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Submitted to School of Engineering, of
UNIVERSIDAD DE LOS ANDES

in partial fulfillment of the requirements for the degree of
DOCTOR OF PHILOSOPHY

Approved by:

Chair of Committee, Mauricio Sánchez-Silva
Committee Members, Johana Husserl

Emilio Bartidas-Arteaga
Franck Schoefs
Andrés Fernando Guzmán-Guerrero

Vice Chancellor of Research, Silvia Restrepo Restrepo

MARCH 2017
MAJOR SUBJECT: CIVIL ENGINEERING



Universidad de los Andes
School of Engineering
Carrera 1E. 19A-40 Edicio Mario Laserna
© 2017 Jorge Fernando Márquez-Peñaranda
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SUMMARY

Reinforced concrete (RC) is the hybrid material most used in construction worldwide
and its importance in modern engineering is paramount. Thus, to evaluate its lifecycle
performance, it is important to understand the RC behavior under adverse environmen-
tal conditions. In particular, this work addresses the problem of concrete deterioration
over time as a result of microbial attack. In this document, there is a description of
novel experimental work directed to determine the effect of microbial attack on both
physical and mechanical concrete properties. Also a proposal to take the biodeteriora-
tion effects into account in real structural design situations is presented.

The experimental work was conducted on a set of 13 mm x 13 mm x 10 mm mor-
tar Portland type I cement that were inoculated with Hallothiobacillus neapolitanus
NCIMB 8454 (H.n.) and Acidithiobacillus thiooxidans NCIMB 9112 (A.t.) using asep-
tic and non aseptic condition. Samples were exposed in two different experiments to
peaks of 131 and 222 ppmv H2S, 0.3±0.1%CO2, for 300 and 153 days respectively. The
analysis of porosity and strength changes in cement mortar from biodeterioration is a
novel contribution of this study. Changes in porosity using mercury intrusion porosime-
try, compressive strength and dry weight were measured. Total porosity loses up to 32%
and 13% were observed after exposition of inoculated samples and non-inoculated sam-
ples, respectively. Major changes were observed in pore-sizes between 10 nm and 5000
nm, slightly smaller changes in pore sizes larger than 5000 nm and no changes in pores
smaller than 10 nm. Inoculated samples showed a pronounced strength and weight loss
after five months of exposition to bacteria compared to non-inoculated samples.

Previous findings and others reported in the literature were used to propose some
considerations as to how to include biodeterioration into concrete design practice. To
do so, probability of failure curves were fit from a model based on results obtained from
a Matlabr code designed to run the structural analysis and simulate the Montecarlo’s
method simustaneously.
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RESUMEN

El concreto reforzado (RC) es el material h́ıbrido más usado a nivel mundial en la
construcción. Su importancia en la ingenieŕıa moderna es innegable. Por ello, entender
su comportamiento bajo condiciones ambientales adversas es clave para comprender su
desempeño durante su vida útil. Este trabajo se enfoca en el problema del deterioro del
concreto producido por ataque microbiano a través del tiempo (biodeterioro). En este
documento se presenta una descripción de un trabajo experimental novedoso dirigido
a determinar el efecto del ataque microbiano sobre las propiedades fsicas y mecnicas
del concreto. También se presenta una propuesta para tomar en cuenta el efecto del
biodeterioro en situaciones reales de diseño.

El trabajo experimental usó muestras de 13 mm x 13 mm x 10 mm fabricadas
con mortero de cemento Portland tipo I que fueron inoculadas con bacterias Halloth-
iobacillus neapolitanus NCIMB 8454 (H.n.) y Acidithiobacillus thiooxidans NCIMB
9112 (A.t.) inoculadas en condiciones asépticas y no asépticas. Las muestras fueron
expuestas a picos de 131 y 222 ppmv H2S, 0.3 ± 0.1%CO2 durante 300 y 153 d́ıas re-
spectivamente Un aporte novedoso de este estudio es la determinación de los cambios
de porosidad y resistencia producidos por el biodeterioro en el mortero de cemento.
Cambios de porosidad usando técnicas de porosimetŕıa por intrusion de mercurio, cam-
bios en la resistencia a la compressión y cambios en el peso seco de las muestras fueron
medidos para las muestras. Después de la exposición, valores de porosidad total hasta
de 32% y 13% fueron registrados en muestras inoculadas y no inoculadas respectiva-
mente. Los cambios más pronunciados se observaron en tamaños de poro comprendidos
entre 10 nm y 5000 nm, menores cambios en poros ms grandes que 5000 nm y cambios
despreciables en poros más pequeños que 10 nm. Después de cinco meses de exposición
las muestras inoculadas mostraron una importante pérdida de resistencia y de peso.

Los hallazgos de este estudio en conjunto con los de otros estudios previos se usaron
para proponer algunas consideraciones sobre cómo puede incluirse el biodeterioro en
la práctica del diseño estructural del concreto reforzado. Para hacer esto, se ajustaron
curvas de probabilidad de falla a partir de un modelo basado en los resultados obtenidos
de un código Matlabr diseñado para ejecutar simultáneamente el análisis estructural
y el método de Montecarlo.
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Chapter 1

INTRODUCTION

1.1 Description of the problem

Reinforced concrete (RC) is the hybrid material most used in construction worldwide

and its importance in modern engineering is paramount. Reinforced concrete is a

non-homogeneous material made of cement, aggregates (sand and gravel) and water,

into which steel bars are embedded. Cement (Portland type) is mainly composed

of dicalcium silicate (2CaOSi2) (C2S), tricalcium silicate (3CaOSi2) (C3S), trical-

cium aluminate (3CaOAl2O2) (C3A), tetracalcium aluminoferrite (4CaOAl2O3Fe2O3)

(C4AF ), calcium sulfate or gypsum (CaSO42H2O), free lime and other compounds

in small amounts. After hydration of the cement, calcium silicate hydrate C-S-H

(3CaO2SiO24H2O) and Portlandite (Ca(OH)2) are the most abundant and impor-

tant products [7]. The presence of Portlandite in hardened cement paste can facilitate

concrete deterioration as described in the following paragraphs.

RC constructions are subjected to different anthropic and natural hazards that

cause the material to deteriorate. Concrete deterioration in RC structures can come

in different forms. Sudden events (e.g. earthquakes, cyclones) or sustained demands

caused by operation or environmental factors can lead to loss of structures’ capacity.

Large economic losses are usually associated with maintenance and recovery of deterio-

rated structures arising from physically, chemically and biologically adverse conditions.
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As a result, RC structures’ lifetimes can be severally reduced, bringing discomfort, un-

expected costs, health problems, environmental detriment and low levels of service to

a society.

The biological deterioration (biodeterioration) caused by microorganisms is a mech-

anism that has not been sufficiently studied yet. Nevertheless, the so-called microbial

induced concrete corrosion (MICC) has become an important engineering issue in the

last years. Understanding biodeterioration requires the consideration of both physical

and chemical mechanisms by which microorganisms attack the material. In concrete

structures, biodeterioration increases porosity and contributes to crack growth in the

concrete matrix [8]. Proliferation of cracks and porosity augmentation in concrete that

covers steel bars increases the rebars’ exposure to the environment (e.g., chlorides, bac-

terial activity). In particular, changes in alkalinity from biological activity contribute

to the depassivation of the reinforced steel surface, accelerating steel corrosion [9]. As

a result, biodeterioration becomes a facilitator of failures in in RC structures (Figure

1.1).

Figure 1.1: Examples of concrete biodeterioration (from http://www.engr.psu.edu) a)
Exposed corroded reinforcement bars. b) Deteriorated concrete in sewer

1.2 Background of biodeterioration

Biodeterioration is defined as a reduction in material quality produced by vital activities

of microorganisms [8]. For a better understanding of biodeterioration, it is helpful
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to examine bioreceptivity, which is related to the intrinsic capability of a material

to allow its colonization as well as the development living organisms [10] [11] [12]

[13]. The bioreceptivity of concrete in indoor and outdoor environments can vary from

inappreciable to very intense, influencing the biodeterioration start time [14].

Biodeterioration can be classified as: a) physical or mechanical; b) aesthetic; or c)

chemical [8]. Physical or mechanical biodeterioration occurs when living organisms pro-

duce material breaking. In aesthetic biodeterioration organisms such as mold, mycelium

and microalgae lead to surfaces fouling or soiling [15][16][17]. Finally chemical biode-

terioration can come through assimilatory or dissimilatory paths. In assimilatory path

organisms feed from material, while in dissimilatory path organisms excrete harmful

products that damage it.

Between the previously described biodeterioration processes, chemical biodeterio-

ration is usually the most aggressive. It is commonly produced from bacterial growth

and requires humidity, cycles of humidification and drying, appropriate acidity and

environmental nutrients to be viable. Bacteria, fungi, algae and lichens are the main

organisms involved in concrete biodeterioration [8]. A comprehensive description of

the processes and microorganisms related to concrete biodeterioration is presented in

chapter 2.

1.3 Research objectives

The contribution of this study is the assessment of the physical (porosity and weight)

and mechanical (i.e., compressive strength) consequences of biodegradation in mortar

samples. The results would contribute to a better description of concrete biogenic

corrosion processes, and consequently, to provide specific quantitative knowledge on

concrete biodeterioration effects. This information is needed to improve the assessment

of biodeterioration effects on concrete durability over time.

The specific objectives of this work are summarized as follows:

� To determine how biodeterioration produced by sulfur oxidizing bacteria affects
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the physical properties (i.e., porosity and weight) of high surface/volume-ratio

mortar samples.

� To determine how biodeterioration produced by sulfur oxidizing bacteria affects

the mechanical properties (i.e., compressive strength) of high surface/volume-

ratio mortar samples.

� To compare the effects produced by biogenic and chemical attack upon high

surface/volume-ratio mortar samples.

� To evaluate the influence of sulfur availability on the biodeterioration produced

by sulfur oxidizing bacteria upon high surface/volume-ratio mortar samples.

� To estimate the probability of failure of sewer pipes considering experimental

results, and suggest the use of sacrificial layers in sewers pipes for guaranteeing

given design service life values.

