve a role of filler in cementitious systems [135]. It is worth to 
mention that FA can promote the chemical reactivity of OPC clinker, especially at a 
later hydration time [29, 31, 82, 115].

Numerous investigations have been conducted to study the effect of SCMs in 
mitigating the deterioration of cementitious materials in simulated MIC conditions, 
where most of the studies adopted chemical sulfuric acid in laboratory conditions 
[68, 147]. In general, the addition of SCMs shows some positive effects in reducing 
corrosion to different extent based on most of the tests using chemical acids. Major 
mechanisms accounting for the positive effects can be summarized as follows:
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Table 2 Typical chemical compositions and physical properties of OPC, GGBFS, FA and SF, data 
based on [68] 

Oxide (%) OPC GGBFS FA SF 

CaO 63.3 41.7 3.4 0.7 

SiO2 20.2 31.7 57.6 91.2 

Al2O3 5.8 14.5 25.5 1.3 

Fe2O3 3.0 0.7 6.1 0.8 

MgO 3.4 5.4 0.9 0.3 

SO3 2.1 2.1 – – 

Density (g/cm3) 3.15 2.92 2.39 2.20 

Fineness (m2/kg) 312 445 359 20 470

(a) optimized pore size and volume, (b) reduced permeability (or dense structure), 
(c) reduced CH content, and (d) improved interfacial transition zones (ITZs) between 
the hardened cement paste and the aggregates [6, 99]. Yoshida et al. [154] studied 
sulfuric acid attack on concrete with and without GGBFS. The results showed that 
concrete incorporating GGBFS significantly increased the resistance to acid attack. 
The mass loss after 26 weeks of the acid attack was reduced from 82% for Portland 
cement concrete to 45% for concrete with 60% GGBFS. Liu et al. [90] reported that 
the mass losses of Portland cement concrete, 10% SF concrete, and 20% FA concrete 
were 3.56%, 2.17%, and 2.32% after been immersed in 5.0% H2SO4 solution for 
28 days. In a chemical sulfuric acid immersion study, House et al. [64] concluded 
that partial replacement of OPC by GGBFS, FA and SF all led to improved resis-
tance to sulfuric acid compared to concrete made with OPC at an equivalent water 
to cementitious materials ratio. De Belie et al. [28] studied the effects of both chem-
ical and biological sulfuric acids on concrete with and without SCMs. The results, 
however, showed limited impact of SCMs in the tests using chemical acids, and a 
slightly higher resistance of GGBFS cement concrete reported in other studies was 
not found. Further, Portland cement performed the best in the microbiological tests, 
echoing the conclusions drawn in previous work. 

Several aspects should be considered in evaluating the effect of SCMs under 
laboratory conditions. Firstly, different metabolic activities of microbial communi-
ties occur in realistic sewage networks and the amount of acid production varies 
significantly in the MIC process, which is totally different from a stable sulfuric 
acid concentration used in laboratory conditions [35]. Besides, the corrosion layer 
(with the main composition of gypsum) in a MIC attack can be very different from 
that in pure sulfuric acid solutions. Bacteria and fungi can colonize and produce 
sulfuric acid on the corrosion layer in a MIC attack, but the formed gypsum layer 
can prohibit the further penetration of aggressive ions in a pure sulfuric acid solu-
tion. It is important to note that when exposed to biological conditions, addition of 
SCMs may not always show benefits in comparison with plain OPC samples, e.g. 
see [35]. Increased corrosion of concrete samples containing GGBFS under biolog-
ical corrosion testing was also reported [120]. In-situ tests showed some differences
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between concrete samples prepared by OPC, GGBFS and FA cements in the early 
measurements (i.e. up to 23 months); while almost no difference was noted in terms of 
neutralization depth after 35 months of exposure [5, 112]. In [76], concrete samples 
with different binder compositions including Portland cement (PC), PC + FA, PC + 
GGBFS and PC + SF were subjected to a “live” sewer for 127 months. The SCMs 
seemed to improve the resistance to some extent as far as the average corrosion rate 
was concerned, however, the relatively wide variation of the data made the conclu-
sion somewhat ambiguous. Herisson et al. [62] studied the corrosion of OPC and 
OPC replaced by 75% GGBFS mortars placed in actual sewer headspace for 4 years, 
and the results indicated that the replacement of GGBFS improved the performance 
as GGBFS changed completely the evolution of microorganisms thriving onto the 
mortar surface compared to OPC alone. The results, however, are in contradiction 
with the biological tests reported in [28], where it was proposed that GGBFS cement 
concrete surface was more hospitable for microorganisms to colonize. 

In summary, the effects of SCMs with respect to the concrete corrosion subject to 
MIC are not conclusive. Concrete samples with various SCMs have been subjected to 
the exposures of both chemical and biological sulfuric acid conditions. The obtained 
results are highly variable. One possible explanation may be related to the different 
test conditions and the many factors that could affect the final obtained results. 
Biological and in-situ tests consider at least one more aspect that is not possible 
to be accounted for in chemical acid immersion tests, i.e. the interactions between 
microorganisms and the concrete surfaces (e.g. bacteria colonization and prolifera-
tion). In this sense, they should be able to provide data more representative or closer 
to site conditions. However, such data reported so far are also not consistent and 
sometimes even contradictory. Apparently, further studies are needed to clarify the 
effects of SCMs and it seems that standardized tests which are currently missing are 
of extremely high value. 

1.3 Polymer Modified Cements 

Various polymers, including emulsions, liquid resins, water-soluble polymers, etc., 
can be used to modify cementitious materials, and the advantages include simple 
preparation, low cost and relatively good modification effects [10, 47, 60, 127]. In 
the 1950s, polymer modified cement was proposed for the uses in concrete structures 
and pipelines as high-performance materials [47]. There are two main methods of 
using polymers in this context. The first one is to add polymer(s) into a cementitious 
material and apply it to concrete surface to form a protective layer, e.g. similar to 
coating. The second one is to mix the polymer(s) directly into concrete as an admix-
ture. The effects of polymers in concrete also can be divided into two categories, i.e. 
physical and chemical. The physical action is mainly manifested by the interweaving 
of polymer and cement hydration products into a mesh structure, improving the 
interfacial transitions zones (ITZs, between aggregates and cement pastes) and pore 
structure. The chemical action mainly includes the reactions between the polymer
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and cement hydration products or metal ions in concrete to produce bridge bonding, 
which improves the compactness and bonding of concrete [60, 65, 150]. The use 
of polymer modified cement/concrete has been promoted due to, e.g. high mechan-
ical properties, fast curing and excellent bonding to cement [136, 137]. However, 
the performance of concrete is largely influenced by the type and the content of 
the added polymers, among others [150]. When used in the construction industry, 
concrete prepared by polymer modified cement is typically exposed to different harsh 
environments, e.g. wastewater, acid rain and seawater during the lifetime. These envi-
ronments can affect the long-term durability of polymer materials. Therefore, the 
long-term behavior, durability, safety and serviceability of the materials are critical 
issues to be considered [47]. 

Several studies under laboratory conditions have shown that the introduction of 
polymers into concrete reduces the permeability and slows down the penetration of 
H2S, CO2, and the entry of microorganisms and their metabolites. The reduction of 
permeability is mainly due to bridging of micro-cracks, reduction of pore size and 
blocking of the pores by polymer particles [22, 47, 60, 150]. Therefore, the purpose 
of using polymers is somehow similar to the addition of SCMs, i.e. to hinder the 
ingress of aggressive substances, see Sect. 1.2. 

It has been reported that polymer modified cement mortars or concrete are 
resistant to aggressive compounds such as lactic acid, acetic acid and sulfuric 
acid [9, 15, 22]. Chang and Choi [22] developed a repair mortar with improved 
acid resistance which can be applied to partially damaged concrete sewer pipes. 
Accelerated tests were carried out to assess the performance of the mortar in a 
sulfuric acid environment. The results confirmed that the inclusion of polyvinyl 
acetate (PVA) resin powder in the binder improved the resistance to sulfuric acid. 
Küçük et al. [81] analyzed the acid resistance of dioctyl terephthalate (DOTP) 
cement mortar (DOCEM) and compared that with other polymer modified cement 
mortars, e.g. that containing polyvinyl chloride (PVC), polypropylene (PP) and 
polyethylene terephthalate (PET), where the results are shown in Table 3. The  
most successful polymers against sulfuric acid exposure were PVC, PET and PP 
because of their strong covalent bonds. Actually, PP and PVC were also successful 
in preventing compressive strength loss against hydrochloric and nitric acid expo-
sure in the same study. Although modification with polymers reduces the perme-
ability of concrete, the compatibility between the polymer and ingredients in the 
concrete mix can negatively alter the behavior of the polymer-modified cement 
concrete. Retarded cement hydration and reduced compressive strength of modified 
concrete have been reported at high polymer/cement ratios [143]. Moreover, signif-
icant improvement of concrete have been mostly achieved at the polymer/cement 
ratios in the range of 3–20%, which remarkably increases the overall material cost of 
concrete, and hence limits its application [79, 104]. However, Sakhakarmi [119] 
compared the costs of polymer modified cement concrete with conventional 
cement concrete in the sewer network of the city of Las Vegas, USA, and found that the 
use of polymer concrete was actually more cost effective in the long run compared to
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conventional cement concrete. In addition, applying polymers in confined spaces such 
as sewage systems must also take into account an important health and safety aspect, 
as these polymer-containing materials often contain solvents and/or components that 
are potentially dangerous to human beings. 

In the study [110], polymer materials including 2% melamine and 10% styrene– 
butadiene latex or emulsions were used to modify Portland cements to prepare mortar 
and concrete samples. The samples were tested in chemical sulfuric acid (pH = 0.7). 
It was concluded that the use of concrete with polymer addition during the mixing 
phase showed minor beneficial effect on the acid resistance. It was further stated that 
this solution was not economically attractive because the increase of costs was too 
high. Li et al. [87] studied the impact of chemical sulfuric acid on mortar samples 
for five years. The results showed that the compressive strength loss of polyvinyl 
acetate latex modified mortar was 29.4%, whereas the corresponding value for the 
reference mortar was as high as 50.6%. Vincke et al. [138] studied the performance 
of concrete samples subjected to both chemical and microbiological tests, where the 
Portland cement binders were modified by four different polymer types, i.e. styrene

Table 3 Results for sulfuric acid resistance of cement mortars containing different polymers, data 
based on [81] 

pH Polymera Properties 

Loss in 28-day 
compressive strength 
(%) 

Loss in 28-day 
electrical resistivity 
(%) 

Loss in 28-day 
ultrasonic pulse 
velocity (%) 

pH = 2 DOTP(10%) − 74.2874 − 17.3410 22.577 

DOTP(20%) − 74.3452 10.2427 23.781 

PP(20%) − 10.0653 − 9.2144 − 31.543 
PET(20%) − 2.2472 14.8803 11.673 

PVC(20%) 47.8114 − 0.7707 21.897 

pH = 3 DOTP(10%) − 27.7568 − 1.6725 4.793 

DOTP(20%) − 32.4212 8.2610 24.113 

PP(20%) − 3.8495 − 8.8264 − 51.711 
PET(20%) 15.5349 13.2154 − 44.990 
PVC(20%) 13.4680 − 5.0096 152.650 

pH = 4 DOTP(10%) − 7.0867 2.2939 3.030 

DOTP(20%) − 0.5604 10.9021 22.600 

PP(20%) 12.9790 − 0.8729 − 49.010 
PET(20%) 12.9295 13.6316 3.657 

PVC(20%) 72.7647 10.5973 − 6.276 
aDOTP Dioctyl terephthalate; PP polypropylene; and PET polyethylene terephthalate; PVC 
polyvinyl chloride. The percentage in the bracket shows the cement replacement ratio. The loss 
of a property is calculated by the (value of the samples exposed to the acid—value of the samples 
cured in water)* 100%/value of the samples exposed to the acid 
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butadiene polymer (SBR), styrene acrylic ester polymer (SA), acrylic polymer (AC) 
and vinylcopolymer (VPV). In the chemical tests, all the concrete mixes showed 
the same pattern in terms of the change of the dimension (radius) of the cylinder 
samples, except the mix with SA. An increase of the radius was measured after the 
first few cycles and after a certain cycle, a breakpoint was reached with a resulting 
decrease in the radius. For the SA mix, expansion was recorded during all the cycles 
of measurements. The overall dimension reduction increased in the order of VPV, 
reference, AC and SBR. The obtained results were different from the microbiological 
tests, where only the addition of the SA resulted in an overall increase in resistance 
of the concrete. While for the concrete with addition of SBR or VPV, neither an 
increase nor a decrease in resistance was observed. However, the addition of AC had 
a negative influence on the resistance against microbiological sulfuric acid. That is, 
the addition of two of the selected polymers led to the same results concerning the 
resistance to sulfuric acid with both test methods, i.e. SA with an increased resistance 
and AC with decreased resistance in comparison with the reference mix. However, 
the other concrete mixes did not show the same results for both tests. Comparing 
with the reference mix, the addition of VPV led to a slight increase in resistance 
against the chemical sulfuric acid but no better resistance against the corrosion due 
to the microbiological sulfuric acid. The addition of SBR did not cause an increased 
resistance of the concrete using the microbiological procedure, while a decrease in 
resistance was reported in the chemical tests. 

Similar to the discussions in Sects. 1.1 and 1.2, the benefits of using polymer 
modified cements against MIC are not confirmed. The results deviate significantly 
from each other in existing studies, where the relevant discussions included in the 
previous sections regarding the complexity of factors influencing MIC and the vari-
ations in the adopted test methods are applicable for polymer modified cements as 
well. Moreover, applications of polymer-modified cement concrete in practice are 
very limited, e.g. due to the associated high costs and health and safety risks. All 
these factors putting together makes the prospect of using polymer-modified cements 
for MIC related applications rather dim. 

