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Abstract: Microbiologically induced deterioration (MID) of concrete sewers is a common problem that requires a considerable amount of
rehabilitation investment every year. MID is the result of dilute sulfuric acid dissolving the cement matrix. The acid is produced by a complex
series of chemical and biochemical reactions. Hydrogen sulfide (H,S) is produced by sulfur reducing bacteria (SRB) in the liquid phase, and
then in time, this gas is converted by sulfur oxidizing bacteria (SOB) into sulfuric acid (H,SO,). The last conversion occurs above the liquid
level under aerobic condition. The objective of this study is to present a literature review and authors’ experience on progress acquired over
years in understanding causes and effects of MID of concrete in municipal sewerage systems, methods to prevent and control MID from
happening, and rehabilitation of already damaged pipes and structures. Published papers were identified that directly or indirectly reported
MID of concrete in sewer structures over a period from 1980-2018. The literature review and authors’ data suggest that deterioration of
concrete is a complex process that involves varied surface interactions. Many empirical inputs that vary with installation and repair of various
structures have been identified. The addition of liquid antimicrobial additive per standard procedure shows resistance of concrete to MID.
Additionally, results show that resistance of concrete to MID increases with increase in the mixing time of the admixture. Further research is
needed to study the concrete—microorganism interactions to have a better understanding of the microbiologically induced culture that leads to
concrete deterioration in the sanitary sewerage systems. Additionally, there is a need to identify and develop more effective coatings, and safe
antibacterial agents that can be used during construction of sewers to inhibit colonization of SOB over the exposed portion of the sewers.
DOI: 10.1061/(ASCE)PS.1949-1204.0000424. © 2019 American Society of Civil Engineers.
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Introduction

Concrete remains one of the fundamental materials of choice in
sanitary sewerage collection and treatment systems (Taylor 1997).
From the large tanks needed at treatment plants to maintenance
and conveyance structures such as sanitary sewers, manholes, junc-
tion boxes, pump stations, inverted syphons, and tunnels, it is the
most cost effective, durable, and adaptable construction material.
However, concrete’s intrinsic lack of chemical resistance to dilute
acids results in its deterioration and destruction. Because of deterio-
ration, concrete structures have a persistent, costly, unpredictable,
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and disruptive maintenance history often calling for expensive
and difficult repairs, or complete replacement (Gutierrez-Padilla
et al. 2010).

Microbiologically induced deterioration (MID) of concrete
is recognized as one of the main processes for degradation of
concrete-based wastewater networks worldwide. It has been in-
creasingly triggering high economic expenses, and severe health
and environmental concerns (Islander et al. 1991; USEPA 1991;
Qasim 1999; Najafi and Gokhale 2005; Apgar and Witherspoon
2008; O’Connell et al. 2010; Jiang et al. 2016a; Herisson et al.
2017; Qasim and Zhu 2018). In the United States, it is estimated
that the cost to replace the deteriorated sewers is $14 billion per
year (Brongers et al. 2002). There is a need to spend about $390 bil-
lion within the next 20 years to keep the existing wastewater infra-
structure operational in the US (Gutierrez-Padilla et al. 2010). Costs
to renew deteriorated municipal sewer structures can be extremely
high (Wu et al. 2018).

The MID is caused by dilute sulfuric acid continuously being
generated by bacteria from hydrogen sulfide (H,S). Sulfur re-
ducing bacteria (SRB) present under the waterline inside the san-
itary sewers produces this foul-smelling gas. The problem of
MID is not limited to certain climates or geography. It occurs in
all municipal sewer systems to some degree. Fig. 1 shows concrete
structures typically deteriorated due to MID.

The objective of this study is to present a literature review on
progress acquired over years in understanding MID of concrete
in municipal sewerage systems, methods to present MID from
happening, and rehabilitation of already damaged structures.
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(a)
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Fig. 1. (a and b) Concrete structures typically deteriorated due to MID. (Images by Johnny Love.)

Published papers were identified that directly or indirectly reported
MID of concrete in sewer structures over a period from 1980 to
2018. Published papers were identified from many databases
such as ProQuest, Engineering Village, ASCE and Google Scholar
that reported MID of concrete in sanitary sewer structures during
1980-2018. This paper provides MID processes and stages in con-
crete deterioration due to attack by sulfuric acid and attempts to
fortify concrete along with methods to reduce deterioration.