1.4 Thesis organization

This document is divided into six chapters. Chapter 1 presents the background and

objectives of the thesis.

Chapter 2 describes the fundamentals of the concrete biodeterioration processes. In-

fluence of biodeterioration in costs related to maintenance needs or reduction of service

life of infrastructure systems is discussed. Also a description of the biodeterioration of

sewers is presented. Finally, a summary of the more studied bacteria related to concrete

biodeterioration and their effect upon the concrete health is presented.

Chapter 3 summarizes the applied experimental design. It explains the way in

which the mortar samples were manufactured, inoculated and exposed to different

environments. A description of the most important tests and the data to be collected

is also presented. Data coming from qualitative description and variations in geometry,

weight, porosity and strength of the samples are the most important outputs of the

experimental work.
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Chapter 4 presents the results and discussion of the preparations and general tests

related to the experimental work. Descriptions of the bacterial growth and the sulfur

availability achieved during the experiment are presented. Also results from chemical,

topographic and volumetric tests such are summarized and interpreted.

Chapter 5 presents the results and discussion related to the physical and mechanical

tests. Observed weight, porosity and compressive strength variations in mortar samples

are described and analyzed. Besides, the strength to porosity relation is found and

interpreted.

In chapter 6, a preliminary approximation to consider the effect of biodeterioration

in practical applications is described. Firstly, the current practice in structural design

of sewers is summarized. Secondly, the effects of the biodeterioration upon strength

and inner forces redistribution are illustrated by an example. Thirdly, the probability

of failure for different exposure and manufacturing conditions is computed. Finally, a

proposal for including the effects of biodeterioration in the structural design of sewers

is presented.

In chapter 7 the conclusions and recommendations of the thesis are presented. Also

some ideas and suggestion for future work are given.
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Chapter 2

FUNDAMENTALS OF

BIODETERIORATION

2.1 Chapter overview

As explained in chapter 1, chemical biodeterioration produced by biongenic activity

affects the concrete. It is necessary to understand how such processes occur. To achieve

that, in this chapter a comprehensive description of the biodeterioration dynamics is

presented. Then, in the following chapter the experimental development used in this

study will be described. The objectives of this chapter are:

� To discuss critically the importance of the adverse effects of biodeterioration upon

infrastructure systems, such as capacity and durability decrements, according to

the existing literature and reports of previous studies.

� To describe how the chemical and biological processes affect the concrete sewers,

underlining those related to the acidification of concrete surfaces.

� To describe bacteria that produce the most adverse effects related to biodeteri-

oration of RC structures. This objective refers mainly sulfur oxidizing microor-

ganisms
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2.2 Importance of the biodeterioration effects upon in-

frastructure systems

Biodeterioration is usually overlooked because its kinematics is very slow and there-

fore, it remains undetected or neglected during the structural lifetime. Furthermore,

although biodeterioration itself is rarely a direct cause of failure, it may play an impor-

tant role in reinforced concrete degradation by accelerating other damaging processes

such as chloride ingress (e.g., in marine environments or in structures subjected to de-

icing salt) and carbonation. These processes lead to corrosion propagation and loss of

structural capacity [9][18].

The life-cycle analysis and modeling of infrastructure requires the understanding

of concrete performance over time, which highly depends on the characterization of

material degradation [19][20]. Although phenomena such as aging, fatigue and cor-

rosion are known to be important agents for concrete degradation, it has been noted

that in aggressive environments, the action of living organisms also affects critical in-

frastructure. These problems have been reported in, for example, oil pipelines [21],

underground structures, sewage systems[22], and offshore structures [23][24]. Biodete-

rioration affects mainly concrete durability increasing maintenance costs [25][26], and

reducing the capacity of structural members in the long term. Table 2.1 presents a

summary of real costs associated to sewers failure.

Table 2.1: Cost arisen from sewers systems failure [6]

Asset description Cost US$ billion/yr

Sewers replacement/Los Angeles, USA 468
Infrastructure repair and maintenance/United Kingdom 2,300
Sewers repair and maintenance/Belgium 6

8



2.3 Consequences of biodeterioration

2.3 Consequences of biodeterioration

2.3.1 Effects on concrete properties

Several studies have focused on the weight loss as an indicator of biodeterioration

activity [19][27][28][29][30]. They report a wide range of weight loss observations (even

for similar environmental conditions) ranging from negligible weight loss after 126 days

of exposure [27] to total weight loss (100%) after 350 days [28]. The heterogeneity of

the cementitious mortars and concrete, the variability of the environmental conditions,

and the interactions and dynamics of the microorganisms involved in sulfur oxidation

are only some of the aspects adding complexity to the description and quantification

of the biodeterioration process [31].

Bielefeldt et al. measured a weight loss of 0.45% in samples cut from concrete

pipes after 83 days of exposure to Thiobacilli sp. consortia and A. cryptum in a 300-

600 ppmv H2S atmosphere. Microbiological tests conducted by Monteny et al. showed

that acidophilic microorganisms activity produced greater biodeterioration (weight loss

up to 8%) than exclusive chemical effect (immersion and rotation in sulfuric acid) [32].

Parker and Prisk reported a weight loss of up to 12% after 90 days of exposure to sulfuric

acid at pH=1.5 in plain concrete [33]. Starkey investigated the effect of Thiobacilli sp.

by exposing concrete samples to H2S, thiosulfate and methylmercaptan and found

that bacterial growth only occurred in the first two. T. thiooxidans dominated the

flora in the H2S-rich environment while H. neapolitanus showed remarkable growth

when thiosulfate was used as the main nutrient. T. thiooxidans produced the most

severe deterioration with a weight loss of up to 5.8% after nine months of exposure

[34].

Vollertsen et al. reported that even H2S concentrations as low as 50-10 ppmv can

produce deterioration in concrete sewers of up to several mm/year [35]. Aviam et al.

used H. neapolitanus to degrade cement mortar samples and showed that a weight loss

of up to 16% after 39 days of exposure is possible [36]. Okabe et al. measured weight

losses of up to 37% in concrete coupons exposed to a succession of SOB for one year
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[30]. Wells and Melchers reported that corrosion rates of old concrete were up to one

order of magnitude greater (up to 7 mm/year) than those of new concrete [37]. They

measured in situ H2S concentrations of up to 680 ppmv , which could not necessarily

be associated with the most severe corrosion compared to lower-H2S-concentration

environments. Beeldens et al., using microscope techniques, observed adverse effects

of chemical and biogenic acid corrosion in concrete samples when exposed up to 250

ppmv H2S [38].

In addition to weight loss, biodeterioration can also affect other physical and me-

chanical properties of concrete. During concrete biodeterioration, a layer of high poros-

ity is produced by biogenic attack. This high porosity layer leads to greater perme-

ability and diffusion within the inner matrix of the material [31][39]. On the other

hand, compressive strength decreases for larger porosities in concrete and mortar spec-

imens [40][41][42]. Consequently, the compressive strength of concrete components is

affected by biodeterioration and must therefore be modeled as a time-variant property

throughout the structural lifetime [6]. Although porosity and strength variations due

to biodeterioration are paramount for structure condition assessment, to the authors’

knowledge, nowadays there are no studies that include these parameters.

The relationship between compressive strength and porosity of concrete has not

been sufficiently studied [42]. Some studies have investigated the effects of normal

and acidic conditions on these two parameters, leading to models in which strength

decreases while porosity increases [40][42]. For example, Kumar and Bhattacharjee

exposed concrete specimens made of quartzite aggregates to atmospheric conditions

and chemical acidic water reporting porosity values from 9.26% to 13.53% with no

apparent preponderance of acidic conditions [42]. Soĺıs-Carcaño and Moreno described

porosity variations from 18.8% to 25.2% for water/cement ratios from 0.45 to 0.80 in

a wide range of types of aggregates [43]. Ba et al. concluded that coarse pores have

the most important influence on compressive strength [40]. Hincapié and Montoya

found that dry concretes show major porosity that normal concretes but this condition

does not affect the strength [44]. On the other hand, Bastidas et al. explained that,
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2.4 Biodeterioration in sewers

once the steel corrosion process has been initiated in RC structures, low-density steel

corrosion products fill the porous structure surrounding steel reinforcement and produce

a volume increase that leads to cracking [9]. However, there is no concluding evidence

from previous research related to the effect of biogenic attack on porosity and strength,

making this an important issue to investigate. In summary, a good understanding of

the porous structure of concrete is undeniable important.

2.3.2 Effects on chloride ingress

Another important aspect related to concrete biodeterioration is the effect of chloride

ingress in offshore and inshore reinforced concrete structures like bridges [45]. Is is

possible to find some sulfur oxidizing bacteria (SOB) belonging to the Thiobacilli species

in the sea resulting in a possible path to biodeterioration by bacterial attack in chloride-

rich environments [46][47]. Nevertheless, in most cases salty environments can inhibit

Thiobacilli growth [48]. Biodeterioration weakens the RC matrix favoring cracking and

porosity increase which facilitate chloride ingress. Chloride ingress through cracks or

capillary structures within the concrete matrix leads to steel corrosion in RC structures.

Moreover, steel reinforcement can also be corroded when exposed to sulfur-containing

gases or microbial activity in the surrounding concrete [49].

Several models have attempted to describe and forecast chloride diffusion in satu-

rated and non-saturated concrete [50][51][52][53]. There are also widely accepted tests

to evaluate chloride diffusivity, like those stated in AASHTO T259 (ponding test) and

ASTM C1202 (electrical conductance). This section is only intended to inform about

the importance of the described topics and no work has been done related to this issue.