1.4 Sulfur Binder 

With the considerable improvement in technologies for the removal of sulfur, e.g. 
from natural gas, crude oil and petroleum products, large amount of sulfur was 
separated from oil and natural gas industry [140]. According to US Geological Survey 
[43], China contributes the largest amount of sulfur production, reaching 17 million 
tons in 2018. After China, the sulfur production of USA, Russia, Saudi Arabia, and 
Canada are 9.7, 7.1, 6 million tons, with an annual world production of 80 million 
tons (Fig. 5a). As an industrial raw material, sulfur has been applied to different 
industries, e.g. agriculture, ore mining, and pharmaceuticals. The attempt to use 
sulfur as a binding material in civil engineering also attracts considerable interest
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due to the increasing environment concerns about the cement production process as 
well as the depletion of raw materials (Fig. 5b) [42, 96]. 

Sulfur may be used as a binder in concrete manufacturing, e.g. as an alternative 
to OPC. Sulfur concrete (SC) consists of mineral aggregate, filler, and sulfur as the 
binder [48]. Relevant research has attracted extensive interest in the scientific commu-
nity because of, e.g. its strong corrosion resistance, excellent mechanical properties 
and rapid setting characteristics. [33, 44, 48, 51, 98, 140, 152]. Table 4 summarizes 
the mechanical performance of some sulfur concretes with different compositions. 
Unfortunately, the low stability of SC, especially exposed to high humid environment, 
would induce the failure and degradation of the concrete [48]. Therefore, several 
attempts have been made to modify original SC, termed modified sulfur concrete 
(MSC) [13, 34, 53]. The most common modifiers used include dicyclopentadiene 
or a combination of dicyclopentadiene, cyclopentadiene and diphentene, as well as 
olefin polysulfide additives, which can avoid the transfer of sulfur from monoclinic 
state to orthorhombic state [98]. According to [18], modification of sulfur was also 
performed by polymerization with cyclic hydrocarbon.

There are a number of experimental investigations on sulfur binder in labora-
tory conditions. Mass loss has been used as an important parameter to evaluate the 
corrosion resistance of sulfur concrete in simulated sewer environments. The reported 
mass loss varies considerably in existing literature, e.g. see some summarized results 
in Table 5. The results can be affected by various factors, depending on the sulfur 
concrete types and service conditions. Sulfur concrete is typically characterized by 
low permeability as water is not used in the mixing process [37]. The ingress of acid 
species, chloride and sulfate ions, oxygen, and water can be significantly hindered 
from the surrounding environment. Therefore, the mass loss of MSC is normally 
one order of magnitude smaller than Portland cement concrete (PCC) under the 
same exposure conditions. Another study conducted by [140] showed that filler in

Fig. 5 a The major sulfur producing countries in the world, data from [43]; b Global new and 
existing sulfur application fields [42] 
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Table 5 Mass loss reported in laboratory studies for sulfur concrete 

Temp. (°C) Exposure 
medium 

Test duration Concrete type Mass loss (%) References 

N.A 20 wt% H2SO4 1 year MSC with 
0.1% talc 

~ 0 [140] 

MSC with 8% 
aluminaa 

8 

MSC with 4% 
microsilica 

7 

MSC with 1% 
fly ash 

1.1 

Room 
temperature 

98 wt% H2SO4 24 h PCC 0.3 [152] 

MSC 3.5 

N.A Biological acid 
condition 

180 days PCC 2.35 [118] 

MSC 8.85 

N.A 40 wt% H2SO4 24 h PCC 2.73 [98] 

MSC 0.29 

a The specimen began to crumble after 100 days of exposure 
Note Information not available is indicated by “N.A.” 

sulfur concrete also plays a crucial role in the corrosion resistance and mechanical 
performance in various corrosion environments. 

The performance of sulfuric based concrete has also been studied under (close 
to) sewer site conditions. In the study performed by El Gamal et al. [37], concrete 
specimens made from Portland cement, sulfate resistant cement, and modified sulfur 
(namely, PCC, SRCC, and MSC) were exposed to a realistic sewer environment 
with a H2S concentration varying from 10 to 70 ppm for two years. The analysis 
of the pore systems of the studied concrete revealed that there was an increase in 
the number of pores and pore sizes and connectivity after the exposure in the cases 
of PCC and SRCC, while insignificant change was observed in the pore system of 
the MSC. The neutralization depths of PCC and SRC concretes, identified by the 
alkalinity tests (1% Phenolphthalein), were 3.8 mm and 3.2 mm, but there is no 
obvious change in alkalinity of MSC concrete (Fig. 6). Another site observation 
reported in [95] demonstrated that the mass loss of MSC was only 2.2%, while that 
for PCC and SRCC was as high as 8.0% and 13.6%, respectively, after exposure 
to sewer environment [95], also indicating that MSC is highly resistant to sewer 
environment compared to PCC and SRCC.

Almost all the existing work showed the superior acid and MIC resistance 
of MSC and/or SC and the suitability for sewer applications. There have been 
attempts to produce precast sewer pipes or linings for sewer pipes using the binder, 
e.g. see [83]. However, the applications in cast in-situ sewer structures have not 
been identified. One possible reason may be related to the manufacturing process
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Fig. 6 a Acid and base scale range of 1% Phenolphthalein and 1% Methyl Orange; b Color change 
of concrete specimens along its depth after exposure to sewerage environments [37]. Reproduced 
with permission from Elsevier

where some high temperatures (130–150 °C) are required to melt sulfur [36]. The 
completely different casting procedures than the conventional concreting practices 
increases the challenges for application. Other hindrances may include, e.g. high 
costs and the lack of relevant design standards for sulfur concrete [141]. The poten-
tial health and safety risks, e.g. due to volatile compositions at high temperatures, 
may be another limiting factor since cast in-situ sewer structures typically require 
operations in confined underground spaces. 

2 Aggregates 

2.1 Siliceous and Calcareous Aggregates 

Two types of aggregates are commonly used in concrete: calcareous aggregates that 
react easily with acids (where the main component in terms of oxide is CaO, e.g. 
limestone and dolomite) and siliceous aggregates that are rather inert when exposed 
to acids (where the main component in terms of oxide is SiO2, e.g. granite and
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gabbro). Aggregate volume content in concrete is typically high, e.g. > 60% [147, 
149]. Consequently, aggregates can have a major impact on concrete performance. 

It is generally believed that calcareous aggregates can improve the durability of 
concrete in acidic environments, e.g. MIC, and can even play a more critical role 
than cement types [6, 111, 125, 147, 149]. The acid resistance of concrete varies due 
to differences in the chemical composition of the aggregates, which can be largely 
attributed to the “alkalinity” of the concrete. Concrete with calcareous aggregates 
has a much higher alkalinity than concrete with siliceous aggregates, and the high 
alkalinity provides more material to react with the acid (the so-called neutralization 
capacity), thus slowing down the corrosion rate. Replacing siliceous aggregates by 
calcareous aggregates may significantly increase the concrete resistance to MIC. The 
resistance can be increased by a factor of 3 using calcareous aggregates [20, 61]. In 
concrete containing siliceous aggregates, only the cement paste can react with acid, 
therefore, the neutralization capacity of the concrete is limited when compared with 
the counterpart with calcareous aggregates [91, 111]. 

Under laboratory conditions, Xiao et al. [148] investigated the corrosion 
morphology of concrete specimens containing siliceous coarse aggregates exposed to 
sulfuric acid solution with a pH value of 0.95. The degradation pattern, as reflected by 
the change of the morphology during the 194 days, could be characterized by the loss 
of mainly cement paste/mortar with coarse aggregates protruding out. In the same 
study, concrete made with limestone coarse aggregates had a lower corrosion depth 
and less loss of thickness than that of the concrete with siliceous coarse aggregates. 
House et al. [64] revealed the improved acid resistance of concrete using limestone 
coarse aggregates. Pather et al. [111] stored Portland cement concrete (PCC) samples 
of two different strength classes containing siliceous granite and calcareous dolomite 
aggregates in sulfuric acid solutions for 84 days and evaluated the effect of the both 
types of aggregates on the acid resistance. The relevant results are shown in Figs. 7 
and 8. It was concluded that calcareous aggregate (dolomite) was more effective in 
reducing the progression of acid attack for PCC. The effect was due to the sacrificial 
nature of dolomite (reacting with the acid) involving the simultaneous corrosion of 
both the cement paste and the dolomite aggregates, resulting in uniform surface wear 
and thus reducing the corrosion process of the acid attack. In the study performed 
by De Belie et al. [28], both chemical and microbiological tests showed that the 
aggregate type had the largest effect on degradation, i.e. concrete with limestone 
aggregates showed a smaller degradation depth than that of the concrete with inert 
gravel aggregates.

Studies under site conditions (or full-scale experiments) revealed that calcareous 
aggregates in general have a beneficiary role in reducing the MIC rate of concrete 
exposed to sewer environments [6, 113, 125]. In the classic Virginia Experimental 
Sewer in South Africa, the corrosion of concrete pipe sections prepared by different 
aggregate types (and binders, i.e. CAC and OPC) were studied [6]. The state of the 
pipe sections after 12 years in test are excerpted and illustrated in Fig. 9. It can be 
seen that for OPC concrete, the use of calcareous aggregates significantly slowed 
down the MIC rate, i.e. an average value of about 1.7–2.5 mm/year as compared to 
> 5 mm/year for the counterpart using siliceous aggregates. Pomeroy [113] reported
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Fig. 7 Paired test analysis based on mass loss and strength loss results of PC concretes. Note 
PCG1—PC + granite, Strength C50; PCG2—PC + granite, Strength C35; PCD1—PC + dolomite, 
Strength C50; PCD2—PC + dolomite, Strength C35; data based on [111] 

Fig. 8 PC concrete cubes before and after immersion in sulfuric acid, adapted from [111]. 
Reproduced from with permission from Elsevier

the results of five experimental concrete pipes placed in a by-pass line between two 
manholes after 7 years of exposure. The qualitative results can be seen in Fig. 10, 
where the corrosion was much less pronounced for the pipe with limestone aggregates 
compared to the pipes with granite aggregates. Slightly different results were found 
in [77], where concrete samples prepared by CAC together with both siliceous and 
calcareous aggregates were exposed to two different sewer environments. Mass loss
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and sample thickness reduction were measured after more than 120 months. The 
average values for the CAC concrete containing the two types of aggregates were 
found to be similar. This might be explained by the fact that CAC was used. Besides 
the mechanism of providing neutralization capacity, other effects brought in by CAC 
may dominate in this case, especially the “bacteriostatic effect” which has been 
considered the most important one and accounts for largely the resistance against 
MIC [124]. 

As discussed in [144], the beneficiary effects of using calcareous aggregates 
instead of inert siliceous aggregates to mitigate MIC in general have been validated 
in both laboratory studies and field applications. The high-volume fraction of aggre-
gates (60% or more) in concrete further magnifies the effects. The main mechanism 
is attributed to the increased “alkalinity” or acid neutralization capacity of concrete 
when calcareous aggregates are used. Nevertheless, local availability of calcareous 
aggregates may be a constraint for the wide adoption of this MIC mitigation measure 
in practice.

Fig. 9 Corrosion of the concrete pipe sections in the Virginia Experimental Sewer in South Africa 
after 12 years of test: “dol” indicates dolomite aggregates and “Sil” indicates siliceous aggregates 
[6]. Reproduced with permission from Springer 

Fig. 10 Concrete pipes exposed to septic tank effluent for 7 years. Notation on the pipes (cement 
type according to ASTM C150): P– Type II cement with pozzolan and granite aggregates; I– Type 
I cement and granite aggregates; II– Type II cement and granite aggregates; V– Type V cement and 
granite aggregates; L– Type II cement and limestone aggregates, adapted based on [113] 
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2.2 Crushed CAC Clinker as Aggregates 

Several studies have shown that 100% CAC based concrete or mortar (i.e. the aggre-
gates are crushed CAC clinkers) performs better than CAC with either siliceous or 
calcareous aggregates in sewer conditions. 

In [6, 35], various concrete mixes were prepared and the concrete samples were 
then installed in holders on the walls of the manhole in a sewer, directly above 
maximum sewage level. The samples were visually inspected and measured after 5 
and 17 months, respectively, with the results shown in Table 6. It can be seen that after 
only 5 months, OPC concrete with siliceous aggregates already suffered from severe 
attack, while the attack on the samples of the other concrete mixes were negligible 
at this stage. After 17 months, both OPC mixes experienced notable (moderate to 
severe) attack, while both CAC mixes showed negligible attack. The trend of the 
attack was more evident by looking at the mass loss. The mass losses of the two 
CAC mixes were significantly lower than that of the OPC mixes after 17 months. 
There was some mass loss for the CAC mix with dolomite aggregate, even though 
the magnitude was rather small. It is worthwhile to highlight that the CAC/Alag™ 
mix, i.e. 100% CAC mix, showed completely no mass loss, indicating the excellent 
performance of the mix. In another study reported by Kiliswa [77], the average 
corrosion rate of 100% CAC mix after around 10 years exposure in the Virginia 
Experimental Sewer was compared with that of the CAC mixes with siliceous and 
calcareous aggregates, see Fig. 11. The corrosion rate of the 100% CAC mix was 
0.23 mm/year, while the values for the other two mixes were 0.35 mm/year. The 
results also demonstrated the beneficiary effects of using 100% CAC mix. 