Microbiologically Induced Deterioration

In municipal sewerage systems, progress of MID often determines
the service life of concrete structure (Jiang et al. 2016b; Wu et al.
2018). During MID process, aqueous H,S is first produced from
reduction of sulfate by microbiological activity in the slime layer.
The gaseous H,S is released from sewage to the crown of the sewer
(Wu et al. 2018). The gaseous H,S then dissolves in the moisture
film formed above the liquid level. Finally, the dissolved H,S is
converted to sulfuric acid (H,SO,) under the action of sulfur
oxidizing bacteria (SOB) (primarily Thiobacillus) (Alexander
and Fourie 2011; Wu et al. 2018). The H,SOy is the end-product
that lowers the pH of the liquid in contact with the concrete surface
to about 1-2 (House 2013; Wu et al. 2018).

In acidic environments like that, cement hydration products
are easily decomposed. The hydration products such as portlan-
dite, calcium aluminate hydrate, ettringite, and calcium silica
hydrate dissolve sequentially as the pH of the solution gradually
lowers from 12.5 to below 8.8 (Reardon 1990; Wu et al. 2018).
Below a pH of 6, portland cement is readily decomposed, and
below a pH of 4 practically all calcium-based binders are rapidly
dissolved. In addition, MID is an active deterioration process be-
cause bacteria continue to produce sulfuric acid to sustain these
reactions (House 2013; Wu et al. 2018). As a result, the MID rate
can be as high as 12 mm/year in many sewer systems (Wells and
Melchers 2014; Wu et al. 2018) and even 14 mm/year in labo-
ratory setups (ZEsgy et al. 2002). Wells and Melchers (2014) and
Wu et al. (2018) reported that the deterioration rates in many con-
crete structures in the US and abroad at times exceeded 25 mm
per year. The following section provides more details regarding
the MID process. Fig. 2 shows a schematic of the MID process in
municipal sewers.
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MID Processes

As shown in Fig. 2, MID process involves various reactions
that take place both below and above the liquid surface. Generally,
five separate processes take place to complete a MID cycle: (1) ini-
tial buffering of the exposed highly alkaline concrete surfaces,
(2) H,S generation in the sewage, (3) liberation of H,S (gas) and
subsequent buildup at the crown, (4) sulfuric acid generation, and
(5) the concrete deterioration reaction (Wu et al. 2018). Each pro-
cess is discussed below.

Initial Buffering of the Fresh Exposed Surfaces of
Concrete

The initial buffering of fresh exposed concrete surfaces is an essen-
tial process. The sulfur oxidizing bacteria cannot colonize on fresh
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Fig. 2. Schematic of the microbiologically induced deterioration
(MID) process in a sanitary sewer. (Modified from Wu et al. 2018.)
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high alkaline surfaces. The lowering of surface pH is a complex
process. The major factors are carbonation, humidity, temperature,
time, and air currents. The generated H,S gas also directly reduces
the surface pH.

The exposure time to high humidity usually found in most sew-
ers will buffer the surfaces. As most cements age, they continue to
react and bind minerals that cause the high alkaline condition. Like
most reactions, higher temperatures speed the process.

Taylor (1997) reported that carbonation is the process where
carbon dioxide (CO,) dissolves in the pore water solution of
the hardened cement paste. This pore water contains calcium
hydroxide (Ca(OH),) which is partially disassociated in two ions,
Ca’* and OH™ [Eq. (1)]. CO, then dissolves in water resulting in
carbonate ion and water [Eq. (2)]. The carbonate and plentiful
calcium ions readily combine to form insoluble calcium carbonate
[Eq. (3)]. Fully carbonated concrete has a pH of about 8. The
carbonated layer impedes ingress of additional carbon dioxide; this
layer can be 1 mm or less in thickness (Richardson 2002)

Ca(OH), — Ca** + 20H~ (1)
CO3" +20H™ — CO;~ + H,0 (2)
Ca>* + CO} — CaCO, (3)

The calcium carbonate immediately reacts with dilute sulfuric
acid produced from H,S, which is a product of MID process.

Hydrogen Sulfide Generation in the Sewage

A major misunderstanding is the formation of H,S (aq). It is pro-
duced from sulfates in the wastewater stream by anaerobic SRB
located in the slime layer (Wu et al. 2018). Sulfates may be present
in residential wastewater and discharge from various industrial
processes. The slime layer is a layer containing bacteria and inert
solids at the interface between the concrete wall and the liquid
waste (Okun et al. 2010; Wu et al. 2018). The slime layer is usually
between 0.3 and 1.0 mm thick, and depends on the flow velocity
and solids abrasion in the municipal sewage (Bowker and Smith
1985; Wu et al. 2018). This process is complex because there is
a competition between various other microorganisms attempting
to break down phosphates and nitrates.