2.4 Biodeterioration in sewers

2.4.1 Chemical and biological deterioration in sewers

Hydrogen sulfide can be present in natural emissions, industrial waste, landfills, within

sewers, and elsewhere. In concrete structures it can cause acidification directly from
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chemical attack or indirectly from biological byproducts from microorganisms that use

it as energy source. Nevertheless, sewer systems are known as one of the most prob-

able and important biodeterioration targets. Permanent moisture, oxygen and water

availability, formation of biofilms under anaerobic conditions, existence of partially oxi-

dized sulfur compounds and H2S, and warm temperatures can usually be found within

sewers. In these systems, due to anoxic conditions commonly found in sewage, sulfate

in wastewater is used by sulfur reducing bacteria (SRB) as an electron acceptor and

sulfide is produced. At low pH, hydrogen sulfide gas volatilizes and rises to the tops

of sewer pipes where aerobic microbial communities grow in biofilms [54][55]. Sulfur

oxidizing bacteria (SOB) living in these biofilms use hydrogen sulfide or reduce sulfur

compounds as electron donors and oxygen from air as an electron acceptor. The oxida-

tion process generates sulfate or sulfuric acid [55][56]. The main consequence of sulfuric

acid attack is the modification of the C-S-H structure of concrete that results from the

reaction of sulfate ions with the cement hydration products. This process results in

the formation of gypsum and ettringite, leading to the destruction of the hydration

products that constitute the binder of concrete. The formation of ettringite may lead

to increased tensile stress within the concrete matrix, resulting in cracking [31][57].

H2S present in sewers is removed chemically by walls’ sorption and biologically

by bacterial metabolism in a process in which H2S sorption to concrete surfaces is

quite similar to H2S biological uptake [58]. Cell adhesion and sulfuric acid attack are

interfacial phenomena that depend on the surface area/surface roughness ratio [59][33].

The microbial succession is a surface phenomenon in which the Acidophilic Sulfur

Oxidizing Microorganisms (ASOM) move into the corroding concrete while it becomes

deeper but Neutrophilic Sulfur Oxidizing Microorganisms (NSOM) do not [60]. It has

been observed that typical microorganisms in sewers are able to survive starvation up

to for six months, recovering up to 80% of their initial growth rate when subjected to

H2S re-alimentation for a few days [61][62]
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2.4.2 Sewer environment conditioning for biodeterioration

The ecology of the sulfur oxidizing microbial communities is highly dependent on the

pH of the concrete matrix [63] [45]. After casting, the pH of concrete is higher than

12 (usually in the order of 13.5), which inhibits sulfur-oxidizing bacteria development.

This alkalinity is produced mainly by formation of calcium hydroxide, Ca(OH)2, dur-

ing cement hydration. In sewer pipes, however, carbonation and exposure to hydrogen

sulfide reduces concrete pH to a point at which neutrophilic microorganisms can grow.

Among these, SOB grow and produce sulfuric acid (H2SO4), which also lowers the pH

even further to a point at which acidophiles thrive. These new conditions trigger mi-

crobial growth with its correspondent metabolic byproducts. The so produced sulfuric

acid reacts with calcium-hydroxide forming gypsum (CaSO42H2O). Gypsum reacts

with tricalcium aluminate, leading to the formation of secondary ettringite (calcium

trisulfoaluminate hydrate, 3CaOAl2O33CaSO432H2O). Secondary ettringite causes

swelling inside the concrete matrix, breaking its inner structure. [8][32][64][65].

When the typical pH of sewage environments has dropped to values lower than 6

or 7, H2S becomes the dominant compound, which, in the presence of oxygen and

sulfides, promotes the formation of partially oxidized sulfur like thiosulfate, elemental

sulfur and polysulfate. These reactions, the turbulence of flow, the diameter of pipe

and the depth of flow facilitate the augmentation of H2S ingress into the condensed

layer attached to the pipe walls. Then, because of the presence of CO2, H2S, oxygen,

moisture and nutrients, Thiobacilli sp. can obtain energy, oxidizing sulfur to sulfuric

acid (H2SO4) and growing in the new environment [8][34][64]. In general, it has been

found that pH variations in concrete specimens subjected to biogenic attack are related

to biodeterioration severity [19][27].

2.4.3 Bacteria species related to concrete biodeterioration

Biodeterioration from bacteria has been found to produce damage to aerial and buried

RC structures. Sulfur-oxidizing bacteria and nitrifying bacteria can generate biogenic

products that damage the concrete. T. thioparus (pH 4.5-10), T. novellus (pH 5-9.2),
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2. FUNDAMENTALS OF BIODETERIORATION

H. neapolitanus (pH 4-9), T. intermedius (Thiomonas intermedia, pH 1.7-9), Leptospir-

ilium ferrooxidans (pH 1.3-4.0), T. ferrooxidans (pH 1.5-3.3), A. cryptum (pH 0.1-5.2),

A. thiooxidans (pH 0.5-4, formerly T. thiooxidans), Thiothrix sp., T. plumbophilus, and

A. acidophilumn are found in sewer environments [19][30][64][66][67]. Acidithiobacil-

lales (which include A. thiooxidans) can represent only 4% of the total community

living in sewers [65]. However, within this order, Acidithiobacillus thiooxidans (for-

merly Thiobacillus thiooxidans) has been found to be the most aggressive to concrete

[30][64][66][67][68]. Other microorganisms such as the fungus Fusarium have been found

to be harmful to concrete [22][69][70][71]. Nevertheless, Acidophilic Sulfur Oxidizing

Microorganisms (ASOM) have been found to be more aggressive than Neutrophilic

Sulfur Oxidizing Microorganisms (NSOM) and other bacteria an fungi.

In this study, one neutrophilic and one acidophilic bacterium have been selected

for the experiment: Hallothiobacillus neapolitanus and Acidithiobacillus thiooxidans.

The reason for this selection is that H. neapolitanus can be found on concrete at the

beginning of the biocolonization when the pH is still high while A. thiooxidans thrives

when pH is low. The optimum pH for the development of such bacteria varies about

6.7 and 3.0 for H. neapolitanus and A. thiooxidans, respectively [19].

Acidithiobacillus thiooxidans can be found in soils but are unable to survive after 24

hours of drying. However, it has been observed that these bacteria are able to develop

after long periods of laboratory incubation [34].

In summary, Acidithiobacillus thiooxidans is an acidophilic and autotrophic bac-

terium capable of oxidizing sulfur compounds and obtaining its carbon from atmo-

spheric CO2. It is an aerobic obligately acidophilic Gram-negative bacterium that is

motile by a polar flagellum and uses elemental sulfur, thiosulfate or tetrathionate. This

bacterium, in the presence of oxygen, can convert hydrogen sulfide (H2S) to sulfuric

acid (H2SO4) [27]. A culture of Thiobacillus thiooxidans is not a homogenous commu-

nity, but rather a set of organisms at different stages of development [72].

Hallothiobacillus neapolitanus, probably first isolated from sea water in Naples in

1902, is a halophile obligately chemolithoautotrophic Gram-negative bacterium that

14



2.5 Summary and conclusions

obtains its energy from reduced inorganic sulfur compounds, among which thiosulfate

is the best suited for optimal growth. This species was initially classified as Thiobacillus

X and has been isolated from seawater and compost [73].

2.5 Summary and conclusions

The following conclusions respond to the objectives written at the beginning of this

chapter.

� The biogenic and chemical deterioration can potentiate the physical damage due

to the chemical reactions leading to the structural breaking of the concrete ma-

trix. It has been observed that biogenic deterioration (biodeterioration) is usually

faster and more catastrophic than pure chemical or physical deterioration.

� It has been found that Acidithiobacillus thiooxidans are the most harmful bacteria

related to the concrete biodeteriortaion in sewers. Other microorganisms like

the fungus Fussarium and the neutrophilic bacteria Hallothiobacillus neapolitanus

have been found to be less aggressive but important to the sewer biodeterioration

processes.

� Weight loss, porosity augmentation, and strength decrease are the most adverse

changes resulting from concrete biodeterioration. Cracking and consequent per-

meability increase related to the described effects facilitate the chloride ingress

and steel rebar corrosion shortening the structural durability.
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Chapter 3

EXPERIMENTAL SETUP

Several reports related to the concrete biodeterioration based on weight loss measure-

ments were cited in the previous chapter. No information related to the porosity and

strength changes using the same samples is found in the literature. For this reason, in

this study weight, porosity, and compressive strength variations produced by biodeteri-

oration in mortar samples were measured. Such changes were measured using samples

which have a high exposed surface in a non-aqueous environment.

3.1 Chapter Overview

This chapter presents the design of the experiment and its objectives are:

� To develop a methodology for measuring and interpreting the physical and me-

chanical changes produced by biodeterioration in mortar samples within a con-

trolled environment.

� To design the experimental setup for manufacturing, conditioning, exposing, and

measuring the mortar samples behavior when deteriorated by biogenic attack.

� To interrelate the physical, chemical and biological processes using the same sam-

ples and environmental conditions to facilitate a comprehensive interpretation of

the results.

17



3. EXPERIMENTAL SETUP

3.2 Basic principles of the experiment

As explained in chapter 2, most previous studies have focused their experiments on

weight loss measurements. Samples used in those works have usually been cut and

brushed to determine such measurements. In this study, not only weight losses were

determined but strength and porosity were measured using scaled tests for the first one

and mercury intrusion porosimetry technics for the second one. In addition, samples

were not manipulated excesively. No brushes or cutting tools were used to modify the

final condition of samples. Also, in this study samples have a high exposed surface to

volume ratio (ESV). This feature and the low saturation degree of the surfaces (non-

aqueous) probably impose to this experiment a more severe condition than previous

studies.

Figure 3.1 presents a graphical summary of the experimental protocol. Four oper-

ational fringes have been defined for this study:

� First fringe (green) describes the biological processes in which the bacterial strains

are resuscitated, cultured and precipitated. All these processes were made fol-

lowing the recommendations of the supplier of microorganisms. At the end of

this fringe inoculum to be applied to samples was ready to use. This part of the

protocol is explained in section 3.3.

� Second fringe (yellow) refers to the production of samples hospitable to the inocu-

lum. Manufacturing, carbonation and sterilization of mortar samples are included

in this part of the protocol. Also two common activities (samples inoculation and

samples exposure) are considered in this fringe. Samples inoculation requires to

apply the result of the first fringe upon the solid samples prepared as explained.

Then, inoculated samples are exposed to the environment generated in the third

fringe. In section 3.4. this part of the protocol is explained.