Regarding the mechanism, Saucier and Herisson [123] argued that it could be 
attributed to a uniform chemistry across the whole concrete surfaces, including that 
of the aggregates and the cement hydrates. Aggregate grains, e.g. sand, could act like 
“virgin islands” for relevant bacteria to generate sulfuric acid without being slowed 
down by the bacteriostatic effect imposed by the CAC chemistry. The acid produced 
at the sand surfaces can run off onto the surrounding cement hydrates leading to the

Table 6 Attack of concrete samples from various concrete mixes placed in the Virginia manhole 
after 5 and 17 months, adapted from [6] 

Mix (% binder) w/b 5 months 17 months 

Attack pH Attack pH Mass loss (%) 

OPC/Sil (23%) 0.32 Severe – Severe 6.70 6.09 

OPC/Dolo (23%) 0.26 Negligible 6.00 Moderate 6.70 2.46 

CAC/Dolo (23%) 0.26 Negligible 6.00 Negligible 6.70 0.35 

CAC/Alag™ (23%) 0.26 Negligible 6.50 Negligible 7.14 0.00 

Sil siliceous aggregate; Dolo dolomite aggregate; Alag™ artificial aggregate made from CAC clinker
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Fig. 11 Average corrosion 
rates of different CAC 
concrete mixes after 
exposure in the Virginia 
Experimental Sewer for 
120 months (10 years), data 
adopted from [77]

corrosion. As 100% CAC concrete has the same chemistry throughout the surfaces, 
there are no “virgin islands” for the bacteria to colonize and proliferate. That is, 
the process for generating sulfuric acid is interrupted/hindered by the bacteriostatic 
effect. 

2.3 PET Aggregates 

Plastic waste materials have caused severe environmental issues as the biodegra-
dation process may last thousands of years [101]. Recycling of such wastes is a 
mainstream and meets the requirement for sustainable development. The possibility 
of using plastic materials in the construction industry has been studied. Polyethy-
lene terephthalate (PET) is a common plastic waste that can be used as aggregates 
in concrete. Some recent studies showed that the lower specific gravity of PET 
compared to common aggregates leads to a reduction in concrete weight, which may 
be an advantage in designing lightweight structures [2, 46, 130, 146]. However, it 
has also been shown that the addition of PET particles may also negatively affect 
the quality of concrete, e.g. leading to decreased mechanical properties due to the 
weaker bonding and lower surface energy [4, 26, 94]. 

To the best knowledge of the authors, there has been no related work studying the 
performance of concrete containing PET aggregates in the context of MIC. However, 
there are some studies on acid resistance of concrete incorporating PET particles in 
laboratory conditions using chemical sulfuric acid [9, 17, 116]. Table 7 summarizes 
some of the reported mass loss of concrete with different content of PET particles 
under sulfuric acid attack. Based on the limited results, it seems that PET may be 
used as aggregates for concrete in aggressive environments, e.g. sewer conditions. 
PET aggregates may alter the mechanism of concrete corrosion under sulfuric acid 
attack and help concrete better maintain the load-bearing capacity and integrity [9, 
17]. More stringent studies are needed to evaluate the performance of concrete with 
PET aggregates under real sewer conditions.
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Table 7 Mass loss reported in laboratory studies of concrete with PET 

Physical characteristics of 
PET 

PET 
Content (%) 

Exposure Mass loss (%) 
after 60 days 

References 

Unit weight 
(kg/m3) 

Particle size 
(mm) 

464 < 7 0 5% H2SO4 13.47 [9] 

5 10.26 

10 8.98 

15 6.57 

464 < 7 0 5% H2SO4 14.47 [116] 

5 13.30 

10 10.27 

15 10.03 

3 Additives 

3.1 Antimicrobial Agents 

Antimicrobial agents, i.e., chemical substances toxic to a number of living organisms, 
may be added to increase the performance of concrete subject to MIC conditions. 
The concept of using antimicrobial agents in concrete to mitigate MIC has caught 
significant interests, and the principal mechanism is to inhibit the growth of microor-
ganisms and thereby reduce the development of the corrosion [19, 104]. There are two 
main methods of using antimicrobial agents: one is to add antimicrobial agents into 
coating materials to protect underlying concrete; and the other is to mix antimicrobial 
agents directly into the concrete (as an admixture) [27, 158, 159]. 

Antimicrobial agents may be divided into two main types: inorganic and organic 
antimicrobial agents [72, 114]. Inorganic antimicrobial agents usually include heavy 
metals (silver, nickel, tungsten), metal compounds, silicate, free nitrite and nano 
inorganic antimicrobial materials. The antibacterial activity of metal or metal ions 
is  in  the order  of: Ag > Hg  > Cu > Cd  > Cr > Ni  > Pb > Co  > Zn > Fe  [72, 86, 
88, 114, 157]. Antibacterial agents containing silver ions show strong effects, while 
broad use is hindered by the relatively high cost [72, 114]. Inorganic antimicrobial 
agents are characterized by long shelf time and high temperature resistance, while 
side effects such as toxicity cannot be neglected [89, 102, 108, 133]. Commonly 
used organic antimicrobial agents include, e.g. quaternary ammonium compounds 
and tertiary amines, mixtures of aldehydes, chlorine compounds, formalin, alcohols, 
peroxide compounds, nickel sulfide and calcium formate (toxic to thionic bacteria) 
and guanidine derivatives [50, 145]. Quaternary ammonium compounds are repre-
sentative organic antimicrobial agents, e.g. silane quaternary ammonium chloride 
(SQA) [38] and cetyl-methyl ammonium bromide [7], both of which have been 
widely studied, e.g. see [67, 86].
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In addition, it has been found that Cu2O, CaCO3, TiO2, ZnO, CuO, Al2O3, Fe3O4 

and other nanoparticles also have shown good inhibitory effects on microorganisms 
[104, 128, 131, 139]. This is due to the fact that the ratio of surface area to volume 
increases significantly when the particle size is reduced to the nanoscale. This may 
result in superior antimicrobial properties due to, among others, greater interactions 
with the surrounding microorganisms and/or enhanced release of toxic ions from the 
surfaces [12, 14, 93, 104]. Some possible antimicrobial agents to mitigate MIC of 
concrete are summarized in Table 8. The use of antimicrobial agents in this context 
has both advantages and disadvantages [144]. The advantages include, e.g. good 
MIC mitigation effects can be expected when suitable antimicrobial agents are used 
and it is a technology with high potential, e.g. the use of nanoparticles. The potential 
disadvantages include, e.g. long-term effects not validated, potential environmental 
concerns due to the use of heavy metal bearing chemicals, and the high cost of using 
novel materials, e.g. nanoparticles.

4 Novel Corrosion-Resistant Bioconcrete 

Conventionally, bioconcrete is an innovative type of concrete with admixed bacteria 
that is capable of microbially inducing calcite precipitation [160]. Calcite is a ‘bio-
sealant’ to seal cracks and reduce concrete permeability. Different bacteria have 
been used for conventional bioconcrete, including sulfate-reduction bacteria [21, 39]. 
Previous bioconcrete studies mainly focused on crack-healing of concrete structures 
like buildings [126]. 

Sulfate-reducing bacteria has been long recognized for its diverse potential 
in biotechnology development [100]. Another study found that sulfate-reducing 
bacteria coexist with sulfide-oxidizing bacteria by inhabiting different layers of the 
corrosion biofilm on mortar samples located in a sewer manhole [122]. These findings 
support the potential use of sulfate-reducing bacteria in bioconcrete, for the purpose 
of enhancing the corrosion resistance in sewers. Some recent studies developed self-
healing bioconcrete specifically for domestic sewer systems using sulfate-reducing 
bacteria and/or nitrate-reducing bacteria cultivated from wastewater [23, 25, 132]. 

A recent study evaluated the physiological suitability of sulfate-reducing bacteria 
granules for the development of bioconcrete [24]. The bioconcrete solution utilizes 
the sulfate reducing processes that can reverse the corrosion caused by sulfide-
oxidizing bacteria. Sulfate-reducing bacteria can consume sulfate and increase the 
pH (Eqs. 1–3). The opposite microbial metabolisms of sulfate-reducing bacteria and 
sulfide-oxidizing bacteria (Eq. 4) can cycle a part of the total sulfur compounds on 
concrete surface, thus mitigate (or completely avoid ideally) the damaging effects of 
sulfuric acid to cement. 

2CH2O + SO2− 
4 + H+ → H2S + HCO− 

3 + CO2 + H2O, when 4 < pH < 7 (1)
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Table 8 Some possible antimicrobial agents to mitigate MIC of concrete 

Antimicrobial agents Effects References 

Sodium tungstate (Na2WO4) Complete inhibition of five strains of 
ASOB at the concentration of 50 µM 

[103] 

Nickel, calcium tungstate (Ni, CaWO4) The addition of 0.075% metal nickel 
and 0.075% calcium tungstate 
significantly reduced the weight loss of 
cement samples after exposure to sewer 
atmosphere containing 28 ppm H2S for  
two years, respectively 

[103] 

Metal (Ni,W) compounds, ZnSiF6 Mortar with antimicrobial watertight 
admixture had higher pH (6.8) and 
lower concentration of sulfuric acid 
(3.78 × 10–8 mol/L) compared to that 
(6.6 and 2.56 × 10–7 mol/L) of plain 
mortar 

[84] 

Silver-loaded zeolite Growth of planktonic and biofilm 
populations of A.thiooxidans was 
inhibited 

[55] 

Silver molybdate The residual colony count of E. coli and 
S. aureus is 0 cfu/mL by addition of 
0.004% silver molybdate 

[157] 

Silver-silica composite (Ag-Si) Mortality for Gram positive and 
negative bacteria was 99% 

[1] 

Silver, zinc and copper ions contained 
in zeolites (Ag, Zn and Cu) 

The efficiency of the silver ions was 
superior to the other single ionic 
systems. The binary Cu/Zn had similar 
antimicrobial efficiency as Ag 

[72] 

Zn oxide (ZnO), copper (Cu) slag, 
ammonium chloride (NH4Cl) sodium 
bromide (NaBr), and cetyl-methyl 
ammonium bromide 
(C17H38BrN) 

They all showed inhibition capabilities 
to algal. Addition of zinc oxide and 
ammonium chloride (10% each) in 
mortar mix showed comparable 
bacteriostatic properties to commercial 
biocides 

[7] 

Nickel, tungsten and fluosilicates (Ni, 
W and  ZnSiF6/MgSiF6) 

Inhibition effects on SOB growth were 
observed 

[54] 

Copper and copper oxide (Cu and 
CuO) 

The samples were able to kill 95% of E. 
coli after 4 h contact 

[30] 

Copper oxide (CuO) Leaching of copper from the nano 
copper oxide film significantly inhibited 
the growth of ASOB (A. thiooxidans) 

[56] 

Titanium dioxide (TiO2) 16-week exposure study showed no 
visible algal growth on the surface of 
white cements containing a commercial 
TiO2 nano-particles 

[93]

(continued)
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Table 8 (continued)

Antimicrobial agents Effects References

Nano sized TiO2, CaCO3 Nano-TiO2 modified fly ash mortar and 
nano-sized TiO2, CaCO3 modified fly 
ash mortar exhibited enhanced 
antibacterial activities compared to 
nano-CaCO3 modified fly ash mortar 

[139] 

SiO2/TiO2 nano-composite Bacteria inactivation after UV light 
irradiation and without illumination 
after 120 min was 67% and 42%, 
respectively 

[129] 

Aluminum ions (Al) Impact of Al on the microbial activities 
has been proposed as a reason for high 
durability of calcium aluminate cements 

[62, 63] 

Calcium formate (Ca(HCOO)2) The growth of the SOB (ASOB) was 
completely inhibited by formates, 
especially by calcium formate of 
concentrations more than 50 mM 

[151] 

Isothiazoline/cabamate 
(C3H3NS/NH2COOH) 

Outstanding antifungal effects (on the 
Aspergilusniger) were found for cement 
mortars with the isothiazoline/cabamate 

[32] 

Antimicrobial fibers No growth of bacteria (E. coli and S. 
aureus) was observed within about 
2–4 mm of the area surrounding the 
concrete samples 

[45] 

Free nitrous acid (FNA, i.e. HNO2) H2S uptake rate decreased by 84–92% 
1–2 months and viable bacterial cells 
reduced from 84.6 ± 8.3% to 10.7 ± 
4.3% within 39 h after FNA spray 

[69]

2HCO− 
3 + Ca2+ → H2O + CaCO3 + CO2 + H2O, when 4 < pH < 7 (2)  

2CH2O + SO2− 
4 + 2H+ → H2S + 2CO2 + 2H2O, when pH < 4 (3)  

H2S + 2O2 → 2SO2− 
4 + 2H+ (4) 

Sulfate-reducing bacteria exist in wastewater systems due to the prevalence of 
carbon and sulfur substrates in wastewater for their growth and metabolisms [70]. 
Due to sulfur cycling, it is no surprise that sulfate-reducing bacteria and sulfide-
oxidizing bacteria co-exist in the same natural environment [16, 52, 71]. Also, they 
were found to co-exist in the corrosion biofilms of a sewer manhole, where frequent 
wastewater inoculation happened [122]. The sulfate-reducing bacteria with relative 
abundance even lower than 1% in the corrosion layer significantly inhibited corrosion 
compared to those samples without sulfate-reducing bacteria. The less corrosion was 
detected on the gas-phase samples without wastewater inoculation, suggesting that
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sulfate-reducing bacteria in the anerobic regions of the corrosion layer may reduce 
corrosion. 