The formation of hydrogen sulfide is believed to initiate MID
processes in sewer systems. It is considered one of the essential
components of the complex process. Sulfate ions are the primary
sulfur source in sewers. SRB under anaerobic conditions in the

Table 1. Factors affecting sulfide content in wastewater collection
networks

Factor Effect

DO Low DO encourages activity of SRB and conversion of
sulfates to sulfides

Sulfates must be present for the biological conversion
to sulfide

Sulfate content

Temperature High temperatures encourage bacterial activity and
lower oxygen solubility

BOD BOD represents nutrients available for bacteria that
deplete DO

Turbulence Encourages reaeration resulting in growth of sulfur-

oxidizing microorganisms (SOM) and chemical
oxidation resulting in lowered potential for sulfide
buildup

Source: Data from House and Weiss (2014).
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submerged part of sewers facilitate the reduction of sulfate ions and
the production of H,S (gas) (Taylor 1997). House and Weiss (2014)
reported that H,S (aq) is released into the gas phase with or
without the aid of turbulence (turbulence increases the gas release).

The SRB are Sulfovibrio desulfuricans and Desulfovibrio
desulfuricans (Bowker and Smith 1985). Egs. (4) and (5) describe
the formation of hydrogen sulfide from reduction of sulfates by
SRB, in which sodium sulfate is the sulfur source:

CH3COOH —+ Na2SO4Na2CO3 + Hzo —+ COZ —+ st (4)

2CH;CHOHCOONa + Na,S0,2CH;COONa -+ 2NaHCO; + H,S
(5)

In the above equations, acetic acid and sodium lactate are the
essential chemicals to allow the process to proceed. The process
involves complex biochemical reactions.

Recent molecular surveys of biofilm communities in sewers
have revealed the presence of several species of SRB present in
municipal wastewater; however, Desulfovibrio desulfuricans is
commonly the primary contributor to the sulfate reduction in
the collection system of municipal wastewater (Santo Domingo
et al. 2011).

Desulfovibrio desulfuricans is an obligate anaerobe that relies
on the availability of organic substances for food supply (electron
donor) and utilizes sulfate as an oxygen source (House and Weiss
2014). Table 1 shows the factors affecting sulfide content in waste-
water collection networks.

Liberation of Hydrogen Sulfide (Gas) and Subsequent
Buildup at the Crown

The H,S dissolves in the municipal wastewater after diffusing
through the slime layer. The dissolved H,S exists both as aqueous
H,S and HS™ ions in wastewater. The relative proportion depends
upon the pH of the wastewater value (Wu et al. 2018). The solu-
bility of H,S gas in water is reasonably high at almost several
thousand ppm but at the same time, it is easily released into the
atmosphere. The reaction equilibrium [Eq. (6)] determines the
amount of aqueous H,S in sanitary wastewater (Wu et al. 2018).
At a pH equal to 6, about 100% of the sulfur exists as aqueous H,S
in wastewater. On the other hand, when the pH rises to about 9, H,S
content decreases in a significant manner, and about 100% of the
sulfur exists as HS™ (Bowker and Smith 1985; Wu et al. 2018). The
typical pH of sanitary wastewater is in the range of 6-8 (Firer et al.
2008; Wu et al. 2018).

In most cases, a large proportion of hydrogen sulfide exists in
the form of aqueous solution. The H,S is then released as gas
from the wastewater and disperses all over the sewer atmosphere
above the liquid surface. This gaseous H,S becomes a significant
issue because it serves as a source of food for the sulfur oxidizing
bacteria that produce the sulfuric acid. The dilute sulfuric acid at the
crown causes the deterioration of concrete during the final phase of
the MID process. Additionally, H,S gas results in an odor source
when released from the sewerage system (Wu et al. 2018)

H,S (aq) = HS™ + H* (6)

After the release of H,S gas into the sanitary sewer atmosphere,
it sulfide builds up in the crown of pipe and other structures
(Wu et al. 2018). One theory (at least in pipe) is that near the flow-
ing liquid level there may be air currents that help to diffuse the gas,
whereas at the crown the air is more stagnant. This H,S buildup
plays an important role in the MID process. A higher gaseous
H,S concentration at the crown may cause a higher level of
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concrete deterioration. This relationship, however, has not been
fully confirmed (Wells et al. 2009; Vollertsen et al. 2008; Wu et al.
2018). Sun (2015) concluded that a wide range of H,S concentra-
tion ranging from 2 ppm to several hundred ppm can trigger severe
acid deterioration (Sun 2015). AEsgy et al. (2002) and Wu et al.
(2018) reported that a severe deterioration of concrete was found
at a H,S concentration of 4 ppm.