� Third fringe (violet) shows the procedures followed to manufacture containers

and calibrate and produce the gaseous environment required at the inner of them.

More details of this part of the protocol are described in section 3.5.
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3.2 Basic principles of the experiment

� Fourth fringe (white) contains the processes related to the mechanical and phys-

ical tests to be applied to the samples.

In this study three classes of samples were prepared:

� OM: Ordinary mortar samples whose characteristics are described in table 3.1

and section 3.4.1.

� PM: Pyritic mortar samples whose characteristics are described in table 3.1 and

section 3.4.2.

� TM: Mortar samples added with Triclosan (TM) whose characteristics are de-

scribed in table 3.1 and section 3.4.3.

Table 3.1: Description of mortar samples used in the experiment development

Class Name Raw material and additions Qty

OM Ordinary mortar samples Portland cement, river sand, water 1.200
PM Pyritic mortar samples OM, Fe, S or FeS2 1.500
TM Mortar samples added with Triclosan OM, Triclosan 500
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Figure 3.1: General experimental protocol
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3.3 Culture growth and inoculation of mortar samples

3.3 Culture growth and inoculation of mortar samples

Hallothiobacillus neapolitanus NCIMB 8454 and Acidithiobacillus thiooxidans NCIMB

9112 (ATCC8085) were purchased from American Type Culture Collection (ATCC)

(Virginia, USA). Pure cultures were grown in DSMZ (Deutsche Sammlung von Mikroor-

ganismen und Zellkulturen) 68 Thiobacillus neapolitanus agar/liquid medium or DSMZ

35 Thiobacillus thiooxidans agar/liquid medium, as recommended by supplier. Figure

3.2.

Figure 3.2: Culture grown in tubes and plates: H. neapolitanus (left) and A. thiooxidans
(right)

In order to evaluate the effect of NSOM and ASOM on mortar biodeterioration, the

prepared samples were subjected to different bacterial attack environments. NSOM
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3. EXPERIMENTAL SETUP

Hallothiobacillus neapolitanus (H.n.) and ASOM Acidithiobacillus thiooxidans (A.t.)

growth in six standard and four salty media was implemented. DSMZ 68 Thiobacillus

neapolitanus liquid medium and DSMZ 35 Thiobacillus thiooxidans liquid medium led

to the best behavior of bacterial development in both standard (SM) and salty liquid

(MM) (Table 3.2).

Figure 3.3: Orion 4Star pH meter and spectrophotometer Genesys 10UV (Thermo r )

Prior to inoculating mortar samples, bacterial cells were grown in liquid media to an

optical density (OD) 600 of 1.0. Figure 3.3. Cultures were centrifuged (4oC, 13000 rpm,

15 min) to separate cells from growth medium and were triple washed with mineral

medium containing no source of sulfur. Washed cells suspended in mineral medium

(without sulfur) were used to inoculate mortar samples. Oven-dried mortar samples

were soaked in cell suspensions of A. thiooxidans, H. neapolitanus, or a consortium of

both.

Table 3.2: Description of medium used in cultures development (culture media)

Medium
type

Description Related
Samples

SM Standard liquid medium (DSMZ 68 or DSMZ 35) Hn,At,nt
MM Seawater modified liquid medium (DSMZ 68 or DSMZ 35) Hns,Ats.nts

In order to have cultured bacteria available at any moment, the first incubated

liquids were mantained, renovating them with fresh media approximately once a fort-
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3.3 Culture growth and inoculation of mortar samples

night. Furthermore, pH variation was measured throughout the experimentation time

to verify that the bacteria were actually growing. pH variation was measured using an

Orion 4Star pH meter (Thermo r) (Figure 3.3).

Fresh inoculated media were applied to the samples three times on days 0, 15 and

30 to guarantee an initial bacterial dynamic activity.

Acidithiobacillus thiooxidans showed a similar growth rate in both SM and MM me-

dia, while Hallothiobacillus neapolitanus developed ten times faster in the salty medium

than in the standard medium.

Figure 3.4: 100X photograph of Hallothiobacillus neapolitanus culture

In order to check the morphology of bacteria stuck on sample surfaces, microscope

and SEM images were taken on day 15 of the experiment (Figure 3.4) and (Figure 3.5).
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3. EXPERIMENTAL SETUP

Figure 3.5: SEM image of initial inoculation with A. thiooxidans

3.3.1 Inoculation of OM samples in non aseptic conditions

Sterilized OM samples were submerged during 30 seconds into SM and MM media as

described in Table 3.3. Then they were put into the apparatus described in section

3.6. In this case, no sterile conditions were guaranteed when manipulating the samples

through the whole duration of the experiment. The term “non aseptic conditions”refers

to the possible existence of many other microorganisms capable of surviving in the

given experimental environment which could ingress to the containers while samples

were extracted.
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3.3 Culture growth and inoculation of mortar samples

3.3.2 Inoculation of OM samples in aseptic conditions

Sterilized OM samples were submerged during 30 seconds into SM media as described in

Table 3.4. Then they were put into the apparatus described in section 3.6. In this case,

sterile conditions were guaranteed when manipulating these samples through the whole

duration of the experiment to guarantee the purity of strains within the containers.

Table 3.3: Exposure conditions of OM samples inoculated in non aseptic conditions

Sample Superficial treatment (inoculation) Environment
name

Hn H.neapolitanus standard medium (SM) ≤ 222 ppmv H2S, 0.3 ± 0.1% CO2

At A. thiooxidans standard medium (SM) ≤ 222 ppmv H2S,0.3 ± 0.1% CO2

nt Consortium (H.n+A.t.) standard medium (SM) ≤ 222 ppmv H2S, 0.3 ± 0.1% CO2

ctrl Abiotic control Ordinary humid atmosphere
H2S Chemical control ≤ 222ppmv H2S
Hns H.neapolitanus seawater medium (MM) ≤ 222 ppmv H2S, 0.3 ± 0.1% CO2

Ats A. thiooxidans seawater medium (MM) ≤ 222 ppmv H2S, 0.3 ± 0.1% CO2

nts Consortium (H.n+A.t.) seawater medium (MM) ≤ 222 ppmv H2S, 0.3 ± 0.1% CO2

Table 3.4: Exposure environments of OM samples inoculated in aseptic conditions

Sample Name Superficial treatment (inoculation) Feeding conditions

H.n. H. neapolitanus standard medium ≤ 131 ppmv H2S, 0.3 ± 0.1% CO2

A.t. A. thiooxidans, standard medium ≤ 131 ppmv H2S, 0.3 ± 0.1% CO2

Cons. Consortium, standard medium ≤ 131 ppmv H2S, 0.3 ± 0.1% CO2

H2S Chemical exposure (abiotic) ≤ 131 ppmv H2S, 0.3 ± 0.1% CO2

Ctrl. Control Ordinary humid atmosphere

3.3.3 Inoculation of PM samples in non aseptic conditions

Sterilized PM samples were submerged during 30 seconds into SM and MM media as

described in Table 3.5. Then they were put into the apparatus described in section

3.6. No sterile conditions were guaranteed when manipulating these samples through

the whole duration of the experiment. The term “non aseptic conditions”refers to

the possible existence of many other microorganisms capable of surviving in the given

experimental environment which could ingress to the containers while samples were

extracted.
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3. EXPERIMENTAL SETUP

Table 3.5: Contents of containers for biodeterioration test of pyritic mortar

Sample Name Addition Bacteria and environment

HnF1 Fe: 0.47% H.neapolitanus, 30oC, 50 ± 10% HR
HnS1 S: 0.53% H.neapolitanus, 30oC, 50 ± 10% HR
HnFS1 FeS2: 1.00% H.neapolitanus, 30oC, 50 ± 10% HR
HnF5 Fe: 2.35% H.neapolitanus, 30oC, 50 ± 10% HR
HnS5 S: 2.65% H.neapolitanus, 30oC, 50 ± 10% HR
HnFS5 FeS2: 5.00% H.neapolitanus, 30oC, 50 ± 10% HR
AtF1 Fe: 0.47% A. thiooxidans, 30oC, 50 ± 10% HR
AtS1 S: 0.53% A. thiooxidans, 30oC, 50 ± 10%HR
AtFS1 FeS2: 1.00% A. thiooxidans, 30oC, 50 ± 10% HR
AtF5 Fe: 2.35% A. thiooxidans, 30oC, 50 ± 10% HR
AtS5 S: 2.65% A. thiooxidans, 30oC,50 ± 10% HR
AtFS5 FeS2: 5.00% A. thiooxidans, 30oC, 50 ± 10% HR
F1 Fe: 0.47% Non-inoculated, 30oC, 50 ± 10% HR
S1 S: 0.53% Non-inoculated, 30oC, 50 ± 10% HR
FS1 FeS2: 1.00% Non-inoculated, 30oC, 50 ± 10% HR
F5 Fe: 2.35% Non-inoculated, 30oC, 50 ± 10% HR
S5 S: 2.65% Non-inoculated, 30oC, 50 ± 10% HR
FS5 FeS2: 5.00% Non-inoculated, 30oC, 50 ± 10% HR
Ctrl 0% Non-inoculated, 30oC, 50 ± 10% HR

3.3.4 Inoculation of TM samples in aseptic conditions

Sterilized TM samples were submerged during 30 seconds into SM media as described

in Table 3.6. Then they were put into the apparatus described in section 3.6. Ster-

ile conditions were guaranteed when manipulating these samples through the whole

duration of the experiment to guarantee the purity of strains within the containers.

Table 3.6: Exposure environments of TM samples inoculated with Consortia (Cons.).

Sample Name Aggregate replacement Environment

T1 0.25% Triclosan ≤ 131 ppmv H2S, 0.3 ± 0.1% CO2

T2 0.50% Triclosan ≤ 131 ppmv H2S, 0.3 ± 0.1% CO2

T3 1.00% Triclosan ≤ 131 ppmv H2S, 0.3 ± 0.1% CO2

H2S Chemical exposure (abiotic) ≤ 131 ppmv H2S, 0.3 ± 0.1% CO2

Ctrl. Control Ordinary humid atmosphere
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3.4 Sample casting and curing

3.4 Sample casting and curing

The following three classes of samples were cast and exposed to different environments.