The concrete corrosion environment with elevated sulfate and calcium ions 
provides the sulfur substrate to sulfate-reducing bacteria. In sewers, the domestic 
wastewater can provide carbon substrate that is essential for dissimilatory sulfate 
reduction to happen (Eqs. 1 and 3). Sulfate-reducing bacteria can reduce sulfate to 
sulfide under anaerobic or microaerophilic environment [106, 107] generating calcite 
as well as consuming protons to produce H2S and CO2 [21, 122]. It was found that 
the spore-forming and haloalkaliphilic sulfate-reducing bacteria were active in alka-
line environment with pH up to 11, which is similar to the fresh concrete condi-
tion [57]. It is thus highly possible to add sulfate-reducing bacteria as the bioagent 
of bioconcrete to mitigate corrosion. A recent study also found the abundance of 
sulfate-reducing bacteria increased significantly from ordinary concrete (0%) to two 
types of bioconcrete (2–7%) (as highlighted in Fig. 12). 

A recent study tested a type of bioconcrete based on mixed sulfate-reducing 
bacteria and nitrate-reducing bacteria granules (originally developed for its self-
healing capacity) for the corrosion rate in a corrosion chamber over 6 months [132]. 
It was found that the bioconcrete samples (B1 and B2, with 1% and 2% bacterial 
sludge) showed lower corrosion rate, up to 43% less, in comparison to a general 
Portland cement concrete (C0) (Fig. 13). This preliminary experiment demonstrates 
the potential of using sulfate-reducing bacteria in bioconcrete for enhanced corrosion 
resistance in sewer environment.

Fig. 12 Heatmap representing the relative abundance of the predominant bacterial types (> 2%) 
detected in the corrosion layer of portlandite concrete (C0) and two bioconcrete samples (B1 and B2) 
using 16S rRNA gene amplicon sequencing. The presence of sulfate-reducing bacteria is highlighted 
in the red box [132]. Reproduced with permission from Elsevier 
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Fig. 13 The sulfide uptake rates (SUR), sulfate concentrations and corrosion rates after 6 months 
of exposure of control (C0) and bio-concrete mortar coupons (B1 and B2) after 0, 3 and 6 months 
of partially submerged exposure in the corrosion chamber. The error bars indicated the standard 
errors. Single-factor ANOVA analysis was used to calculate the significant difference among the 
groups (** p < 0.01; * p < 0.05) [132]. Reproduced with permission from Elsevier 

5 Summary 

Attempts have been made to improve the corrosion resistance of concrete under MIC 
conditions by using various different binder materials. Based on existing studies, 
the potential benefits of using sulfate resistant cement, supplementary cementitious 
materials and polymer modified cements against MIC are not conclusive, despite the 
positive results obtained in various laboratory studies. Almost all the existing work 
showed the superior acid and MIC resistance of sulfur concrete and the suitability 
for sewer applications, while the potential for field applications, especially for cast 
in-situ sewer structures, is challenged by practical issues, e.g. the casting procedures 
and potential health and safety risks. 

Aggregate can contribute significantly to the corrosion resistance of concrete 
primarily due to the high-volume fraction (more than 60%). Concrete with calcareous 
aggregates has a much higher alkalinity than concrete with siliceous aggregates, 
and the high alkalinity provides more material to react with the acid (the so-called 
neutralization capacity), thus slowing down the corrosion rate. The use of crushed 
CAC clinker as aggregate together with CAC has shown better performance than 
CAC with either siliceous or calcareous aggregates in sewers, which is attributed 
to a uniform chemistry across the whole concrete surfaces. Laboratory studies have
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shown improved acid resistance of concrete with PET aggregates, while more strin-
gent studies are needed to evaluate the performance of the concrete under real sewer 
conditions. 

The concept of using antimicrobial agents and additives in concrete to mitigate 
MIC have attracted significant interests, and the main mechanism is to inhibit the 
growth of microorganisms and thereby reduce the development of the corrosion. The 
advantages of using antimicrobial agents include good MIC mitigation effects when 
suitable products are used and the high potential of the technique, while the potential 
disadvantages include, e.g. long-term effects not validated, potential environmental 
concerns and the high cost of using novel materials, e.g. nanoparticles. 

Corrosion-resistant bioconcrete is a novel technique that is at the early stage of the 
development. However, it holds a great potential as it provides a long-term protection 
of concrete in the sewer environment. Future research is needed to further develop 
and demonstrate this innovative technology. 
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Corrosion Resistance of Calcium 
Aluminate Cements in Sewer 
Environments 

Neven Ukrainczyk and Cyrill Grengg 

Abstract This chapter provides a compact overview of the durability of calcium 
aluminate cements (CAC) in comparison to Portland cements (PC) in the context of 
(bio)chemically aggressive sewers. Special focus is on the CAC dissolution—precip-
itation reactions of alumina phases during acid attack and corresponding overall 
material response. Furthermore, the H2S adsorption behaviour and the impact of 
high Al3+ content on microbial growth is discussed. 

1 CAC Classification and Uses 

Calcium aluminate cements (CAC), also termed high-alumina cements, are cements 
based on limestone and (low-silica) bauxite. The main mineral in CAC is mono-
calcium aluminate CA (CaO:Al2O3, where Al is substituted up to ~ 5% with Fe 
as a solid solution). Some other minerals are gehlenite C2AS (2CaO:Al2O3:SiO2), 
mayenite C12A7 (12CaO : 7Al2O3), ferrite phase (with variable iron content: C4AF-
C6AF2), di-calcium aluminate CA2 (2CaO : Al2O3), β-C2S, pleochroite, perovskite, 
etc. Several commercial CAC classes are available, typically separated by the alumi-
nate and iron content. The (very) high aluminate content CACs are relevant for 
refractory industry, and not used for sewer applications due to higher costs. Differ-
ences in raw materials, hydration and properties of CACs are detailed by Pöllmann 
[26], Scrivener [31] and Robson [29]. 

Most common usage of CACs as a construction material for wastewater infras-
tructure is twofold: (1) in pre-cast industry to coat PC-based concrete (or even steel) 
elements such as pipes or other, e.g. manhole structures or (2) to repair existing 
bio-deteriorated wastewater systems [29, 34]. Less common is to manufacture a full
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structure based on CAC concrete, due to economic reasons, as CAC is typically 3–5 
times more expensive than Portland Cement (PC). Nevertheless, full CAC concrete 
pipes were installed in Australia 1950 [31, 34]. 

2 Durability of CAC Versus PC in (Bio) Corrosive Sewer 
Environments 

Calcium aluminate cements (CACs) are a well-used, initially costlier alternative to 
Portland-based cements that pays off when durability (to sulfates and sewer condi-
tions) is to be considered. CACs have repeatedly been demonstrated to perform 
significantly better in field sewer environments, as well as in accelerated lab tests. 
Reported on-site corrosion rates vary significantly depending on the type of binder 
material, aggregates and environmental conditions (Table 1) [2, 6, 7, 10, 14, 17, 23– 
25, 28, 30, 32, 33, 40, 41, 43], and for CACs the biodegradation rates (RCAC) are  
found to range from 0.4 to 5.4 mm/year whereas for PC (RPC) based cements they 
range from 0.8 to 11.2 mm/year. The improved durability of CAC over PC is shown 
in Table 1, calculated individually from each reference, namely as the ratio of the 
(bio)degradation rates RPC/RCAC. For on-site and lab tests, the RPC/RCAC improve-
ment factors range from 1.1 to 5.17 and 1.1 to 10.3, respectively. The exception of 
worse performance of the CAC than PC reference (RPC/RCAC = 0.27), reported by 
Ding et al. [7] could be attributed to the unknown mix design parameters used in 
commercial prebagged CAC dry mortar. From individual studies following major 
findings could be summarized. Kiliswa and Alexander [20] and Kiliswa et al. [22] 
highlighted the importance of the aggregate type, silicious vs. carbonaceous, demon-
strated by on-site corrosion rates for PC of > 7.5 versus 3.1, respectively, while for 
CAC the rates are 1.9 versus 0.6, respectively. Wack et al. [42] and Herisson et al. 
[19] demonstrated the improved durability by use of CAC clinker instead of sand 
aggregates (Table 1). Kiliswa et al. [22] quantified the positive effect of increased 
PC or CAC binder content (a/c = 5.25 and 3.35 in Table 1) to reduce the corrosion 
rates. Buvignier et al. [3] compared the durability of CAC with PC and 70% slag 
PC, resulting in a corrosion rate (RPC/RCAC) improvement factors of 2.13 and 1.88, 
respectively, due to the beneficial effect of slag in PC blend.

Examples of excellent performance of CAC coatings (typically 25 mm thick) 
in real life applications on PC-based concretes are projects in Durban of South 
Africa [34] and Malaysia [31]. The better performance of CAC-based compared to 
PC based mortars and concretes is primarily explained by the different chemistry, 
mineralogy and microstructure of the cement pastes. These results in different (pH 
dependent) pore-filling and acid neutralization capacity, both mainly attributed to 
secondary precipitation and dissolution of alumina gel, discussed in following sub-
sections. Moreover, the biofilm-material interaction should also be put in focus [12, 
27], discussed later in separate sub-sections.
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2.1 Precipitation-Dissolution Reactions (and Alumina Gel) 

Both the initial CAC hydration and later concrete/mortar interactions with harsh 
sewer environments fundamentally rely on reaction-transport mechanisms taking 
place within the material’s porous microstructure. Such chemical changes are driven 
by a reaction thermodynamic potential, while kinetic rates of the main reaction mech-
anisms tell us how fast the microstructure is changing. The main (stable) hydration 
products in CAC hardened pastes are hydrogarnet (C3AH6) and gibbsite (AH3 or 
alumina gel). Monocarbonate (C3ACcH11, where c denotes CO2) and Stratlingite 
(C2ASH8) may also form in case of significant amounts of CO2 (e.g. calcite, Goer-
gens and Goetz-Neunhoeffer [13]) and silica [5], respectively are blended with CACs 
(Valix SP2 Report on SCMs). In simplified form, considering only C3AH6 and AH3, 
the neutralization reaction of the attacking (biogenic) sulfuric acid (H2SO4, or Hs  
shortened in cement chemistry notation) can be expressed with reaction Eqs. 1–3. 

AH3 + 3Hs → As3 + 6 H (1)  

C3AH6 + 3Hs → 3Cs + AH3 + 6H (2) 

3CsH2 + C3AH6 + 20 H → C3A · 3Cs · H32 (3) 

At pH below (3–4), alumina gel neutralization reaction (1) produces alunogenite 
(Al2(SO4)3 = As3) crystals. At higher sulfuric acid (Hs) concentrations, corre-
sponding to the outer zones closer (or in) biofilm, C3AH6 transforms into CaSO4 (Cs) 
and additional alumina gel (2), while in more inner zones (lower Hs concentrations) 
sulfates crystalize to gypsum (CsH2) and ettringite (C3A : 3Cs : H32) according to 
Eq. 3. Although stratlingite (C2ASH8) is a more stable, i.e. a less soluble phase than 
C3AH6, it has a lower neutralization capacity [3, 18]. In iron rich CACs, C2(AF)H8 

is favorably formed over C2AH8, which together with stratlingite exhibit greater 
resistance to sewer corrosion than C3AH6 (Valix SP2 Report on Reactions of CAC, 
Part 2). 

The biodegradation process of CAC materials may also be related to the process 
of conversion of the metastable (CAH10 and C2AH8, not considered in Eq. 1–3) into  
stable aluminate hydrates (C3AH6 and AH3). The conversion process is accelerated 
by temperature and humidity [35–39]. A full conversion was reported to lower the 
biodeterioration resistance (by a factor from 1 to 1/4) (Valix SP2 Report on SCMs). 
However, the effect of conversion depends highly on the mix designs, primarily on 
the water to cement ratio, i.e. porosity of the binder matrix material. For the same 
reason increasing the content of silicates in CAC, especially when adding pozzolans, 
must be carefully proportioned to benefit in precipitation of stable stratlingite while 
minimizing the porosity and conversion effects. Lowering the water to cement mass 
ratio below a critical value of 0.4 is a promising way to minimize the well-known 
deleterious effect of the conversion reactions on porosity, and thus durability. To
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achieve this, while maintaining good workability (i.e. fresh rheological) properties, 
a superplasticizer polymer may be ad-mixed. To avoid side-effects like segregation 
and CAC hydration reaction retardation, a combined usage of polycarboxylate ether-
based superplasticizer with methyl cellulose and lithium carbonate showed promising 
rheological/mechanical properties for CAC-based materials [39]. 

Concomitant to acid attack, another important degradation mechanism is sulfate 
attack. Namely, the ingress of sulfates through the pore solution of the cement 
matrix and chemical reactions with solid phases induces precipitation of sulfate-
based phases, mostly as gypsum and ettringite (Eqs. 2 and 3) [12]. Crystallization of 
ettringite (Eq. 3) is expected to be more destructive than that of gypsum, due to higher 
swelling, i.e. lower density of the secondary crystals (1.77 vs. 2.32 g/cm3). Kiliswa 
et al. [21] studied the durability of calcium aluminate cement (CAC) compared to 
(sulfate resistant) Portland cement mortar in natural wastewater treatment plant envi-
ronment. After 12 and 24 months of field exposure, microstructural analyses revealed 
that crack inducing precipitation of gypsum was the major reason behind the dete-
rioration for both PC and CAC types of binders, though much less pronounced for 
CAC. 