Sulfuric Acid Generation or Sulfide Oxidation

In the sulfuric acid generation process, the H,S is oxidized into
dilute sulfuric acid (H,SO,4 + H,0) through various biological ac-
tivities. First, the moisture in the crown atmosphere condenses on
the concrete wall that forms a moisture film (Wu et al. 2018). Then,
due to various factors discussed above, the pH of the moisture layer
of the concrete rises, and the SOB start colonizing on the crown
of the pipe, and other underground structure (Sun 2015; Wu
et al. 2018). Atmospheric temperature is critical for the reaction
rate of the microorganisms. There is an increase in microbial ac-
tivity due to the increase in atmospheric temperature (Huseyin
et al. 1987; Joseph et al. 2012), thereby increasing the reaction rate
of the MID. For example, the sulfide oxidation rate at the temper-
ature of 25°C was found 15% higher than that at 20°C (Sun 2015;
Wau et al. 2018). Temperature lower than 15.6°C inhibits the activity
of sulfide-oxidizing organisms (Sublette et al. 1998). Relative hu-
midity (RH) is another important factor influencing sulfuric acid
formation (Wu et al. 2018).

A minimum value of 87% RH is required for bacteria to be ac-
tive (Rootsey et al. 2012). Generally, high humidity increases the
rate of sulfuric acid formation (Islander et al. 1991; Wu et al. 2018).
For example, the pH of the concrete surface was reduced signifi-
cantly, when the RH was from 95% to 100% as compared with
when the RH was between 85% and 95% (Wells et al. 2012). Thus,
more sulfuric acid forms when the RH is between 95% and 100%.
Generally, in sewers, RH is high, and moderate temperatures persist
year around.

Final Concrete Deterioration Reaction by Sulfuric Acid

Because of the alkaline nature, concrete deteriorates easily after
sulfuric acid forms. In this process, aggressive ions in the sulfuric
acid (i.e., H" and SO3") react with conventional hydration prod-
ucts such as calcium silica hydrate gel and Ca(OH), (Wu et al.
2018). The generalized chemical formula of calcium silica
hydrate gel is xCaO—ySiO,—z2H,0. The coefficients x may range
from 1 to 2, y from 1 to 1.3, and z from 2 to 4. [see unbalanced
Egs. (7) and (8)]. One immediate byproduct is CaSO, - 2H,0 that is
expansive with a volume increase of 124% (Idriss et al. 2001;
Parande et al. 2006; TUPUI 2009; Wu et al. 2018), and produces
the punky mushy appearance of the destroyed concrete.

The MID is a pure surface attack where the acid dissolves vari-
ous calcium containing minerals and produces a punky mush of
water, various salts and complex minerals like ettringite. These
after-products are of little interest. This punky mush is not a barrier
to various gases and bacteria. The acid continues to be produced,
and it continues to attack the underlying hardened concrete, thus,
affecting its structural stability (IUPUI 2009).

Table 2. Reactions of concretes with acids

H,S0, + xCaO-ySiO,~z2H,0 — CaSO, - 2H,0 + Si(OH),
(7)

H,S0, + Ca(OH), — CaSO, - 2H,0 (8)

The typical concrete binders are calcium rich, and they will
dissolve by most acids. The reactions are driven by the hydrogen
ions. The type of acid only affects the type of byproducts produced
and does nothing to stop the bacteria growth and acid production,
which continue to weaken the structure. Internal deterioration
caused by slow forming ettringite needs to be well understood
and not to be confused with external surface attack caused by
sulfuric acid. Table 2 shows various chemical reactions that can
cause concrete degradation.

Stages in the Aerobic Process

A significant amount of research has been conducted on the
complex mechanisms involved with MID (Islander et al. 1991;
Yamanaka et al. 2002; Zhang et al. 2008; Jensen et al. 2009;
Kaushal et al. 2017; Najafi and Kaushal 2017; Kaushal et al.
2018). Based on the typical biological and physical-chemical reac-
tions and their resulting byproducts, MID is broken down in three
stages.

First Stage: Colonization of Neutrophilic Sulfur
Oxidizing Bacteria

The beginning of the colonization is marked by the presence of
various strains of neutrophilic sulfur oxidizing bacteria (NSOB)
which adopt to the moist concrete surface and pore structure at
pH of 9-9.5 (Islander et al. 1991; Joseph et al. 2012; Satoh
et al. 2009; Vincke et al. 2000). NSOB possess the ability to utilize
different sulfur compounds to form sulfuric acid (H,SO,) under
moist conditions (Gomez-Alvarez et al. 2012; Okabe et al. 2007).