Both classes were made using Type I Portland Cement (Cement).

� Ordinary mortar samples (OM). These samples were made using Cement, River

Sand and Water. They were inoculated and exposed to two different H2S-rich

environments as explained later as shown in Table 3.3 and 3.4

� Pyritic mortar samples (PM). These samples were made using Cement, River

Sand mixed with variable proportions of FeS2, Fe, S, and water. They were

inoculated and exposed partially submerged in water to ordinary environment as

shown in table 3.5.

� Mortar samples added with Triclosan (TM). These samples were made using

Cement, River Sand and Water. Little amounts of Triclosan were added. They

were inoculated in aseptic conditions using a consortia of two strains and exposed

to two one H2S-rich environment as shown in table 3.6.

3.4.1 Ordinary mortar samples (OM)

Portland cement mortar 13mm×13mm×10 mm samples with water-to-cement ratios

of 0.485 were cast into a plastic container without a mold release agent. Casting was

made by compacting two successive layers with a plastic rammer after 30 seconds of

vibration with a pneumatic motor table. ASTM C778-06 standard graded natural river

sand and Portland cement type I were used. Commercial cement was used. No further

chemical analysis was applied to the cement. Cement paste-sand mix was blended using

a five-pound mixer (Hamilton Beach Commercial) with a cement-to-sand relationship

of 1:2.75. Afterward, casting molds containing fresh samples were wrapped with stretch

film and stored at 20oC for 24 hours. During 30 days demolded samples were twice

a day water sprayed and kept in an airtight container for curing (90% ± 5 relative

humidity (RH) measured at headspace). Cured samples were oven dried at 110oC for
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3. EXPERIMENTAL SETUP

Figure 3.6: Casting and curing of samples

24 hours and then subjected to an “ordinary atmospheric”period for another 60 days

at 20± 2oC and 60± 10% RH (Figure 3.6). This two-month initial phase attempted to

simulate the typical waiting period before new sewer pipes are put into service. RH and

temperature measurements were taken using a digital thermo-hygrometer Thermor.

During the curing and preparation period samples were not oven-dried. Oven-drying

was carried out only prior to the weighing process and for sterilization.

A strength scaling process was carried out to extrapolate the results to 13mm×13mm

×10mm samples. In order to have a valid pattern to compare strength results obtained

for samples, 50mm-side cubic samples were cast, cured and exposed under similar con-

ditions to those of 13mm×13mm ×10mm samples (Figure 3.7). 50mm-side samples

were made of ordinary Portland cement mortar using OM mix and following ASTM

C109/C109M12. See section 3.8.3.

3.4.2 Pyritic mortar samples (PM)

This section describes the experimental conditions for high surface/volume-ratio pyritic

mortar samples to bacterial attack in a moist environment at 30oC and with continuous

availability of atmospheric oxygen.

Samples of 13mm×13mm×10mm made of Portland cement and pyritic aggregates

mortar with a water-to-cement ratio of 0.485 were cast into a plastic container without
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3.4 Sample casting and curing

Figure 3.7: Cubic 50mm×50mm×50mm samples made of ordinary mortar (OM mix)

a mold release agent. Casting was done by hand, compacting two successive layers

with a plastic rammer after 30 seconds of vibration with a pneumatic motor table.

ASTM C778-06 standard-graded natural river sand, pyrite, sulfur, iron, and Portland

cement type I were used. Content of additions in percentage of weight of the aggregate

are shown in Table 3.7. Pyrite and sulfur additions were sieved 50% below mesh

size 16 and 50% below mesh size 50 (grain sizes smaller than 1.52 mm and 0.30 mm,

respectively). Samples containing 0% additions were also cast to be exposed to ordinary

atmospheric environment. Cement paste-aggregate mix was blended using a five-pound

mixer (Hamilton Beach Commercial) with a cement-to-aggregate relationship of 1:2.75.

Casting molds containing fresh samples were later wrapped with plastic and stored at

20oC for 24 hours. Demolded samples were subjected to 90% RH curing for 30 days

inside closed plastic boxes using sprayed water. Cured samples were oven dried at

110oC for 24 hours and then subjected to a “normal atmospheric”period for two more

days at 20 ± 2oC and 60 ± 10% RH.

The inclusion of the PM samples in this study is an attempt to understand the

biodeterioration effects upon concretes made using non-conventional aggregates. It is

widely accepted that Pyrite (FeS2) is the most abundant of the sulfide minerals on

the Earth’s surface [74]. Pyrite can exist in soils composed of shale, sandstone, granite

and clay, which can be used as aggregates [75][76]. Nowadays, the building industry
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Table 3.7: Mixes for pyritic-mortar casting

Name and description Addition weight/Aggregate weight

P1: Pyrite (FeS2, Alfa-Aesar r) 1%
P2: Pyrite (FeS2, Alfa-Aesar r) 5%
I1: Iron (Fe, Sigma-Aldrich Iron puriss.<212um
r)

0.47%

I2: Iron (Fe, Sigma-Aldrich Iron puriss.<212um
r)

2.35%

S1: Elemental sulfur (S, Sigma-Aldrich Sulfur
puriss.,99.5%/100.5% r)

0.53%

S2: Elemental sulfur (S, Sigma-Aldrich Sulfur
puriss.,99.5%/100.5% r)

2.65%

demands high amounts of aggregates for concrete. Important cities in the world have

been developed on lands where availability of high-quality materials is becoming scarce

and pyritic sedimentary rocks are increasingly being used for concrete 77[78]. In addi-

tion, the development of green concretes is an attempt to use debris that could contain

different types of minerals [79].

Pyrite is highly susceptible to natural weathering [80]. Oxygen availability, warm

temperatures and moisture trigger a rapid chemical oxidation that can be developed

in a few weeks or months. Pyrite is an effective reducing agent able to use dissolved

oxygen in groundwater in a wide pH range, whereby oxidized deposits can be found

even under the soil [75][76][81].

Typical pyrite contents in soils containing sulfides can vary from 0.1% to 20%

[75][80][81][82]. When these soils are used as aggregates within concrete subjected to

moisture, an oxygen-rich environment and medium temperatures (20-35%), oxidation

of pyrite occurs inside of it. Oxidation of pyrite produces sulfuric acid (H2SO4) that

reacts with Portlandite (Ca(OH)2), causing important volumetric and mineralogical

changes, which lead to cracking of the concrete matrix [78][81][83]. The volume changes

produced this way can be equivalent to more than five times the initial volume of the

pyritic matter and generate expansion pressures of 583 kPa or higher [76]. Sulfates and

secondary ettringite are also formed in the described reaction, but their effect is much

less than that mentioned above [82].
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3.5 Carbonation of samples

There is a lack of publications dealing with the chemical-microbiological oxidation

processes of pyrite. Nevertheless, it has already reported that pyrite can also be de-

graded by biological processes [76]. Thiobacilli species, particularly Acidithiobacillus

ferroxidans, Acidithiobacillus thiooxidans and Thiobacillus thioparus have been found

to be able to oxidize pyrite, producing pH substrate variations from 5.0 to 1.5 and

dissolving Fe and S species from FeS2 [78][84]. Total bulk expansion of soil mixed with

low pyrite content after 400 days of reaction has been linked to volume increase of 57%

at 21oC and 110% at 38oC. Otherwise it has been reported that the presence of car-

bonates like calcite (CaCO3) can inhibit the adaptation phase of bacteria [81][84]. In

synthesis, biological deterioration of concrete made with pyritic aggregates will only be

possible if the pH range coincides with that of the bacterial survival and if the quantity

of carbonates is not too high. In any case, production of (H2SO4) coming from the

initial stages of reaction can lead to acidification of substrate, giving the bacteria a

propitious environment in which to grow.

3.4.3 Mortar samples added with Triclosan (TM)

Ordinary mortar mix prepared as described in section 3.4.1 was modified replacing 0.25,

0.50 and 1.00% of the sand weight with Triclosan (5-chloro-2-(2,4-dichlorophenoxy)

phenol) powder. Such additions of antimicrobial compound were intended to determine

its inhibitory effect when forming part of the bulk mix of mortar. Referred proportions

of Triclosan are economical and smaller than those used in the single similar study

found in the literature [85]. Conditions of exposure are indicated in Table 3.6 3.6.

3.5 Carbonation of samples

To lower the surface alkalinity of the mortar samples, they were submerged in distilled

water enriched with commercial carbon dioxide (22±3%CO2). In this paper this process

is referred as “carbonation”. For 14 days CO2 gas was bubbled into the water of each

airtight container, on daily basis for 60 s, until the CO2 pressure in the headspace
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reached 0.22atm. Surface pH of all samples was reduced from around 12 to less than

9 (verified with phenolphthalein test) [12][86] (Figure 3.8). Depth of carbonation was

not measured. After carbonation nine groups composed of 76 samples each were oven

dried at 110oC for 24 hours. Then samples were kept at room temperature for ten

minutes and then weighed. These data were recorded as initial dry weight (t=0). Once

weighed all the samples were wrapped using foil and oven dried 110oC for 24 hours for

sterilization purposes.

Figure 3.8: Non-carbonated (left) and carbonated samples (right) before exposure. In
this picture, non-carbonated have the half of the size of carbonated samples

3.6 H2S generation and sulfur availability

The device used for the exposure of the samples in each test is shown in Figure 3.9.

Typical apparatus was assembled using a 5cmX18cmX18cm hermetic plastic container

in which 8-mm high liquid layer was placed at the bottom. A plastic bearing structure
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3.6 H2S generation and sulfur availability

and a plastic net over which samples were placed, separating them 25 mm from the

water surface, was placed into the container. Distilled water, hydrochloric acid (HCl),

sodium sulfide nonahydrate (Na2S9H2O) and sodium bicarbonate (NaHCO3) were

mixed in variable proportions to achieve hydrogen sulfide (H2S) and carbon dioxide

(CO2) concentrations required in each case. A uniform mix of those reagents was

achieved by means of slight movements of three small crystal balls after closing the

container. A gas reading port was set on the lid for the gas concentrations control.