During (biogenic) acid attack the pH of the pore solution decreases, increasing the 
solubility equilibrium concentrations of calcium and aluminum ions in the cement 
paste matrix, according to Le Chatelier’s principle of equilibrium law. For example, 
the solubility of hydrogarnet (C3AH6) in equilibrium reaction (Eq. 4) is thermo-
dynamically defined by a solubility product (K sp = aCa2+ 3 aAl(OH)4– 2 aOH-4, for  
simplicity activity a can be viewed as concentration in diluted case) having a strictly 
constant value, namely K sp = 3.2 × 10–21 [11]. However, the ingress of H+ ions 
removes OH− from the equilibrium (Eq. 4) by forming water molecule with an 
equilibrium (water auto-protolysis) reaction Eq. 5 (Kw = 10–14). Thus, in order to 
maintain the constant value of K sp, more C3AH6 has to dissolve in order to increase 
the equilibrium concentrations of calcium and aluminum ions in solution. 

(CaO)3 · Al2O3 · (H2O)6 � 3Ca2+ + 2Al(OH)− 
4 + 4OH− (4) 

H2O � OH− + H+ (5) 

Moreover, the reactive-transport mechanism involved in the diffusion and disso-
lution–precipitation reaction (Eq. 2) due to acid attack on the CAC porous hardened 
paste matrix seems to be the key for the improved performance. Herisson et al. 
[15] suggested that alumina gel and calcite secondary precipitations (interactions 
with atmospheric CO2) fill the pores of the CAC matrix. Namely, both precipitates 
remain stable to buffer the pH in a range between 4 and 10, thus dissolving only 
when the pore solution pH decreased further (below pH 4) due to the continuous 
ingress of acid and depletion of AH3 (Eq. 6). 

Al(OH)3(alumina gel) + 3H+ → Al3+ 
(anti-bacterial effect?) + 3H2O (6)
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This is a key contrast to the PC matrix where the cement hydrates [mainly Port-
landite (Ca(OH)2) and C–S–H] are entirely dissolved during initial reactions (pH < 
10). In other words, although CACs have a lower total neutralization capacity (than 
PC), the secondarily precipitated alumina gel fills in (i.e. blocks) the pores, enabling 
a protective barrier. At lower pH values (around 4) the dissolution of alumina gel 
buffers the pH resulting in higher neutralization capacity at that pH range [3, 15, 22]. 

Rapid dissolution of cement hydration products leads to a severe degradation of 
the materials properties, driven by intricate mechanisms of coupled reactive trans-
port through porous concrete. As this degradation process proceeds, the thickness 
of the affected layer and hence its protective performance increases, shifting the 
dissolution reaction to a diffusion-controlled mechanism. The degradation process 
of CAC mortar and concrete is typically described by different zones (qualitatively 
similar to PC-based case), which move into the undamaged material with time [8]. 
The first, most degraded zone, is a zone of erosion, in which the bigger insoluble 
aggregates are left protruding outwards, having a pH of the pore solution close to the 
biofilm. The solubility and the grain shape of aggregates have a great influence on the 
depth of degradation [1]. In a 2nd zone a porous degraded layer of low mechanical 
strength contains (a) calcium sulfate salts (gypsum, anhydrite CaSO4, and possibly 
the hemihydrate bassanite: CaSO4 : 0.5H2O, depending on the activity of the water in 
the solution), (b) amorphous ferric (pH 1–2) and/or silica hydroxides (in iron and/or 
silica rich CACs) and (c) alumina hydroxide gel which buffers a pH of the pore 
solution to a value around 3–4. Third zone is a transition zone, being a mechanically 
sound region due to remaining C3AH6 and AH3, where the pH is increasing until 
reaching the value of the undamaged core material. 

Recent studies [3, 12, 21, 22], e.g. using elemental maps, confirmed the dissolution 
of the alumina microstructure within the low pH decomposition layers at low rates 
(with time). In turn, significant amounts of amorphous alumina and silica gel phases 
were observed to form within the decomposition layers. Secondary precipitation of 
alumina gel thus effectively reduced the open porosity and preserved the cohesion of 
the CAC material, resulting in lower acid diffusion rates. An example of the different 
dissolution behavior of an OPC and CAC mortar after 18 months exposure within a 
sewer system strongly affected by MICC is shown in Fig. 1.

2.2 H2S Affinity 

Gaseous H2S(g) released in headspaces of a sewer absorbs into moisture films and 
water filled porosity on the concrete surfaces above the waterline in sewer systems. 
Absorbed H2S chemically reacts by a number of abiotic and biotic reactions, leading 
to the generation of sulfuric acid and ultimately corrosion of the concrete. CAC-
based concrete surface has a lower affinity to H2S gas than PC-based one (proposed 
by Herisson et al. [15, 16]), exhibiting less deposition of elemental sulfur (S0) on  
the CAC matrix and thus less formation of biogenic acids through the oxidization of
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Fig. 1 BSE images of cross sections throughout the deteriorated layers of an OPC and CAC mortar, 
together with the elemental distribution of Ca, S, Al and Si within the same areas. The transition 
between the corroded and intact microstructure is marked with the yellow dotted line (data adopted 
from [12]. Reproduced with permission from Elsevier
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sulfur compounds. Here it should be noted that the abiotic reactions of H2S (interme-
diate) oxidation with the cement-based matrix may produce several sulfur compounds 
with different degrees of oxidation, e.g. beside S0 also thiosulfate. [15] argued the 
different CAC binder chemistry (compared to PC) results in a different H2S oxida-
tion/deposition behavior which in turn plays a major role in the overall biodegradation 
processes. This was explained by a catalyst-based reaction, where the H2S oxidation 
into elemental sulfur is kinetically assisted by Ca2+ and Fex+ metallic cations. Thus 
Cu, Zn, and other metallic cations, which are interesting from their retardation effects 
on biofilm activity, could play also a second role on (accelerating) sulfur deposition. 
More research is needed in this direction. The presence of iron may also affect the 
development of some acidophilic bacteria [3]. 

2.3 Biofilm Affinity 

Some studies have highlighted a bacteriostatic effect of Al3+ [15, 18] on biofilm 
activity, a still hypothetical mechanism whose chemical origin can also be attributed 
to the alumina gel dissolution reaction (Eq. 6). However, the bacteriostatic effect of 
Al3+ on the growth of relevant acid producing (acidophilic sulfur-oxidizing) bacteria 
has not yet been confirmed [3, 4]. 

The biofilm observed on CAC materials after up to 18 months of in situ exposure 
[12] consisted almost exclusively of relevant acid-producing (acidophilic sulfur-
oxidizing) bacteria that spread over the entire depth of degradation. In addition, the 
biofilm had by far the lowest species diversity compared to the Portland cement and 
geopolymer materials tested. This suggests that although Al3+ has no clear conclu-
sions for acidophilic sulfur-oxidizing bacteria, it may inhibit the growth of symbi-
otic microorganisms such as heterotrophic organisms and fungi, which could have 
long-term effects on the mechanisms of biogenic metabolism. 

Herrison et al. [18] also reported that microbial diversity varies with binder 
types (PC, slag, CAC) and with exposure time, as mortar/concrete surface chem-
istry interacts with microbial colonization. In their study, the existing results on the 
possible mechanism of aluminum on the microorganisms involved in the biodegra-
dation process were summarized. The following points are worth highlighting here, 
while readers are referred to [18] and the citations therein for more details. Different 
threshold concentrations (50–250 mg/L) of Al+3 ions are required to trigger a decline 
in activity in different species of Thiobacillus bacteria. The growth kinetics (and 
metabolic activity) of the species A. thiooxidans was slowed down (using 56– 
112 mg/L Al+3), but not inhibited completely. However, similar retardation effects 
were also attributed to the simultaneous increase in ionic strength of the different 
test solutions without Al3+, e.g. using only Na, K-based salts. Buvignier et al. [4] 
also demonstrated more recently that total dissolved-aluminum concentrations (up 
to 2698 mg/L) were not inhibitory, but more likely that the cell growth is (slightly) 
influenced by ionic strength.
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In conclusion, the improved CAC resistance over PC binders should thus mainly be 
linked to the intrinsic chemistry driven reactive-transport process, as also suggested 
by recent findings [3, 12, 21, 22]. This means that dissolution of cement hydration 
phases initially present or secondarily precipitated during the acid attack process 
(detailed in the previous sub-section) plays a much more dominant role over biofilm 
affinity when explaining the impact of a binder type. 

2.4 CAC Clinker Aggregates 

Ehrich et al. [9], and later Alexander and Fourie [1] have demonstrated that CAC 
based concretes or mortars comprising merely crushed CAC clinker aggregates 
perform better in sewers than with either sand or calcareous aggregates. Saucier 
and Herisson [34] hypothesized that this could be explained by bacteriostatic effect, 
due to similarity (compatibility) in materials surface chemistry that interacts with 
biofilm, which is similar for the aggregates and the binder matrix. In case of conven-
tional ‘inert’ sand, its surface is more favorable for producing sulfuric acid without 
being slowed down by the bacteriostatic Al3+. 

3 Summary 

To date, CAC materials are the most effective commercially available inorganic 
binder type to be used in (bio)chemically aggressive sewers. Their increased perfor-
mance in (bio)acid environments is mainly correlated to higher intrinsic acid resis-
tance of the CAC microstructure, lower porosity due to the formation of alumina gel 
under acid attack, higher acid buffer capacity at low (3–4) pH and lower affinity of 
H2S surface adsorption. Furthermore, bacteriostatic effects of Al3+ may also impact 
the activity of microbes and corresponding biogenic acid production rates. 

Author Contribution N. Ukrainczyk: Conceptualization, Investigation, Formal analysis, 
Writing—original draft, Writing—review and editing. C. Grenng: Writing—review and editing. 
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Alkali-Activated Materials for Sewers 

Cyrill Grengg, Gregor J. G. Gluth, and Florian Mittermayr 

Abstract This chapter aims to give a brief introduction into the field of alkali acti-
vated materials (AAM) and their physicochemical material behavior when exposed to 
sulfuric acid and in biochemically aggressive sewer environments. Additionally, the 
differences in material behavior within chemical (abiotic) and microbially induced 
acid environments are highlighted. Finally, existing data on overall performance of 
AAM, compared to conventional concrete-based building materials in sewer systems 
will be discussed. 

1 AAM Classification and Synthesis 

Alkali-activated materials (AAM), also often referred to as geopolymer materials 
(GP; for simplification reasons hence, the term AAM will be used) in the litera-
ture [46], represent a promising alternative to conventional ordinary Portland cement 
(OPC)-based construction materials due to generally higher durability in (bio) chem-
ical aggressive environments, as well as due to lower greenhouse gas emissions 
during production and associated lower environmental footprint. Generally, the 
global warming potential of AAMs is estimated to be between 10 and 80% lower 
compared to OPC, depending on precursors and activators used for the syntheses 
[31, 40, 43, 63]. 

A detailed description of the nature of AAM chemistry is not focus of this chapter 
and the readers are referred to numerous descriptive literatures e.g. [15, 16, 44, 49,
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51]. In the following, central aspects, relevant to decipher the material behavior of 
AAMs in (bio) chemical aggressive environments, will be elucidated. 

In the most general description, AAM consist of two main components—a 
precursor and an alkaline activator. Due to very few requirements for precursors 
suitability (and lacking standardizations), there are many kinds of source materials 
potentially applicable to be used, such as metakaolin [14], kaolin [8], calcined clays 
[47], fly ashes [52], various slags [1], red muds [7], volcanic ashes [19], different 
types of mineral and glass wools [5], and others. Frequently used activators comprise 
sodium and potassium hydroxide (NaOH, KOH) or different types of waterglasses 
(K/Na silicates). Alkali activation (geopolymerization) takes place in three steps: (i) 
dissolution of the aluminosilicate precursor via alkaline hydrolysis in an alkaline 
medium, producing aluminate and silicate species, (ii) solution and supersaturation 
due to rapid precursor dissolution, triggering alumosilicate monomers formation 
and subsequent gel nucleation (binding of Al and Si with O into tetrahedral struc-
ture), and (iii) polycondensation, rearrangement and dehydration into the amorphous 
alumosilicate network [21, 53], generally referred to as polymeric framework. 

Based on the relative concentrations of the cementitious components in the system 
(CaO–SiO2–Al2O3–Na2O–K2O), AAMs may be grouped into three main categories: 

(1) High calcium AAMs (e.g. blast furnace slag, BFS, as a precursor), in which 
calcium silicate hydrate (C–(A)–S–H) gel forms the main structural frame-
work [60]. However, the chain structure of this gel may differ significantly 
from C–S–H formed in OPC, due to low Ca/Si ratio and coeval high Al 
content [50]. Additionally, layered double hydroxides (LDHs) form, especially 
in Mg-rich mixtures. High calcium AAMs are defined by Ca/(Si + Al) ratio of 
approximately 1 [48]. 

(2) Low calcium AAMs (metakaolin or fly ash), with sodium/potassium aluminosil-
icate hydrate [(K/N–A–S–(H)] gel as the main reaction product, whereas H is 
not a major component of the gel structure (accordingly denoted in parenthesis). 

(3) A combination of the two (hybrid materials), in which co-existing C–(A)–S–H 
and K/N–A–S–(H) gels are present e.g. in blended slag-fly ash binders [35]. 

Figure 1 displays a schematic overview of the different process pathways and 
reaction products during alkali activation for low and high calcium systems.