Second Stage: Attack of Acidithiobacillus Bacteria

The next deterioration stage begins once as pH of 4 approaches.
The acidophil bacteria start to dominate the biofilm, with Acidithio-
bacillus thiooxidans being the most common one (Jiang et al.
2016b; Okabe et al. 2007; Satoh et al. 2009). Whereas the central
role of A. thiooxidans is well described in the literature, little in-
formation exists regarding the contribution of other bacterial
species, especially, the impact of Acidithiobacillus ferrooxidans,
a chemoautotrophic ASOB. These organism are well known from
acid mine drainage environments (Osorio et al. 2013; Valdes et al.
2008). They cause deterioration of strongly deteriorated systems
(Maeda et al. 1999; Yamanaka et al. 2002). Okabe et al. (2007),
from their sampling campaign, reported low abundances of these
organisms and consequently their low impact on deterioration proc-
esses. However, other studies emphasized their possible impact
under suitable conditions (Grengg et al. 2017, 2015; Jiang et al.
2016b).

Type of acid Lime + acid Result Salt + water
Hydrochloric Ca(OH), + 2HCI (aq) — CaCl, (aq) + 2H,0
Phosphoric 3Ca(OH), + 2H;PO, (aq) — Caz(POy), (s) + 6H,0
Sulfuric Ca(OH), + H,SO, (aq) — CaSO, + 2H,0 (gypsum)
© ASCE 03119002-4 J. Pipeline Syst. Eng. Pract.
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Third Stage: Loss of Material

The third and last stage of MID of concrete is associated with mas-
sive loss of material. Grengg et al. (2015) and Mori et al. (1992)
reported deterioration rates greater than 10 mm/year. During
the biotic cycle of MID, the appearance and dominance of SOB
(both NSOB and ASOB) are controlled by pH, trophic properties,
and the ability to utilize different sulfur compounds such as
H,S, Sy, and S,0; (Islander et al. 1991). Besides SOB, hetero-
trophic bacteria and fungi have also been found in biofilms ob-
served in various deteriorated wastewater systems (Cho and
Mori 1995; Davis et al. 1998; Peyre Lavigne et al. 2015a, b;
Nica et al. 2000; Vincke et al. 2001; Okabe et al. 2007). The im-
portance of fungi, algae, and lichens in colonization of stone and
concrete buildings especially under extreme environmental condi-
tions is well documented. These organisms are important in
biofilm formation and stabilization of the MID process (Cheng
2014; Flemming et al. 2016). Associated gaps in knowledge have
to be bridged by complementary research activities to develop sus-
tainable materials and efficient mitigation strategies for MID envi-
ronments (Gomez-Alvarez et al. 2012; Okabe et al. 2007; Satoh
et al. 2009).

MID Control

There are three classical means that have been attempted to control
deterioration and improve concrete durability, but they offer limited
success where acid generation is concerned. These classical means
are discussed below:

Reducing Calcium Compounds

The use of pozzolans such as fly ash and colloidal silica in con-
cretes offers excellent mechanical properties and low permeability.
This helps to control deterioration of concrete. Pozzolans work in
two ways to improve the basic mechanical properties (Gruyaert
et al. 2012; Hossain et al. 2016).

First, as pozzolans are rich in amorphous silica, they will react
over time with the calcium hydroxide hydration byproducts to form
additional calcium silicate hydrates. These additional hydrates are
strong, dense, and offer less mobility to ions versus the watery pore
space and calcium hydroxide (Roy et al. 2001; Sabir et al. 2001;
Duan et al. 2013). This action helps to control and prolong concrete
deterioration.

Second, use of pozzolans improves the workability of concrete
allowing for reduced water content when used in conjunction
with high-range water reducing admixtures. Many studies over
the years have demonstrated that simple cement substitutions with
pozzolans produced modest improvements in deterioration of con-
crete (Monteny et al. 2003; House and Weiss 2014; Senhadji et al.
2014). Whereas the use of pozzolans improved concrete durability
in many ways, this does little to improve the concrete’s ability to
resist the corrosive actions of strong acids.

Reducing Permeability of Concrete

Permeability can be reduced by a combination of two means: ce-
ment modifiers and crystalline forming water proofing admixtures
(Valix et al. 2012; Sun et al. 2016). These permeability reducing
means are described below:

Cement Modifiers

There has been a significant amount of work done in the area
of reducing permeability with additives. This includes the combi-
nation of water reducing admixtures, cement substitutions with
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pozzolanic materials as mentioned above, and cement modifiers
such as latex and acrylic emulsions. These concepts have their ap-
plications especially where the attack is due to penetration of the
hydrate structure by a mobile ion (Morrison et al. 2013; Hossain
et al. 2016). MID is a surface attack caused by powerful acid, not
internal deterioration caused by ion penetration.