Each container served to expose 76 samples.
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Figure 3.9: Apparatus for samples exposure

Leaching of gases from the container was verified by reading outside H2S concentra-

tion within a sealed 30cm×40cm×60cm incubator after four hours of gas incubation.

New containers showed outside concentrations below than 0.5 ppmv H2S, while the

oldest containers (after five months of exposure) showed almost 4 ppmv H2S after ac-

cumulation of four hours. Portable Gas Analyzer BioGas CDM (LANDTEC r) and

Portable Gas Analyzer RKI GX2009 (RKI Instruments r) were used to measure H2S,

CO2 and O2. Figure 3.10.
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Figure 3.10: Portable Gas Analyzer BioGas CDM (LANDTEC r) and RKI GX2009
(RKI Instruments r)

A central element of the study is the variation of H2S concentration over time.

Addition of hydrogen sulfide and carbon dioxide resulted in the production of the gases

in the environment that rapidly decreased over time. For H2S concentrations up to 131

ppmv, an equivalent average continuous rate of 12±4 ppmv/h (mean ± one standard

deviation) was computed. In this case, H2S was available to microorganisms for only

about 8 hours after addition of the reagents to the liquid underneath the mortar samples

(Figure 3.11). For H2S concentrations up to 222 ppmv, the average continuous rate

was 25±6 ppmv/h (mean ± one standard deviation) consuming the totality of hydrogen

sulfide applied in about 15 hours (Figure 3.12).
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Figure 3.11: Hydrogen sulfide concentration observed in one container for H2S peaks up
to 131 ppmv: a) total time window (heavy line shows the continuous equivalent concen-
tration), b) example of applications during 5 consecutive days
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Figure 3.12: Hydrogen sulfide concentration observed in one container for H2S peaks up
to 222 ppmv: a) total time window (heavy line shows the continuous equivalent concen-
tration), b) example of applications during 5 consecutive days
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The rapid decrease of hydrogen sulfide concentration in the headspace suggests that

there is a high sorption capacity of the concrete samples. It is likely that at low H2S

headspace concentrations, biogenic effects became more important than chemical sorp-

tion [62]. Figure 3.13 and Figure 3.14. show the sulfur availability Sa(t) through the

time for both H2S concentrations. The sulfur availability is the accumulated amount

of sulfur applied (mg) with respect to the exposed area (cm2) of the samples at each

age. Exposed-area-to-weight ratio of mortar samples was of 2.91±0.01 cm2/g.

Figure 3.13: Applied sulfur to exposed samples (sulfur availability) for H2S peaks up
to 131 ppmv. Coeficient of variation varies between 0.5 and 1.8% making the error bars
invisible.

38



3.6 H2S generation and sulfur availability

Figure 3.14: Applied sulfur to exposed samples (sulfur availability) for H2S peaks up
to 222 ppmv. Coeficient of variation varies between 0.7 and 2.6% making the error bars
invisible.

Atmospheric oxygen uptake up between 5% and 10% was measured in all the con-

tainers. It is believed that this oxygen uptake variation is due to combined action of

chemical and biogenic sulfides oxidation.

To compute the sulfur amount available for samples within each container, the ideal

gas law was used as follows:

� Total volume inside a closed container, Vt=1620 cc

� Water volume inside a closed container, Vw=259 cc

� Plastic structure volume inside a closed container, Vb=650 cc

� Initial volume of samples inside a closed container, Vs=128 cc
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� Available volume for generated gases (headspace), V=583 cc

� Temperature, T=303.15 °K (30°C)

� Pressure, P=75 kPa (0.75 atm)

� Weight of sulfur contained in 100 ppmv H2S, Ws=0.073 mgS (reference value)

Using the H2S concentration (ppmv) it was possible to compute the available sulfur

weight within each container. To calculate the available sulfur in mgS/cm2, the sulfur

weight was divided by the total superficial area (cm2) of the samples existing before

extracting them for testing.

3.7 Exposure of samples to bacterial attack

3.7.1 Exposure of OM samples inoculated in non aseptic conditions

456 inoculated OM samples were subjected up to 222 ppmv H2S, 0.3 ± 0.1%CO2 and

30oC within six containers (biotic samples). Other 76 non-inoculated OM samples

(control or Ctrl) were subjected only to humid atmospheric exposure within one con-

tainer. Besides, 76 non-inoculated OM samples put into a container were subjected up

to 222 ppmv H2S (here named as H2S or chemical control). H2S supply was intended

to simulate variable conditions in sewers, applying it in rates from 0-222 ppmv three

times a week during 153 days.

Type-SM samples inoculated with H. neapolitanus (Hn), A. thiooxidans (At) and

H.neapolitanus+A.thiooxidans consortium (nt) and type-MM samples inoculated with

H. neapolitanus (Hns), A. thiooxidans (Ats) and H.neapolitanus+A.thiooxidans con-

sortium (nts) were exposed as shown in Table 3.3.

3.7.2 Exposure of OM samples inoculated in aseptic conditions

Before inoculation and throughout the experiment (300 days), purity and presence

of cultures was verified morphologically after growth in Luria Bertani (LB) agar. No
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changes were observed in bacterial morphology of cultured plates from samples collected

at different ages.

No bacterial growth was observed when some oven-dried mortar samples were

“stamped”on LB agar. One group of 76 samples was inoculated with H. neapolitanus

(H.n.), a second group was inoculated with A. thiooxidans (A.t.), and the third group

was inoculated with a consortium (Cons.) composed by both bacteria. The fourth

group was composed of abiotic samples exposed to the same environment of the biotic

samples (i.e. H2S+CO2). The remaining group was used as control in which abiotic

samples were exposed to a sterile environment at the same temperature (30±1oC) and

relative humidity (62% ± 5%) of the other four groups (Table 3.3). In all cases humid

and warm environment inside the plastic boxes kept RH values within the mentioned

ranges. For simplicity, the chemical exposure condition (fourth group) will be referred

solely as “H2S”.

During the first 150 days of the experiment, sulfide was supplied to each container

every 3 days to a H2S initial concentration peak of about 131 ppmv. During the last

150 days, feeding was conducted on a daily basis, reaching the same concentration of

hydrogen sulfide. This is a moderately low peak level H2S concentration compared

with reported in real sewers (2-650 ppmv) [87][37]. Containers were maintained with

0.3 ± 0.1% CO2.

3.7.3 Exposure of PM samples inoculated in non aseptic conditions

Nineteen containers were used to expose pyritic samples as shown in Table 3.5. The

whole experiment was developed in atmospheric conditions. Containers (76 samples

each) were not handled into an aseptic environment. Inside the containers, the evap-

oration cycle guaranteed the availability of atmospheric oxygen and constant relative

humidity. Apparent changes in the samples’ surfaces were monitored twice a week

during 153 days.
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3.7.4 Exposure of TM samples inoculated in aseptic conditions

Five containers were used to expose samples containing little quantity of Triclosan

to a H2S-rich environment as shown in Table 3.6 Containers (76 samples each) were

hermetically closed. During the first 150 days of the experiment, sulfide was supplied

to each container every 3 days to a H2S initial concentration peak of about 131 ppmv.

During the last 150 days, feeding was conducted on a daily basis, reaching the same

concentration of hydrogen sulfide. Containers were maintained with 0.3 ± 0.1%CO2.

3.8 Assessment of physical and mechanical consequences

of biodeterioration

The effects of biodegradation were evaluated qualitatively and quantitatively as follows:

� Qualitative evaluation. Colors, texture and general appearance variations were

checked and registered at each sampling time. Similar light fixture, workbench

conditions and time of the day were used in each sampling procedure to guarantee

minimal disturbance in the observation.

Also,topographic changes of exposed surfaces were observed using an Alicona Infi-

nite Focus optical device in the laboratory of Institut Universitaire de Technologie

(IUT) de Nantes/Carquefou of the Universitè de Nantes (Figure 3.15). The ap-

paratus was used to capture augmented images, measure the height variations

and determine important parameters associated to the topographic description

of samples surfaces. Results of these measurements are shown in section 4.2
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biodeterioration

Figure 3.15: Alicona Infinite Focus optical device r

� Quantitative evaluation. Weight loss, porosity and compressive strength, of up to

257 and 404-day-old samples were measured over 153 and 300 days of exposure to

bacterial attack in non aseptic and aseptic conditions respectively. Measurements

of each one of these tests were made at 0, 23, 60, 98, 131 and 153 days of exposure

for samples inoculated in non aseptic conditions. Also measurements were made

after 0, 60, 120, 195, 240 and 300 days of exposure for samples inoculated in

aseptic conditions. Additional measurements for weight loss and compressive

strength were taken at days 30, 90, 150 and 270. To compute actual age of

samples, 104 days must be added to the mentioned spans.

3.8.1 Weight loss

Samples were extracted from containers following a uniform-random selection sampling

method. Once extracted, moist samples were weighed and later oven dried. The weigh-

ing process before and after the treatment was carried out after drying the samples at
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110oC for 24 h. Therefore, if some water were absorbed during the inoculation process,

it would have been removed during oven-drying. The dry weight of the samples was

measured using a precision scale (Ohaus Adventurer Pro Anaĺıtica AV264). To ensure

correct weight measurements, prior to oven drying and weighing, extracted samples

were subjected to a passive wash in which they were submerged in distilled water for

one hour and shaken for 30 seconds every 20 minutes before being placed into the oven.

Nine weight measurements were taken and averaged for each sample.

Weight variation was computed for each sample at the correspondent age as:

∆w(t) =
w(t) − wi

wi
· 100 (3.1)

where ∆w(t) is the weight variation (%), w(t) is the dry weight (mg) measured at

time t and wi is the initial dry weight (mg) measured at time t = 0.

3.8.2 Porosity

Porosity measurements in triplicate were taken using mercury intrusion data from an

AutoPore IV 9500 porosimeter (Micromertics Instrument Corporation r) (Figure 3.16).