As seen in Fig. 1 the raw materials choice and mix design centrally control 
the chemistry and reaction product composition of AAMs. Besides compositional 
aspects, AAM microstructure and corresponding overall performance (mechanical 
properties and durability) are furthermore strongly dependent on various factors such 
as the curing regime, particle size distribution, type and concentration of the activator, 
etc. [12, 22, 56, 58, 61].
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Fig. 1 A simplified conceptual model of the process and reaction products of alkali activation, 
showing the pathway for low and high calcium (and Mg) containing systems, modified after [21, 
48]

2 Application and Durability of AAM in Sewers 

Many studies have reported an overall higher durability of well-designed AAMs in 
acidic environments [6, 24, 38, 57, 59]. Reasons for that are mainly related to the 
difference in phase assemblages and corresponding higher phase stability under acid 
attack, as well as due to different physical material properties such as lower perme-
ability. Furthermore, frequently augmented reasons are that in contrast to the acid 
induced dissolution of Ca-rich phases such as C–S–H, Ca(OH)2, Aft and AFm [55] in  
OPC-based systems and corresponding formation of a highly porous corrosion layer, 
in AAM a coherent layer of aluminosilicate gel may remain even after decalcifica-
tion, which in combination with newly formed amorphous Si-gel may reduce/hinder 
further acid ingress [9, 38, 50]. 

At the same time data on AAM durability in biochemically aggressive sewer 
environments are scarce. Therefore, in this chapter the overall AAM response to 
sulfuric acid (H2SO4) exposure will be discussed based on mainly (abiotic) chemical 
laboratory tests setups, followed by an overall durability evaluation of AAM based 
on in situ exposure and field studies in sewer systems, also recognizing microbial 
impact.
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2.1 (Abiotic) Sulfuric Acid Environments 

2.1.1 Chemical AAM Dissolution in Sulfuric Acid 

The deterioration of AAMs, when exposed to H2SO4, can be subcategorized in 
several process steps. Initially, the diffusion of acid into the porous microstructure 
triggers leaching of the charge balancing, non-framework alkali cations [Na+, K+, 
(Ca2+)] coinciding with a decalcification of the microstructural framework (for high 
Ca AAM), resulting in the formation of a leached layer at the acid—material interface 
[25]. As a result, the pH within the affected layers decreases significantly, destabi-
lizing the polymeric framework and triggering a subsequent dealumination of the 
aluminosilicate framework by hydrolysis and exchange of Al3+ with H3O+. Thereby, 
the decomposition kinetics strongly depend on the concentration of the sulfuric acid 
and corresponding prevailing pH conditions, as well as on hydrochemical reactions, 
such as complexation, within the latter [17, 18]. For instance, dissolved Al ions are 
known to strongly interact with silicic acids forming dissolved hydroxylalumosilicate 
colloids (HAS), which strongly retard the depolymerization of polymeric species to 
monosilicic acid [23, 62] and references therein). Described processes result in a 
leached layer which is characterized by low Al, Ca and Na/K concentrations and 
high Si content. 

The exact mechanistic dissolution behavior of the aluminosilicate framework 
under continued H2SO4 exposure, e.g. incongruent vs. congruent material dissolu-
tion, has remained undefined for decades. Recent studies, focusing on the detailed 
formation process of the leached layer, strongly argue for a largely congruent disso-
lution behavior of the polymeric framework which proceeds through the breaking of 
the Si–O–Si bonds and subsequent precipitation of a secondary Si-gel phase within 
the last stage of the acid attack. For instance, Sturm et al. [54], described an almost 
complete transformation of the Q4(mAl) species of the binder phase to Q3 and Q4 

units, using 29Si MAS NMR and 1H-29Si CP MAS NMR spectra of silica/sodium 
aluminate-based AAMs with and without 25% GGBFS addition. This indicates that 
these units had formed via the precipitation of a silica gel. This conclusion is further 
supported by Grengg et al. [27], studying metakaolin-based AAMs under H2SO4 

exposure. Applying a multi-proxy approach including oxygen isotope analyses they 
observed a strong oxygen isotopic fractionation of up to 13 ‰, which can only be 
explained by a breakdown of the Si–O–Si bonds and corresponding oxygen exchange 
with the solution. Furthermore, they observed increased Si concentrations within the 
leached layer, compared to the initial framework composition, as well as a strong 
decrease in Si/Al ratios within the solution after an initial equilibration time period, 
from values similar to the Si/Al ratio of the material, close to zero. These findings 
clearly indicate an overall congruent material dissolution behaviour and the formation 
of a secondary Si-gel phase as the final deterioration product. 

Described observations coincide with studies on the dissolution behaviour of 
natural aluminosilicates and glasses in acidic environments, describing a hydrolysis-
based breaking of the Si–O–Si bonds as the final step of dissolution, and an overall
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congruent dissolution behaviour [32, 33, 42]. Consistently, [25] pointed out the alike 
material behaviour of manmade AAMs and natural aluminosilicates and glasses 
in acidic environment, suggesting a stronger consideration of disciplines such as 
mineralogy and geochemistry to advance the understand of acid resistance of AAMs 
in the future. 

Besides leaching and framework dissolution, the precipitation of secondary 
minerals plays a crucial role during the acid attack of AAMs. This is especially true 
for H2SO4 environments, where the sulfate ion provides a useful anion to react with 
particularly Ca and Al. Depending on the composition, in primarily the Ca content, 
of the exposed AAM, the formation of calcium sulfates (mainly gypsum, but also 
basanite and anhydrite) and Na/K-alum proceeds. In low-Ca systems also the forma-
tion of alunite and syngenite was reported [26], whereas Khan et al. [36] additionally 
reported the formation of the Na-phases thenardite and natron. Described mineral 
precipitations are described to occur mainly within the transition zone between the 
leached layer and the intact AAM matrix, as well as on the surface of the mate-
rial [3, 4, 26]. A list of frequently reported secondary minerals to form during the 
progressing sulfuric acid attack in AAMs, associated with an expansive behavior, is 
presented in Table 1. 

Due to the expansive behavior of many of these secondary minerals, they play a 
central role in respect to the formation of micro and macro cracks and corresponding 
acid diffusion into the AAM material. In this context, the elemental leaching kinetics 
and consistent timespan to reach supersaturation of relevant mineral phases within the 
pore solutions is crucial determining AAM durability. For instance, in the previously 
described experiments of [26], the saturation state of different sulfate salts with time 
were calculated based on the chemical evolution of the exposure solution (H2SO4, 
pHstat = 2). The first supersaturation of relevant sulfate salts was already reached 
within the first 8 h of the experiments. Accordingly, the overall deterioration kinetics 
of the exposed AAMs were subcategorized in an initial (short) dissolution-controlled 
phase, followed by a main diffusion—precipitation-controlled phase (Fig. 2).

Table 1 Secondary mineral 
phases frequently reported to 
precipitated during sulfuric 
acid attack of AAMs 

Mineral Chemical formula 

Gypsum CaSO4 · 2H2O 

Basanite CaSO4 · 0.5H2O 

Anhydrite CaSO4 

Natron NaCO3 · 10H2O 

Thenardite Na2SO4 

Ettringite 3CaO · Al2O3 · 3CaSO4 · 32H2O 

Syngenite K2Ca(SO4)2 · H2O 

Sodium alum NaAl(SO4)2 · 12H2O 

Potassium alum KAl(SO4)2 · 12H2O 

Alunite KAl3(SO4)2(OH)6 

Jurbanite AlSO4(OH) · 5H2O 
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a b 

Fig. 2 a Conceptual description of the elemental evolution in a sulfuric acid solution with exposure 
time and corresponding shift from a dissolution controlled (near-stoichiometric) to a precipitation 
controlled (non-stochiometric) process regime. b Corresponding calculated saturation indices (SI) 
of relevant mineral phases with time (data from [26]) 

2.1.2 Durability Evaluation of AAM in Sulfuric Acid 

Existing literature on the overall performance of AAMs in sulfuric acid environments 
has been recently summarized by Gluth et al. [25] and is presented in Table 2. Due  
to the wide range of raw materials used and different experimental setups (pH condi-
tions, solid/liquid ratio, open/closed system etc.) and criteria of evaluation applied, 
such as weight loss, strength loss, width of leached layer, a general characterization of 
AAM performance in sulfuric acid is difficult to determine. However, several studies 
reported significantly higher durability of well-designed AAMs compared to stan-
dard OPC materials [2, 11, 36, 41]. As previously described, several physicochem-
ical material properties influence the performance of AAM when exposed to sulfuric 
acid. Among them are porosity, soluble silica content, Si/Al ratio, alkali content, 
acid buffer capacity, type of aggregates and water-to-binder ratio (w/b). A detailed 
emphasis of single parameters on the overall durability is difficult, however several 
properties are reported to increase AAM durability in sulfuric acid environments 
[38]:

• Low porosity and corresponding low permeability 
• High amount of soluble silicate in the activating solution 
• High alkali content 
• Low w/b ratio. 

2.2 AAM Durability in Biochemically Aggressive Sewers 

To date only a limited number of studies exists focusing on the durability of AAM in 
biochemical aggressive sewer environments. Interestingly, most of them are focusing
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Table 2 Studies on the 
resistance of AAMs against 
sulfuric acid attack, compared 
to OPC-based materials (data 
adopted from [25]) 

References AAM starting 
material(s) 

pH Acid resistance 
relative to OPCb 

[11] GGBFS/fly ash 1.0 ++ 

[41] Fly ash (class F) 0.6 ++ 

Fly ash (class C) 0.6 ++ 

Metakaolin 0.6 + 

[10] GGBFS 3.0 ≈ 
[2] GGBFS 1.0a ≈ c 

GGBFS 0.5a ≈ c 

GGBFS 0.3a ≈ c 

Fly ash 1.0a ≈ 
Fly ash 0.5a ++ 

Fly ash 0.3a ++ 

[36] Fly ash/GGBFS 0.8a + 

a pH calculated from the given concentration of H2SO4 
b Two plus signs (++) indicate that a relevant parameter (thickness 
of corroded layer, mass loss, or decrease of compressive strength) 
was > 50% better than for OPC; one plus sign (+) indicates that a 
relevant parameter was between approx. 25% and 50% better than 
for OPC; ≈ indicates that the performance of AAM and OPC was 
similar 
c Dissolution/mass loss for OPC mortar; expansion and cracking 
for GGBFS-based AAM

on low-Ca, metakaolin/fly ash-based formulations. A summary of existing literature 
is presented in Table 3. 

Table 3 Summary of existing studies of AAM exposure in biochemically aggressive sewer systems 

References Mix design Duration Characterization techniques 

[37] fly ash, blast furnace slag, NaOH 
+ Na2SiO3 

12 months Corrosion depths, pH, mass 
change 

[30] Metakaolin, trass, K-waterglass 18 months pH, mass change, corrosion depth, 
microbial communities 

[36] fly ash, blast furnace slag, NaOH 
+ Na2SiO3 

24 months Corrosion depths, pH, mass 
change 

[27] Metakaolin, K-waterglass (CuSO4 
· 5H2O) (ZnO) 

20 months pH, mass change, corrosion depth, 
microbial communities
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2.2.1 AAM Deterioration Process: Biotic Versus Abiotic 

The overall deterioration mechanisms of AAM in sewer system overlap largely with 
the multistage process described for AAMs when exposed to (abiotic) sulfuric acid 
exposure. This comprises the leaching of alkali ions, the formation of a leached layer 
and the precipitation of (expansive) secondary minerals. However, the deterioration 
kinetics may differ greatly due to numerous additional environmental and biolog-
ical factors contributing to the material degradation and corresponding significantly 
higher complexity. For instance, Khan et al. [36] observed significant differences in 
the material response of fly ash-based AAM when exposed to sulfuric acid and within 
a biochemically aggressive sewer system. Accordingly, they concluded that standard 
chemical tests are insufficient in estimating the service life of sewage infrastructure. 
In the following, the major differences in between the exposure environments and 
corresponding differences in material behaviour are discussed. 

Combined Carbonation and Acidification 

As described in Chap. 2 the initial stage of microbial induced acid corrosion proceeds 
via abiotic diffusion and dissolution of CO2 and H2S within the pore solutions of 
the exposed material and corresponding reduction of the surface-near pH [29, 34]. 
Continued gas penetration triggers, besides the leaching of alkali ions due to the 
formation of weak acids (thiosulfuric & polythionic acid), the carbonation of the 
polymeric framework and corresponding formation of carbonates, such as calcite 
and natron [36, 37]. This, in turn may lead to changes in the microstructure of the 
AAM, impacting further material response with progressing exposure time. 

Microbial Activity and Biogenic Sulfuric Acid Production 

The central aspect controlling material performance in biochemically aggressive 
sewers is the development and activity of acid-producing microorganisms. For 
instance, Grengg et al. [26, 27] found that the addition of Cu ions, added to enhance 
bacteriostatic material properties, altered the physicochemical material properties 
(e.g. increase in porosity), reducing the overall performance when exposed to sulfuric 
acid (abiotic). However, they observed significantly higher material durability of Cu-
doped AAMs when exposed to a real sewer system. Hence, the authors concluded 
that the bacteriostatic effect of Cu addition overcompensates its negative impact on 
physicochemical material properties. 

In this context, a detailed understanding regarding the microorganisms–AAM 
interaction is key to understanding material behaviour in the latter. While much 
research on conventional cement-based material (OPC and CAC) has been conducted 
in this regard, only very limited data pertaining to the effects of AAMs on the 
abundance and activity of microorganisms is available [20, 27, 30]. 