Crystalline Forming Water Proofing Admixtures

These admixtures are based on certain minerals that contain com-
binations of rare earth metal oxides. They promote a complex
growth of solid crystals within the watery pore space of hardened
Portland cement paste. They have two important functions: (1) they
dramatically reduce the permeability of even mediocre concretes,
and (2) the crystalline growth can continue while there is moisture,
space, and reactive mineral complexes available within the cement
gel structure. This last point is most important for healing cracks,
which inevitably form in dams, tunnels, tank structures, and thin
linings. Careful aggregate grading is essential to reduce the paste
volume requirement and, therefore, keep the mix economical
(Dinakar et al. 2008; Ekolu et al. 2016).

Buffering the Concrete with Limestone Aggregates

This concept is to use the coarse fraction of the aggregates that
consumes some of the acid and protects the lime-rich cement paste.
This requires a firm understanding of factors like age, material,
length of sewer, flow rates, retention times, seasons, rain water
count, ventilation, BOD, COD, type of sulfides produced, and
sewer temperature (Ana et al. 2009). These factors are often diffi-
cult to obtain in new construction. From these factors, an appropri-
ate loss rate can be calculated, and then the wall thickness of
the structure is increased to compensate for the loss of concrete.
In many instances, the wall thickness is not increased, and the
life span is incorrectly determined from 100% of the base wall
thickness.

In a typical concrete, the limestone-based aggregates may also
contain dolomites (Shetti and Das 2015; Chindaprasirt et al. 2004).
This concept may work for some limited industrial cases where
limited acid production takes place, and acid concentration is well
understood. This is not the case in most of the sanitary sewers be-
cause the production of acid is neither limited nor generally very
well understood. For these reasons, MID readily destroys most
sanitary structures made of these concretes unless additional pro-
tection is provided.

Action of Antimicrobial Admixtures

A completely different approach to protect concrete from MID is to
render it uninhabitable by the bacteria that convert the H,S into
sulfuric acid. The breakthrough research in the 1990s was to utilize
the antimicrobial chemicals in an aqueous solution. The properties
of this chemical are discussed later. The chemical is readily dispers-
ible in a high-pH wet concrete mix. The key is to protect the fresh
highly alkaline concrete before it hardens. It remains active and
effective in the hardened concrete over a long term. As a thin
liquid, the additive readily disperses throughout the concrete
mix and ultimately bonds molecularly with all the concrete’s ingre-
dients (IUPUI 2009; Kaushal et al. 2018).

Antimicrobial admixtures prevent the colonization of acid-
producing aerobic bacteria on the exposed surfaces of the concrete
over the life of the concrete. It is environmentally friendly and can-
not leach out nor affect the chemistry of the wastewater. It is safe,
easy to apply, and requires no special handling or safety precau-
tions. In the hardened concrete, the additive is nontoxic to humans
and animals, but permanently inhibits the growth of single-celled
organisms such as Thiobacillus (Bell et al. 1999).
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The active ingredient in antimicrobial admixtures is generally
categorized as a complex quaternary ammonium silane (QAS).
The admixtures have been modified to function within cementitious
materials like concrete and repair mortars. The QAS type molecule
has a head group containing the silane functional group and cat-
ionic ammonium moiety); and a tail group containing hydrophobic
water-shedding carbon chain. By virtue of these chemically distinct
groups, a bifunctional molecule is produced. The head group pro-
vides a mechanism for covalent bonding and cross linking. The
cationic and the tail groups drive the molecular interaction with
microbial membranes leading to the antimicrobial performance
(Franke and Sisomphon 2004).

Cement-Based Rehabilitation Methods

In addition to MID control methods, there are several cement-based
renewal methods like shotcrete, cast-in-place concrete, and spin-
cast that can be used to increase the life span of deteriorated con-
crete structures. Table 3 illustrates the advantages and limitations of
each of these methods (Najafi and Gokhale 2005; Wu et al. 2018).
A brief discussion of these cement-based renewal methods is
given below:

Shotcrete

Shotcrete is the method of pneumatically spraying fresh cement-
based mixtures on a deteriorated surface of pipe or any other struc-
tures through a hose at a very high velocity. There are two types of
processes: dry-mix and wet-mix. In the dry-mix process, water is
added at the nozzle, whereas, in the wet-mix process, all ingredients
are mixed with water before being introduced to the delivery hose
and the nozzle (Morrison et al. 2013; ACI 2016; Wu et al. 2018).

Cast-in-Place Concrete Method

Another effective renewal technique for various sewer shapes is the
cast-in-place concrete method. In this type of pipe rehabilitation
method, the designed steel mesh is affixed to the existing pipe
in the form of reinforcement. The gap between the formwork

and the pipe wall is the annular space that is filled later. A venting
or overflow hole is required at the highest point of the formwork
that not only provides a path for air to escape when fresh concrete is
injected but also intimates the worker to stop grouti/ng when it
overflows (WEF 2009). After the formwork, a grouting pipe is laid
in the crown of the deteriorated sewer pipe. Thereafter, concrete
ingredients are introduced and mixed in the grout plant on the
ground. The readily mixed fresh mixture is then pumped to the
grouting location through the pipe laid onto the formwork’s crown.
When the venting hole overflows, the grout operation is stopped,
followed by sealing of the venting hole with a plug (McAlpine and
Anderson 2005; Wu et al. 2018).