Pores in solids can be classified according to their size as micropores, mesopores or

macropores. In general it is accepted that adsorbed water can be found in micropores,

condensed water in mesopores and bulk water in macropores [88]. In civil engineering

applications, micropores are most commonly accepted to have widths between 0.5 and

10 nm, mesopores between 10 and 5000 nm, and macropores larger than 5000 nm [42].

This study used this standard (micropores being 0-10 nm, mesopores being 10-5000 nm

and macropores being larger than 5000 nm).

Total porosity of any material can be computed as the sum of isolated pores volume

existing inside the solid structures plus open (connected) pores volume existing amid

those solid structures [89]. In this work only open porosity was measured and for

simplicity it is called “porosity”. Total mercury intrusion (TMI) expressed in ml/g is

used to compute the pores volume existing inside the entire sample.
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Porosity variation (i.e., ) measured in percentage was computed for each sample at

the correspondent age as:

∆φ(t) = φ(t) − φi (3.2)

where ∆φ(t) is the porosity (%) measured in each sample at time t and φi is the

initial porosity (%) measured in control sample at time t = 0.

Average porosity (in volume) and its distribution were determined from three mea-

surements for each type of sample.

3.8.3 Compressive strength

Compressive strength was measured in triplicate using a 500 kg load cell hydraulic press

(ELE International Digital Tritestr) (Figure 3.16). Records of load versus deformation

at a deformation speed of 0.10 mm/min were obtained for samples at each stage of the

experiment. A pre-load equivalent to 1.0−1.5 MPa was applied five minutes prior to

the start of the test to ensure uniform pressure on the upper and lower surfaces of each

sample. Upper and lower surfaces were leveled prior to testing using rubber pieces.

Slow load rate and rubber pieces avoided distortion from superficial deteriorated layers

compressibility. Load machine was calibrated each two months using steel springs with

known constant.

Compressive strength values were scaled so that results were comparable to the

results of standard 5-cm-side-cube compressive load tests [90]. The effects of the small

size of samples and the laboratory conditions were taken into account using a factor of

4.3 (COV=8%) to multiply the strength results from samples and obtain the equivalent

strength in 50mm-side cubes. Such factor was computed dividing the initial strength

of each 50mm-side cube over the initial strength of each sample. The mean value takes

into account scaling effects related to contact surface area, grain size, roughness effect,

and geometrical proportions of the sample. To have a more clear reference, in this work

absolute scaled values and relative values of compressive strength are presented.
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Figure 3.16: AutoPore IV 9500 porosimeter (Micromertics Instrument Corporation r)
and hydraulic press (ELE International Digital Tritest r)

For simplicity, the compressive strength is referred solely as “strength”in the next

sections. As stated in section 4 exposed samples were tested with no further physical

adjustments. Therefore, reported results refer to samples containing indistinctly dete-

riorated and sound layers (deteriorated layers were not removed previous to strength

test).

Strength variation was computed for each sample at the correspondent age by:

∆s(t) =
st(t) − si

si
× 100 (3.3)

where ∆s(t) is the strength variation (%), s(t) is the strength (MPa) measured in

each exposed sample at time t and si is the initial strength (MPa) measured in the

control sample at time t = 0.
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3.8.4 Volumetric measurements

Samples volume variation was computed following two procedures:

� Using the procedure recommended in the User Manual of the AutoPore IV 9500

porosimeter (Micromertics Instrument Corporation r). Sample volume is com-

puted using the weight and density of mercury (Hg). After purging the trapped

air in pores, at low pressure (less than 15 psig), the variation in the weight of

a penetrometer containing the sample and injected mercury is divided by the

mercury density to calculate the sample volume.

� Using the protocol designed by Michael O’Byrne, PhD Candidate of the De-

partment of Civil, Structural and Environmental Engineering (Trinity College

Dublin). A record of the sample rotating to low speed is used to feed into Visu-

alSFM, which is a free GUI application for 3D reconstruction using structure from

motion (SFM), available at http://ccwu.me/vsfm/. The resultant point cloud is

then converted to a watertight volume or reconstructed solid. The sample volume

is computed using the reconstructed solid (Figure 3.17).
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Figure 3.17: Typical scenario to take frames for volume determination from video technics

3.9 Determination of chemical compounds in biodeterio-

rated samples

An X-ray Powder Diffraction (XRD) analysis was performed upon 2 g of powder scraped

from the surface of four exposed samples to determine the effects of biodeterioration

upon the chemical compounds of the mortar. In section 4.3 the results of the XRD

analysis are presented and discussed. An X-ray diffractometer RIGAKU Ultima III

was used.

3.10 Summary and conclusions

This chapter explains how the experiment was conceived and conducted. The following

are the most relevant aspects achieved in the present chapter:

� In this chapter the methodology for the experimental work was designed and
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presented. Such methodology was described by means of a detailed protocol.

� The protocol of the experiment was designed to follow four fringes of activities:

Biological, physical, chemical and common processes. The biological processes are

related to the manipulation of microorganisms to be inoculated upon the mortar

samples. The physical processes deal with the manufacturing and conditioning of

mortar samples. The chemical processes consider the generation of gases required

into the containers. Finally, the common processes link all the previous ones to

produce the final results of the experiment.

� The protocol defined qualitative and quantitative evaluations which include weight,

porosity and strength changes. Such evaluations are based on measurements taken

from exposed samples made of ordinary mortar, pyritic mortar and Triclosan-

added mortar inoculated with different cultures and exposed to different environ-

ments. The trends of the strength to porosity and strength to weight variations

were proposed to interrelate those evaluations inwardly.
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Chapter 4

SULFUR AVAILABILITY AND

QUALITATIVE CHANGES

4.1 Chapter overview

In this chapter the results of the preparations and general tests from the experiment

are presented and critically discussed. The objectives of this chapter are:

� To fit curves for the sulfur availability at each time of the experiment computed

from actual H2S concentrations measured in the experiment.

� To present a detailed description of the qualitative changes observed onto the

exposed surfaces of the samples. This description is complemented using results

of the XRD analysis applied to superficial layers of biodeteriorated samples.

� To present and comment the results obtained from the topographic and volumetric

observations in the samples surfaces.

This study is based on an experiment in which the concrete alkalinity was dropped

down using carbonation prior to inoculation and exposure of samples. For this rea-

son, the experiment start time actually represents the stage of active biodeterioration

once the concrete pH has been reduced and the concrete surface has been conditioned
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for a long time. The length of the first stage (biodeterioration immunity) could be

estimated by using carbonation models until a given pH level is reached (e.g. pH=7)

[91][92]. Therefore, the fitting of curves of biodeterioration effects developed in this

section are only applicable after the biodeterioration immunity stage has been over-

come. Since the results were obtained from measurements taken during 153 days (or

Sa(t) ≤ 0.63mg/cm2), and 300 days of exposure (or Sa(t) ≤ 0.12mg/cm2), the assess-

ment of biodeterioration effects after this time (or sulfur availability) should be carried

out with care.

In order to generalize the results to samples exposed to different environments, all

biodeterioration effects (weight, porosity and strength changes), were expressed as a

function of the sulfur added to the system; i.e., Sa(t). Thus, based on the measure-

ments, a regression analysis was carried out. The amount of sulfur put into the system

at a given point in time can be computed as (Figure 3.13 and Figure 3.14):

Sa(t) = 0.0016e0.0146t (4.1)

Sa(t) = 3 · 10−5t1.9901 (4.2)

where Sa(t) is expressed in mg of elemental sulfur per cm2 of exposed surface of

mortar existing at time t (days); with R2 = 0.9879 and 0.9994. Note that Sa(t) took

into account the reduction of exposed surface due to the progressive removal of samples

from each container since the total surface available for reaction with sulfide decreased.

On the other hand, the amount of H2S in contact with samples surfaces could not

be determined in an exact manner. Instead this study considered Sa(t) as the total

available amount of H2S in contact with the samples surfaces. Results for control

samples have also been referred to Sa(t) only for comparison purposes (Figures 5.5,

5.6, 5.7, 5.8 and 5.9, Figures 5.29, 5.30, 5.31, 5.32 and 5.33, and Figures 5.40, 5.41,

5.42, 5.43 and 5.44). Three curve fittings were proven for Sa(t): linear and second-

degree polynomial and logarithmic equations. Solver tool by Microsoft Excelr was
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used to identify the model parameters that minimize the mean square error in each

case (analysis of residuals). In all cases the best fit was achieved by using logarithmic

fittings (Table 5.3).

4.2 Qualitative changes in biodeteriorated samples

Dark green to black coloration was observed in samples inoculated in non aseptic con-

ditions growth in SM before 30 days of exposure. They showed severe deterioration

with cottage cheese consistency after 153 days, in contrast with those inoculated in non

aseptic conditions growth in MM, which appeared to still be stiff, underlying the sever-

ity of biogenic deterioration in absence of salt in the inoculum (Figure 4.1). Similarly,

samples exposed exclusively to H2S did not show important deterioration indicating

the preponderant effect of biogenic deterioration (Figure 4.2). Apparently ettringite

crystals were visible in exposed samples after 48 days and covered a high portion of

the surface after 62 days (Figure 4.3 and Figure 4.4). A white-brown-spotted layer was

observed after day 84 in cracked samples evidencing the effects of H2SO4 reaction on

the samples’ surfaces (Figure 5.35).

Also qualitative observations related to color and texture changes were recorded

at each sampling time for samples inoculated in aseptic conditions. Samples showed

stains of different colors during the experiment: gray, green, bronze, and white shades

appeared successively upon samples surfaces during the experiment. White crystals

(which are supposed to be ettringite crystals that in turn could be dissolved when

pH drops even more) [31] were visible after 90 days of exposure in biotic samples.

Such crystals were observed only after 210 days over samples subjected to chemical

exposure. It was not possible to quantify whether the changes affecting porosity and

strength were uniformly distributed throughout the samples; however, the observations

led to conclude that the effects were concentrated mostly on the surface degraded layer.

Degradation depths were not measured nor deteriorated layers removed before testing.