The overall microbial evolution within AAMs corresponds to the ones reported 
for OPC-based materials. Therein, autotrophic, sulphur oxidizing bacteria (SOBs) 
dominate the prevailing biofilms in and on AAMs, with a time and pH depending 
shift from neutrophilic to acidophilic species. The overall biodiversity within the 
biofilms is reported to decrease with exposure time [27, 30]. An example of dominant
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Fig. 3 Distribution of dominant bacterial species on the investigated field samples after 6, 12 and 
18 months of exposure within a biochemically aggressive sewer system. Only species that were 
found at a relative abundance of more than 10% in at least one sample, are shown in the heatmap 
matrix. White: no OTU/ASV present; blue: < 1%; green: 1–5%; yellow: 5–20%; red: > 20%. As an 
estimation for bacterial alpha-diversity, the Shannon index (H´) is given (data from [30]) 

bacterial species on various metakaolin-based AAMs, compared to an OPC and 
CAC formulation after different exposure durations within a strongly biochemically 
aggressive sewer system is presented in Fig. 3. 

Besides autotroph species, the occurrence of several heterotrophs, such as 
Acidiphilium sp. and Acidocella sp., as well as fungi [13] are reported, espe-
cially at later corrosion stages within highly deteriorated AAMs. These heterotrophs 
are frequently observed in the microbial communities within acidic environments, 
such as acid mine drainage, where they commonly co-exist with At. ferrooxi-
dans [39]. Nevertheless, their exact role on the microbial community structure and 
corresponding effects on AAMs in sewer environments still remain uncertain. 

At early stages of corrosion, the biofilms form at the surface and in large pore voids 
of the exposed material. With time they expand throughout the pore spaces and cracks 
of the leached layer, providing in situ sulfuric acid production at and in close vicinity 
of the transition zone to the intact microstructure. This strongly impacts further mate-
rial deterioration towards higher dissolution rates and presents one major difference 
compared to the process mechanisms in abiotic acid environments. An example of a 
highly evolved biofilm in an AAM with progressing corrosion is presented in Fig. 4.

Cyclic Environmental Changes 

In most of the chemical setups for the accelerated testing of cementitious mate-
rials in sulfuric environments the experimental parameters, such as acid concentra-
tion, temperature, solution/solid ratio, are controlled and stabilized. This is in direct
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Fig. 4 Multichannel biofilm distribution images of two metakaolin-based AAMs exhibiting 
different deterioration degrees after 18 months of exposure within a biochemically aggressive sewer 
system. Fluorescence microscope images were recorded prior to staining (no stain, white) and after 
staining (multichannel) using two different staining agents (SYT09 and PI) (data from [30])

contrast to the behaviour of the environmental parameters observed on site, which 
frequently exhibit continuous, inconstant cyclic variations. 

Relevant parameters, such as concentrations of gases [H2S, CO2, (CH4), (VOC)], 
temperature and relative humidity, strongly change in dependency of climatic 
changes due to day/night, seasonal and annual variations, weather changes and opera-
tional and network specific reasons (e.g. pumping rates, retention times, flow rates and 
turbulences). This, on the one hand strongly impacts the microbial activity and corre-
sponding biogenic acid production, and on the other hand the overall mineralogical 
and hydrochemical kinetics of the exposed material. 

For instance, variation in relative humidity and corresponding degree of water 
saturation within the pore spaces, impacts the diffusion kinetics of deleterious gases 
and acids, as well as the leaching of species out of the material [45]. 

Furthermore, described variations have a strong impact on the saturation state 
of the pore solutions in respect to (expansive) secondary mineral precipitation and 
subsequent micro and macro crack formation. Overall higher cyclic changes in rela-
tive humidity and temperature, e.g. in sewer manholes due to day/night periods, 
and resulting in cyclic supersaturation of secondary mineral phases are which are 
reported to significantly increase the deterioration kinetics of AAM materials and 
cementitious materials [28, 30].
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2.2.2 Durability Evaluation of AAM in Sewers 

As described, only a few studies exist on the durability evaluation of AAM in 
biochemically sewers describing limited types of AAMs [27, 30, 36, 37]. Accord-
ingly, currently a general conclusion in this regard cannot be made, and further 
research is needed on that topic. 

However, existing data describe that AAMs with a low calcium content showed 
good to excellent resistance against biogenic induced acid corrosion in sewer envi-
ronments [30, 36, 37]. This is particularly interesting since sometimes opposing 
findings were described for AAMs when exposed to abiotic acids [38]. 

Finally, of two metakaolin-based AAMs, the one with a lower water content and 
made from the metakaolin with a higher SiO2 content (mainly due to a higher quartz 
content) performed better in a sewer environment, which was linked to a lower 
porosity and a finer pore structure as well as to higher Si/Al ratios [30]. 

3 Summary 

The dissolution of AAMs in sulfuric acid can be described by a multistage deteri-
oration process which is governed by (i) acid diffusion and corresponding leaching 
of alkali ions, (ii) decalcification of C–(A)–S–H and dealumination of N/K–A–S– 
(H), (iii) microstructural damage related to precipitation of expansive (K, Ca, Al)-
sulfate-hydrate phases, (iv) complete dissolution of the microstructural framework, 
and (v) formation of silica gel in the leached layers. A schematic description of the 
deterioration process for a low-Ca AAM is presented in Fig. 5.

The overall deterioration mechanisms of AAM observed via abiotic acid tests 
coincide with the material response when exposed in biochemically aggressive 
sewer environments. However, the significantly higher complexity of the natural 
setting due to numerous additional environmental and biological factors may alter 
the deterioration mechanisms and kinetics. 

Further research is needed to characterize AAM durability in biochemically 
aggressive sewer systems. Nevertheless, existing data on their general acid resistance, 
as well as first studies of on-site exposure demonstrate an overall high potential for 
such applications.
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Fig. 5 Schematic description of the dissolution behaviour of a low-Ca AAM exposed to sulfuric 
acid (data from [26])
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Surface Treatment for Corroding 
Concrete Sewers 

Xuan Li and Guangming Jiang 

Abstract To mitigate the corrosion on existing corroding sewers, various 
approaches of surface treatment have been developed including surface coating or 
lining, chemical spraying, and surface washing. These approaches target at isolating 
concrete from corrosive environments, inhibiting or removing the corrosion-inducing 
microorganisms, or increasing the corrosion resistance of the surfaces. Different 
coating/lining materials have been applied in corroding sewers, including polymer-
based and cement-based materials. Polymer-based materials isolate the concrete 
from the corrosive environment, while cement-based materials generally have higher 
corrosion resistance, slowing down the corrosion development on concrete surfaces. 
For the same type of coating material, the corrosion mitigation performance varies in 
different studies. The chemical spraying majorly uses alkaline solutions or slurry such 
as magnesium hydroxide liquid and sodium. These solutions increase the surface pH 
of concrete, inhibiting re-establishment and activity of corrosion-inducing microor-
ganisms. Although chemical spraying exhibit promising results in corrosion control, 
a frequent re-spay is required due to the wash-off of chemicals. Surface washing 
aims to remove the corrosion layer, which is the major habitat of corrosion-inducing 
microorganisms. However, in ordinary Portland cement-based concrete, the effect of 
surface washing on corrosion control is often temporal.
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Fig. 1 Overview of major corrosion processes, and major aims of surface treatment with corrosion 
processes 

1 Introduction 

Concrete corrosion leads to structural deterioration and early failure of sewers glob-
ally, which shortens the life expectancy of sewer structures by more than 50% [27]. 
To mitigate the corrosion and extend the service life of sewers, surface treatment 
on existing corroding sewers is of high research interest and applicational benefits. 
As detailed in previous chapters, the concrete corrosion in sewers is predominately 
caused by the sulfuric acid produced by sulfide-oxidizing microorganisms (SOM) 
on concrete surfaces. Three major processes are involved in the corrosion process: 
(1) the diffusion of sewer gas and water into concrete, (2) the biofilm adhesion and 
development on concrete surface; and (3) the acid penetration and reaction with 
concrete (Fig. 1). Thus, surface treatment techniques majorly aim at (1) isolating 
the sewer pipes from the corrosive sewer gas; (2) changing the surface condition by 
adding a corrosion resistant layer; and (3) inhibiting or removing the existing biofilm 
development (Fig. 1). The first two targets are achieved by surface coating (Sect. 2) 
while the later one is usually achieved by chemical spraying (Sect. 3) or surface 
washing (Sect. 4). 

2 Surface Coating and Lining 

In corroding sewers, surface coating or lining has been widely applied to provide 
a protective layer on top of the concrete. Based on the coating materials, 
the liners/coating materials can be classified as, polymer-based materials and 
cement-based materials. Polymer-based coating/lining materials include epoxy resin 
coating, polyurea coating, polyurethane coating, unsaturated polyester resin coating, 
polyvinyl chloride (PVC), fiberglass, and high-density polyethylene (HDPE) [3, 31]. 
These materials are not susceptible to acid attack and are thus resistant to corrosion. 
Furthermore, they also isolate the concrete from the sewer environment by reducing
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the ingress of corrosive gas (i.e. H2S and CO2) and moisture [42]. In addition, they 
also have sufficient bond strength to the concrete structure as required by most of 
the water utilities. 

Even though polymer-based coatings are highly corrosion-resistant, their perfor-
mance is reduced by the presence of pinholes, pores, and other defects [41]. Pinholes 
are small holes that typically form when bubbles within the coating rupture. Pores that 
travel through the coating are particularly detrimental as they can result in premature 
failure of the coating. The morphology of some polymer-based coating (i.e., epoxy) 
is shown as an example in Fig. 2a, b. Most of the coatings in Fig. 2a, b have small 
holes (~ 10–500 µm) on the surface. These appear to be generated by air bubbles that 
have escaped during curing. The presence of pinholes could provide access for the 
ingress of corrosive sewer gas, which reduces the protective effect on the concrete. 
With the ingress of corrosive gases, the corrosion development under the coating 
layer would further lead to other defects including blisters, delamination (shown in 
the red circle in Fig. 2c), and peeling of the coating layer (Fig. 2d) [10]. Therefore, 
the effectiveness of liners and coatings is highly dependent on the material itself, 
the thickness of the application and quality of the application (workmanship), and 
whether a completely sealed system is established [42]. In addition, the debonding 
areas and defects have been found to be acting as habitats for bacteria to grow, which 
may further accelerate the structural failure of the coating [21].

To date, there are numerous products regarding the same type of polymer-based 
coating materials. For instance, the epoxy coating in Figs. 2a (EA) and 2b (EB) 
are both epoxy-based coating. However, their morphology (Fig. 2), composition, 
hydrophobicity, and biodegradability vary depending on the product. EA has higher 
porosity, higher sulfur content, lower hydrophobicity, and earlier biofilm attachment 
on the coating surface than that of EB. To represent the biogenic acids generated 
by fungi, sulfur, and ammonia oxidizing bacteria that are of frequent presence in 
wastewater, citric acid, sulfuric and nitric acid were used for the acid uptake rate 
(an indicator of acid diffusion) test for concrete coated with EA and EB (Fig. 3). 
Depending on the exposure time to the corrosive reagent, the acid uptake rate of EB 
was about 10–100% higher than that of EA (Fig. 3). Furthermore, the dynamic sewer 
environment with varying H2S concentration, relative humidity, and temperature also 
affects the corrosion development and structural failure of the coatings [8]. Therefore, 
inconsistent results are commonly observed from different studies. Under acid attack, 
the chemical resistance of epoxy resin-based surface coatings was shown to be better 
than acrylic resin-based coatings [2], but worse in another study [37] Thus, the type 
of product and also the corrosive environments shall be taken into consideration 
when selecting the suitable coating materials.

Calcium aluminate cement (CAC) is the most used cement-based material for 
corroding concrete. The biofilm adhesion and development are affected by the surface 
quality, texture, and bacteriostatic properties of concrete. Calcium aluminate cement 
is a specialty cement principally made up of lime (CaO) and alumina (Al2O3). These 
components are reacted to generate calcium aluminates (CaAl2O4) as a hydration  
product. CAC shows significant advancement in corrosion resistance in comparison 
to ordinary Portland cement (OPC) based concrete [11, 20]. This is majorly attributed
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a b 

c d 

Fig. 2 Scanning electron microscopy image of epoxy coatings EA (a) and  EB  (b). The appearance 
of the samples with the epoxy coating exposed to sulfuric acid after 60 days (c) and 120 days (d) [10] 
(open access)

a b  

Fig. 3 Relative uptake of 5% citric, nitric and sulfuric acid on EA (a) and  EB  (b) [10] (open access)
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to the bacteriostatic properties of aluminum content in CAC, which inhibits the 
growth of most microorganisms [20]. Compared with the corrosion layer from OPC 
concrete under the same sewer environment, the diversity of the microbes attached 
onto the CAC concrete surface tends to be single and specific, while the corrosion 
resistance is improved in CAC concrete [12]. Furthermore, under acid attack, CAC 
concrete could form aluminum hydroxide gel in the corrosion product. Compared to 
the general porous corrosion product (i.e. gypsum) in OPC concrete, the aluminum 
hydroxide gel is stable above pH 4 and decreases porosity and associated ingress 
of aggressive species [11]. In addition, CAC concrete also exhibits a higher acid 
neutralization capacity than OPC concrete under the same concrete mix [19]. These 
benefits make CAC suitable to be applied as an effective coating layer. Concrete 
pipes that suffer from microbially induced concrete corrosion were coated with CAC 
mortar in Durban of South Africa, and no evidence of corrosion was noted in an 
inspection after 31 years in use [36]. However, it should be recognized that concrete 
is intrinsically a porous material, despite the improvements on its formulation and 
quality control to the best possible extent, it is not possible to prevent completely the 
ingress of potentially harmful agents. Thus, CAC could slow down but not completely 
stop the corrosion development. 