Spin-Cast Method

In addition to shotcrete and cast-in-place concrete, spin cast is an-
other automated process that uses centrifugal force to spin cemen-
titious materials onto the deteriorated pipe surface. It is an effective
rehabilitation method for circular or almost-circular sewers. At first,
a pumping plant is set up on the ground. Similar to the cast-in-place
method, all ingredients are introduced and mixed in here (Norman
2016). However, no coarse aggregates are introduced. Thereafter,
the readily mixed paste is transported to a spincaster that is located
in the pipe. During the renewal process, the spincaster rotates and
sprays cementitious materials onto the old, deteriorated pipe struc-
ture (Wu et al. 2018).

Authors’ Experience

Kaushal et al. (2018) conducted a laboratory test as per ASTM
D4783 (ASTM 2013) procedure to determine the resistance of
treated concrete materials to microbial attack by challenging the
test specimen with a bacterial culture.

Test Methodology

Inoculated specimens were stored at 30°C for 24 h. If the inoculated
specimen showed microbial growth on the streak plate or test sur-
face after 72 h, the test was discontinued, and the sample specimen

Table 3. Review of advantages and limitations for cement-based renewal methods in the municipal sewerage system

Cement-based

renewal method Advantages Limitations
Shotcrete ¢ Fiber-reinforced shotcrete shows excellent mechanical properties * Limited acid resistance
¢ Improved compaction resulting in enhanced chemical resistance * Flow bypass required

¢ Applicable in almost all sewer shapes

Cast-in-place concrete * Effective for a variety of sewer shapes

Spin-cast ¢ Cost-effective
* Can be done without confined space entry
* Can be used in small diameter sewer pipes

High level of cleaning required

Removal of inflow and infiltration (I & I) required
Decreased cross-sectional area

Pumping length < 500 m

Rebound impact

Limited acid resistance

Flow bypass required

High level of cleaning required

Removal of I & I required

Decreased cross-sectional area

Formwork or assembly system required
Limited acid resistance

Flow bypass required

High level of cleaning required
Removal of I & I required

Decreased cross-sectional area

Source: Adapted from Najafi and Gokhale (2005) and Wu et al. (2018).
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was reported as not resistant to attack. Whereas, if the culture
showed no growth, it was reported as resistant to attack and posi-
tive for the presence of the antimicrobial agent. After 24 h of bac-
terial preparation, Serratia Marcescens was grown on nutrient agar
at 30°C. The plates were incubated for 48 h at 3°C. The result was
positive when there was no growth of Serratia Marcescens on the
agar plates within a 48-h period and a negative result was shown by
the growth of red colonies of Serratia Marcescens on the agar plates
which demonstrated that the antimicrobial agent was not present in
the sample in sufficient concentration to kill the indicator micro-
organism in 48 h.

Testing

Three concrete samples designated as C1, C2, and C3 were ana-
lyzed per ASTM D4783 (ASTM 2013). Antimicrobial chemical
was added and mixed to the second and third samples for 90 s
and 7 min, respectively, and absent in the first one. The concrete
samples were washed with isopropyl alcohol, dried, and then Fig. 3. Sample 1.
placed in a carbon dioxide chamber overnight. Additionally, the
pH of the samples was taken after they were removed from the car-
bon dioxide chamber. A cell suspension of Serratia marcescens
was prepared using distilled water, estimated at 1 x 107 cfu/mL.
Approximately, 0.2-0.3 mL of the cell suspension was placed
on the sample surface and allowed to dry. The samples were then
placed in a closed container with moist paper towels and incubated
for 24 h at 30 + 1°C.

For cell recovery, 0.2-0.3 mL of sterile water was washed over
the outside surface of the core, not the cut surface, stirred with a
pipette, then removed and plated on nutrient agar. Additionally, a
sterile cotton swab was brushed over the surface of the sample and
then used to streak another nutrient agar plate. Both plates were
incubated for 48 h at 30 £ 1°C.

Results

Once removed from the carbon dioxide chamber, the pH of samples
1-3 were 6, 7, and 6, respectively. After 48 h of incubation, samples
1 and 2 contained red colonies indicating the absence of antimicro-
bial additive, whereas sample 3 had no growth, indicating that
the additive was present. Figs. 3—5 show samples and nutrient agar
plates.

The above results show resistance of concrete samples to the
microbial growth by the use of antimicrobial. Additionally, this re-
sistance increases with an increase in the mixing time of antimicro-
bial admixture.

Fig. 4. Sample 2.

Discussion and Conclusions

Based on a comprehensive literature review and the authors’ work,
it is concluded that the biological activity in the sewerage systems
is complex and produces corrosive sulfuric acid irrespective of
location, climate, or geography. The addition of liquid antimicro-
bial additive as per ASTM D4783 (ASTM 2013) procedure shows
resistance of concrete to MID. Additionally, results show an in-
crease in the resistance of concrete to MID with an increase in
the mixing time of the admixture. The formation of H,S in the
wastewater systems during MID process is misapprehended. It
is produced from sulfates in the wastewater stream by anaerobic
SRB located in the slime layer. The thickness of the slime layer
ranges between 0.3 and 1.0 mm and depends on the flow velocity
and solids abrasion in the municipal sewage. This process is com-
plex because there is a competition between various other micro-
organisms attempting to break down phosphates and nitrates.

Fig. 5. Sample 3.
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SRB under anaerobic conditions in the submerged part of
the sewers facilitates reduction of sulfate ions and produces
various forms of sulfides. The formation of H,S occurs as soon as
it escapes from the liquid sewage and becomes the essential feed-
stock for the MID processes in the sewer systems. Aerobic bacteria
colonize on all surfaces above the water line and convert H,S gas
into dilute sulfuric acid by means of many complex biochemical
processes.

Due to the presence of calcium-based minerals in the binder
phase, typical concretes cannot tolerate the effects of corrosive sul-
furic acid. The acids produced during MID cause an immediate
disassociation of the calcium and associated hydroxide radicals, re-
sulting in nonstructural calcium sulfate hydrate complexes and
water as the byproducts. In addition to this, the deterioration
byproducts are not stable, provide zero structural value, and do
not slow down the attack or block further production of acid. There-
fore, the immediate surface destruction outpaces penetration of the
acid and hence, giving rise to MID. Low-cost resins like asphalt,
coat tars, linseed oil, sulfur, and ure-formaldehyde may increase the
deterioration resistance and strength and reduce the permeability of
concrete used in the sewerage system [ACI 515.2R (ACI 2013)].

Recommendations for Future Research

The MID of concrete in municipal sewerage system is of great con-
cern. There is a need to study the concrete—microorganism inter-
actions to have a better understanding of the microbiologically
induced culture that leads to concrete deterioration in the sanitary
sewerage systems. It is also necessary to identify and develop more
effective coatings, and safe antibacterial agents that can be used
during construction of sewers to inhibit colonization of SOB over
the exposed portion of the sewers. Different classes of antimicrobial
admixtures should be identified and investigated that specifically
inhibit acid producing organisms as deterioration starts and these
acid-forming chemicals are released from the concrete.

There is an evidence that acid is generated upstream in various
pipes and structures, and an acid-rich atmosphere is produced that
could migrate downstream and attack concrete prone to classical
MID. Therefore, there is a need to model H,S production and ac-
cumulation in the aerobic environment and deterioration rate of the
sewers. Because the deterioration of concrete is a complex process
that involves varied surface interactions, there is a need to better
understand various empirical inputs that vary with every installa-
tion. Detailed examination of the specific points where the deterio-
ration began and the migration of the microbial community along
the concrete surface are needed. Physical and chemical concrete
parameters must be characterized in detail regarding their impact
on microbiological growth.
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Notation

The following symbols are used in this paper:
aq = aqueous;
C3A = tricalcium aluminate;
Ca(OH), = calcium hydroxide;
Ca;3(POy), = calcium phosphate;
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CaCl, = calcium chloride;
CaCOj; = calcium carbonate;
CaSO, = calcium sulfate;
CH;CHOHCOONa = sodium lactate;
CH;COOH = acetic acid;
CH;COONa = sodium acetate;
H,CO; = carbonic acid;
H,S = hydrogen sulfide;
H,SO, = sulfuric acid;
H5PO, = phosphoric acid;
HCI = hydrochloric acid;
HS™ = bisulfide;
Na,CO; = sodium carbonate;
Na,SO, = sodium sulfate;
NaHCO; = sodium bicarbonate;
NSOB = neutrophilic sulfur oxidizing bacteria;
pH = potential of hydrogen;
Si(OH), = silicon hydroxide;
SO; = sulfide or S;
SO%‘ = sulfate;
xCa0-ySi0,—zH,0 = amorphous calcium silicate
hydrate; and
3Ca0 - Al,O5 - 3CaSO, - 32H,0 =ettringite.
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