Polymer-modified mortar has also been applied as a coating material for corro-
sion control. Polymer-modified mortar is made of cement with polymer and aggre-
gates. The incorporation of polymers to cement mortar improves strength, adhesion, 
resilience, and decreases water absorption, and the ingress of corrosive agents [1]. 
Using polymer-modified mortars on concrete is of vital importance in applications 
such as repair, flooring, waterproofing or corrosion protection of concrete struc-
tures [34]. Berndt [7] evaluated the performance of epoxy coatings (two different 
products), water-based epoxy-modified cementitious mortar coating, latex-modified 
mortar coating, and CAC mortar coatings under the microbially induced corrosion 
caused by typical sulfur-oxidizing bacteria (Thiobacillus ferrooxidans) and the corro-
sive environment in a cooling tower under SOM-induced corrosion. All the epoxy 
coatings and mortars showed good adhesion to the concrete substrates, suggesting 
the possibility of using all these materials for coating purposes. However, under the 
sulfuric acid attack generated by Thiobacillus ferrooxidans or the corrosive envi-
ronment in the field, epoxy coatings and CAC mortar coating exhibited excellent 
durability, while epoxy- and latex-modified mortar coatings underwent some dete-
rioration [7]. Thus, epoxy coating and CAC mortar coating were recommended for 
applications. However, it is highly worthy to note that, as mentioned earlier, the 
performance of each type of coating is dependent on the product itself, the thickness 
of the application, the quality of the application (workmanship), and the corrosive 
environment. Thus, the comparison and performance of these materials are limited to 
the specific products and environmental conditions in that study. Future selection of 
coatings for microbially induced concrete corrosion control still requires comparison 
and pre-testing for localized application.
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3 Chemical Spraying 

Another approach for surface treatment is chemical spraying. In contrast to the surface 
coating, chemical spraying requires no surface preparation before application. The 
aim of chemical spraying is to (1) deactivate the SOM; (2) render the surface condi-
tions unfavourable for regrowth and recolonization of SOM. The chemical spraying 
is usually performed using a float mounted with a spray head that is pulled along 
the sewer at a controlled rate to spray the crown regions of sewers at a predeter-
mined application rate [29]. Various alkaline chemicals and biocides such as phenol 
derivatives, quaternary ammonium salts, and monochloramine have been investi-
gated in real sewers, where magnesium hydroxide liquid (MHL) was found as the 
most environmental-friendly and effective chemical [33, 40]. Magnesium hydroxide 
slurry is a non-hazardous chemical, which inherently has a high pH (9–10). Appli-
cation of a 50% MHL slurry to the crown of a highly corroded active sewer (pH of 
1–3) has maintained the surface pH at or greater than 9 for approximately 9 months 
[40]. The microbiological analysis further confirmed a reduction in the population of 
SOM, reaching to 10–102 cells/g of corrosion product (below detectable levels) for 
about 9 months after treatment [40]. The major aim of MHL spraying is to increase 
the surface pH, neutralize the acidic surface condition, and maintain an alkaline 
condition to inhibit the SOM development. Depending on the concentration of MHL 
slurry, various products have been proposed and widely applied in water utilities in 
Australia and the USA for corrosion mitigation in gravity sewer pipes (Fig. 4a) and 
manholes (Fig. 4b) [5]. 

For concrete manufacturing, nitrite has been widely used to prevent rebar corro-
sion caused by chloride attacks and to accelerate the hydration process of cement [18, 
32]. However, until recently, the inhibition of nitrite on SOM was observed after a 
nitrite solution was sprayed onto a corroding concrete surface [38]. After spraying the 
nitrite solution, the H2S uptake rates of concrete coupons reduced by 84–92% within 
39 h, and no obvious recovery was seen in up to 12 months [38]. This is likely caused

a b 

Fig. 4 A sewer pipe (a) and manhole (b) coated after the MHL spray, adapted from Apté [5] (open 
access) 
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by the inhibitory effect of free nitrous acid (FNA, HNO2) formed by the nitrite solu-

tion on the acidic corrosion surface. FNA, the protonated form of nitrite 
( )  

, 

is a weak monobasic acid (pKa = 3.16, 25 °C) [6]. In the past several decades, FNA 
has generally been recognized as an inhibitor of metabolisms of various groups of 
bacteria in wastewater environment, such as ammonium-oxidizing bacteria, nitrite-
oxidizing bacteria, denitrifiers and polyphosphate-accumulating organisms [35, 44, 
45]. Recent studies revealed that the level of bactericidal effect is strongly related 
to the FNA concentration and the exposure time. At ppb levels, FNA has a strong 
inhibitory effect on both the anabolic and catabolic processes of a broad range of 
microorganisms, while at ppm levels, FNA is a strong biocidal agent, due to the forma-
tion of reactive nitrogen intermediates and strong free radicals [9, 17]. In particular, 
FNA has been applied for sulfide control in sewers for several years. A long-term 
laboratory study reported that FNA concentration at 0.26 mg-N/L or above, with an 
exposure time of 12 h or longer, could suppress sulfide and methane production by 
sewer biofilms [14]. This is also evident in the results of viable bacterial cells in the 
corrosion layer after the nitrite spraying. The viable bacterial cells decreased by > 
80%, 39 h after the nitrite spray, and remained at an undetectable level, 700 h after the 
spraying [38]. This showed a promising application of using FNA (nitrite sprayed on 
acid surfaces) to inactive the SOM development and mitigate the concrete corrosion. 
Compared with conventional approaches for corrosion control, FNA application on 
concrete limited the health concerns as nitrite is easily consumed by denitrifying 
organisms in the wastewater systems [24, 15]. 

A follow-up study investigated the effect of nitrite spraying on two types of 
concrete in a sewer manhole for 21 months. A nitrite solution was sprayed on the 
corroding surfaces of concrete at the 6th month. After the spraying, the sulfide uptake 
rate of sprayed coupons was reduced by about 35%, leading to 1–2 units higher 
surface pH, and 40–90% of reduction in corrosion loss for six months [22]. The abun-
dance of SOM on nitrite sprayed coupons was also reduced on the spayed coupons. 
However, after longer-term exposure, the corrosion mitigation effect became negli-
gible in 15 months after the nitrite spraying [22]. The reduced corrosion mitigation 
effect during long-term exposure is likely caused by the wash-off of the nitrite due to 
the flooding or the condensation water dripping. The wash-off of corrosion inhibitors 
sprayed onto the sewer has also been observed with other chemicals such as MHL. 
Thus, re-spraying is required at suitable time intervals to restore the effectiveness of 
protection over a long period, and this adds to the maintenance cost of the sewerage 
system [29]. Further research on the anti-wash-off property of sprayed corrosion 
inhibitors is needed.
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4 Surface Washing 

To date, the role of corrosion layers on the microbially induced corrosion develop-
ment is largely unclear and debatable. Some researchers point out that the bulk of 
biogenic acids is produced on the exposed surface of the corrosion layer, i.e. the 
produced acids must have to penetrate into the corrosion layer before reacting with 
the sound concrete underneath [43]. In this case, the increasing thickness of the corro-
sion layer can to some extent hinder the corrosion process. However, other studies 
consider the corrosion layer as an excellent medium for microorganisms/bacteria 
to grow and consequently accelerates the corrosion process [13, 26, 28]. Surface 
washing was thus proposed to remove the corrosion layers from corroded surfaces 
to control the corrosion development. Compared to the surface coating, the surface 
washing approach is generally regarded as a cost-effective approach by water utilities. 

However, the effect of surface washing on corrosion control is found as limited 
and temporary for Ordinary Portland Cement (OPC) concrete. It is worthy to mention 
that although many types of corrosion-resistant concrete have been proposed, OPC 
concrete is still the most common and widely used concrete for sewers, especially 
for existing sewers. In a real sewer, the sulfide oxidizing activity of washed concrete 
reached the pre-washing level in 30–40 days [30]. Another study monitored the 
surface washing effect on corrosion control for 54 months on OPC concrete. In 
this study, the surface pH of washed and unwashed coupons was identical after 
54 months and the sulfide oxidizing activity of washed concrete reached the pre-
washing level in 60–140 days [39]. Thus, the temporal effect of surface washing is 
majorly attributed to the quick recovery/re-establishment of SOM on OPC concrete 
surfaces. It is commonly observed that after surface washing, the surface pH of 
concrete increases from 1 to 3 to around 5, which is still an acidic condition that 
allows the re-colonization and development of sulfide oxidizing microorganisms. 

The surface washing effect was also investigated on calcium nitrite admixed 
concrete. As discussed in Sect. 2, FNA (formed by spraying nitrite on the acidic 
concrete surface) showed promising results in the corrosion mitigation of microbially 
induced corrosion, but the wash-off of the sprayed nitrite led to the temporal effect of 
the nitrite spraying. Thus, the potential solution is to add calcium nitrite into concrete 
during manufacture. Calcium nitrite has been widely used as a corrosion inhibitor 
against chloride attack of rebar steel for several decades. The addition of calcium 
nitrite aimed at increasing the chloride threshold level and also the corrosion-free life 
of rebar inside the concrete [4]. The effect of calcium nitrite admixture on microbi-
ologically influenced concrete corrosion in sewers was only observed recently by Li 
et al. [25] through a 16-month monitoring of corrosion development in a real sewer 
manhole. During the exposure time in the sewer manhole, calcium nitrite admixed 
concrete constantly had a higher surface pH, lower sulfide uptake rate, and corrosion 
loss, confirming the inhibitory effect of nitrite leached from the inner part of concrete 
to the acidic surface [25]. 

More importantly, the effect of surface washing on OPC concrete and nitrite-
admixed concrete was investigated and compared in a pilot-scale gravity sewer [23].
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Concrete coupons with and without nitrite were exposed in the corrosive environment 
in the pilot sewer for 6 months for the development of microbially induced corrosion 
before the surface washing. Then the washed coupons were continuously monitored 
for another 10 months. In this study, the sulfide-oxidizing activity on concrete surface 
reached the comparable level to unwashed coupons within 4 months on OPC concrete 
but 8–10 months on nitrite calcium admixed concrete. The corrosion loss of OPC 
concrete showed no difference between washed and unwashed coupons, but surface 
washing reduced the corrosion loss by 20–30% in nitrite admixed concrete [23]. This 
is likely attributed to the inhibitory effect of nitrite on the development of SOMs. 
In particular, the OPC and calcium nitrite admixed concrete had a similar pH after 
surface washing, normally around 5–6 [13, 23, 39], which is still much lower than 
that of the intact concrete (c.a. 13). In a previous study, a pH transition zone was 
observed near the corrosion front (pH < 4), where the pH increased dramatically from 
around 5–11 within 5 mm [16]. Visually, some light-colored corrosion production 
can still be observed in the post-washing surface of the concrete (Fig. 5). Thus, 
it suggests that surface washing can only remove the loose structure (pH < 4) on 
the concrete surface but not reach the intact concrete surface. Compared with OPC 
concrete, the post-washing surface of calcium nitrite admixed concrete has a higher 
content of nitrite, which likely inhibited the re-development of SOM. This is also 
consistent with the microbial community analysis, where an incomplete development 
of SOM was observed on calcium nitrite admixed concrete 10 months after the surface 
washing [23]. Therefore, the corrosion-resistant concrete with inhibitors potentially 
can reach a synergic corrosion mitigation effect with the assistance of intermittent 
surface washing, which is recommended for future research.

5 Summary 

This chapter summarized the surface treatment approaches on corroding concrete 
sewers for corrosion control. To date, surface coating/lining, chemical spraying, and 
surface washing have been applied to mitigate the concrete corrosion in sewers. 

Two major types of materials are commonly used for the surface coating/lining, 
namely polymer-based materials and cement-based materials. Polymer-based mate-
rials include epoxy resin coating, polyurea coating, polyurethane coating, unsatu-
rated polyester resin coating, polyvinyl chloride (PVC), fiberglass, and high-density 
polyethylene (HDPE). These materials isolate concrete from the corrosive sewer gas 
and are often corrosion resistant. However, for the same type of materials, various 
products are supplied from different companies. Their morphology, composition, 
hydrophobicity, and biodegradability vary depending on the product. Calcium alumi-
nate cement (CAC) is the most used cement-based material, while polymer-modified 
mortar has also been occasionally used as a coating or lining material. Generally, 
CAC-based coating shows an excellent corrosion mitigation effect than other mate-
rials. However, like polymer-based materials, the composition of CAC-based coating 
materials varies depending on the product. Thus, for the application of coating/lining
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a 

b 

Fig. 5 Surface characteristics of two OPC concrete (a) and calcium nitrite admixed concrete 
(b) samples after surface washing

in sewers, the quality of the production, the thickness and quality of the application, 
and dynamic sewer conditions shall be taken into consideration when selecting a 
suitable product. 

Various alkaline chemicals and biocides such as phenol derivatives, quaternary 
ammonium salts, and monochloramine have been investigated in real sewers, where 
magnesium hydroxide liquid and sodium nitrite solution were found as the most 
environmental-friendly and effective chemical. However, the effect of chemical 
spraying is often affected by the wash-off of chemicals due to the flooding or the 
condensation water dripping. Thus, re-spraying at suitable intervals is required for 
effective corrosion mitigation. 

The surface washing aims to remove the acidic corrosion product along with 
the corrosion-inducing microorganisms. However, the effect of surface washing is 
commonly found as temporal due to the fast re-development of sulfide oxidizing 
microorganisms. A recent study suggests that the concrete with microbial inhibitor 
(calcium nitrite) can achieve a longer corrosion mitigation effect of surface washing 
due to the slower re-establishment of sulfide oxidizing microorganisms in comparison 
to ordinary Portland land cement concrete. Thus, the surface washing effect on other 
corrosion-resistant concrete with microbial inhibitors is recommended for future 
research.
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