Therefore, reported changes must be interpreted as average changes over the whole
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specimen volume (including deteriorated and not deteriorated zones).

Figure 4.1: Stage of biotic samples inoculated in non aseptic conditions grown in SM
after exposure: a) dried at 0 days, b) dried at 19 days, c) humid at 33 days, e) dried at 35
days, f) humid at 67 days, g) dried at 82 days, h) humid at 129 days
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Figure 4.2: Stage of H2S-only control samples after 153 days of exposure manipulated
in non aseptic conditions

Figure 4.3: Surface of samples inoculated in non aseptic conditions in SM on days 0 and
48 of exposure (20X photograph)
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Figure 4.4: Surface of samples inoculated in non aseptic conditions grown in SM after 62
days of exposure (20X photograph)

Figure 4.5 shows the evolution of the appearance samples inoculated in aseptic

conditions during the experiment. Similarly to what was observed in the case of sam-

ples inoculated in non aseptic conditions, the most deteriorated samples were those

inoculated with the consortium composed by H.n. and A.t. Also samples inoculated

with A.t. showed major changes than those inoculated with H.n. Samples exposed

exclusively to H2S resulted less damaged than biotic samples confirming once more

that biogenic effects are more adverse than chemical effects. Nevertheless, the larger

H2S availability and biotic richness in samples inoculated in non aseptic conditions

produced a more severe deterioration in minor time than those inoculated in aseptic

conditions (Figure 4.6)
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Figure 4.5: Exposed samples inoculated in aseptic conditions: 1) H. n., 2) A.t., 3a)
H.n.+A.t., 3b) H.n.+A.t.+Triclosan, 4) H2S, 5) Control, 6) Non-carbonated
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Figure 4.6: Comparison at the end of the experiment. Left: Samples inoculated in aseptic
conditions (300 days); Right: Samples inoculated in non aseptic conditions (153 days)

Samples added with Triclosan showed no apparent changes up to approximately

180 days after the exposure start. Since that moment some little white traces were

observed (Figure 4.5 and Figure 4.7).

Figure 4.7: Antimicrobial effect of Triclosan in samples inoculated in aseptic conditions
after 150 days of exposure. Left: With no additions; Right: Added with Triclosan
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4.3 Topographic variations in surfaces of biodeteriorated

samples inoculated in aseptic conditions

Texture description can be achieved using the roughness measurement. Advanced

devices and linked software are available to determine parameters associated to the

roughness surfaces. In this study, attempts to use Atomic Force Microscopy were not

successful due to the samples’ high roughness. For this reason, an optical device was

used: The Alicona Infinite Focus Optical Device r. This apparatus constructs 3D im-

ages where a realistic vision of the surface topography is possible (Figure 4.8). Also it

is possible to observe details such as the CaSO4 crystals formation such as the white

cumulus seen in Figure 4.9. A comprehensive analysis is made by the apparatus and a

large amount of parameters is available in the form shown in Figure 4.10 and Figure

4.11.

Figure 4.8: Tridimensional images obtained using the Alicona Infinite Focus r
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Figure 4.9: Scaled picture (X100) obtained using the Alicona Infinite Focus r

60



4.3 Topographic variations in surfaces of biodeteriorated samples
inoculated in aseptic conditions

Figure 4.10: Typical parameters computed using the Alicona Infinite Focus r
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Figure 4.11: Typical curves generated by the Alicona Infinite Focus r
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The porosity per superficial area (ml/m2) and the reduced peak height Spk (µm) are

two important parameters related to the texture changes produced by biodeterioration.

The first one is useful to understand how the superficial voids amount change during

the exposure time. The second parameter is computed as the mean height of the peaks

above the core material and helps to see how the irregularities behave.

Figure 4.12 was drawn using the average of three measurements at each age. After

300 days of exposure, a porosity gain of 130 and 190 ml/m2 was observed in samples

inoculated with H.n+A.t. and A.t. respectively. In contrast abiotic samples exposed

to H2S augmented 110 ml/m2 confirming the larger gain in inoculated samples con-

taining acidophilic bacteria. Samples inoculated with H.n. (neutrophilic bacteria) only

augmented 60 ml/m2 probably due to a clogging effect. Control samples reduced their

superficial voids in 50 ml/m2.

Figure 4.13 shows the mean height of the peaks above the core material. Initial mean

height of samples was 70 µm. After 300 days of exposure control samples reduced such

peaks to 51 µm. The largest reduction was observed in abiotic samples exposed to H2S

(34 µm). The smaller reduction was observed in samples inoculated with H.n.+A.t.

(61 µm). Samples inoculated with A.t. and H.n. reduced their peaks to 40 and 48 µm.

According to these results, the biogenic effects produced more variation than chemical

effects.

From previous paragraphs it is concluded that samples inoculated with H.n.+A.t.

showed the largest increase in superficial pososity and roughness. On the other hand,

samples inoculated with A.t. and those of the chemical control reduced their roughness

while gained superficial porosity. On the contrary, samples inoculated with H.n. and

those of the control increased their roughness while their porosity was depressed.

As explained in section 2.4.1 biodeterioration is an interfacial phenomena that de-

pends on the surface area/surface roughness ratio and it is desirable to study how the

initial roughness can influence the biodeterioration effects. However, by the time that

roughness was measured, non exposed samples had surely changed importantly their

initial superficial texture. For this reason no valid conclusions can be made in this
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matter.

Figure 4.12: Superficial porosity evolution. COV: H.n. 3.5 to 4.2%, A.t. 11 to 15%,
Cons. 7.5 to 9.1%, H2S 8.6 to 12.1%, Control 8.1 to 9.8%
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Figure 4.13: Superficial irregularity evolution. COV: H.n. 12.1 to 16.9%, A.t. 15.4 to
22.0%, Cons. 11.3 to 15.1%, H2S 12.7 to 19.8%, Control 13.9 to 24.7%.

4.4 Chemical compounds in exposed ordinary mortar sam-

ples

2 g of powder were scraped from the surface of four exposed samples. Three specimens

were selected from those inoculated in aseptic conditions with three different single

inoculums while the last one was only exposed to H2S. One sample was inoculated

with H.n., other with A.t. and the third one with H.n.+A.t. Powder extracted from
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each specimen was analyzed using XRD to determine the chemical compounds of the

exposed mortar. Figure 4.14 presents a superimposition of the results. Quartz (SiO2),

Ferrous oxide or Wustite (FeO), Calcite (CaCO3), Calcium Sulfate in Anhydrite form

(CaSO4), Iron Oxide Sulfate and Cupper Sulfide (Cu2S) were identified in the analysis.

The main peaks observed in Figure 4.14 correspond to Quartz and Calcite.

Figure 4.14: XRD analysis of biodeteriorated samples

No quantification of chemical compounds was made. For this reason, available

information only can be used to get an approximate reasoning. To understand the ap-

proximate variations produced by biogenic attack, a ratio was computed dividing the
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intensity (counts) of each inoculated sample by the intensity measured in samples ex-

posed exclusively to H2S. Figure 4.15, Figure 4.16 and Figure 4.17 show the H.n./H2S,

A.t./H2S and (H.n.+A.t.)/H2S ratios respectively. In these figures, four main visible

peaks are linked to Calcium Sulfate Anhydrite and Calcium Sulfate Hydrate (Bassan-

ite). Two-Theta values related to Calcium Sulfate compounds found in the samples are

14.76o, 31.86o and 54.07o [93]. The amount of CaSO4 in samples inoculated with H.n.,

A.t. and H.n.+A.t. resulted to be 94, 164 and 199 times that of the samples exposed

exclusively to H2S. It is evident the effect of biodeterioration in the production of

CaSO4. The largest augment of that compound was observed in samples inoculated

with H.n.+A.t. and the shorter in those inoculated with H.n. This finding seems to

confirm the enhancement effect of different CaSO4 compounds such as of Gypsum,

Bassanite and Anhydrite and the temporal influence of ettringite in the biodeteriora-

tion processes. The presence of any of those forms depends on the temperature at what

reactions have taken place [94][95]. In this study the exposure was made at 30oC at

which the three mentioned forms are possible.
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Figure 4.15: H.n. intensity to H2S intensity ratio
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4.4 Chemical compounds in exposed ordinary mortar samples

Figure 4.16: A.t. intensity to H2S intensity ratio
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Figure 4.17: H.n.+A.t. intensity to H2S intensity ratio

4.5 Volumetric variations in biodeteriorated samples

Figure 4.18 shows a typical reconstructed solid using video technics. According to the

results of this procedure, all samples (even control) augmented their volume between

81 and 130 mm3 corresponding to 3 and 6% of the initial volume. It was not possible

to identify a clear volume trend through the duration of the experiment. On the other

hand, a dissimilarity was found in the analysis of computed volumes from the MIP

technic in which the variations were between 95 and 161 mm3 corresponding to 4 and
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8% of the initial volume. The volume increase in biodeteriorated samples could be

explained as a result of clogging, sulfur precipitation and swelling from gypsum and

ettringite crystals. However, in the case of the control samples, the volume increase

could be asociated to errors of the measurement technics. This is an interesting issue

to study in future works.

Figure 4.18: Reconstructed volume using video technics

4.6 Summary and conclusions

� Curves for the sulfur availability were fit from actual H2S concentrations at each

time of the experiment. Values of sulfur availability of 0.63 and 0.12 mg/cm2

were obtained after 153 and 300 days of exposure for samples inoculated in non

aseptic and aseptic conditions respectively.
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� Samples inoculated in non aseptic conditions using standard medium showed a

wide variety of colors from dark green to black. They resulted severely dete-

riorated with a cottage cheese consistency after 153 days. Conversely, samples

growth in salty medium appeared stiff at the end of the experiment, underlying

the severity of biogenic deterioration in absence of salt in the inoculum. Sam-

ples exposed exclusively to H2S did not show important deterioration indicating

the preponderant effect of biogenic deterioration. On the other hand, samples

inoculated in aseptic conditions showed stains of different colors including gray,

green, bronze, and white shades. White crystals were observed after two and

seven months upon samples inoculated in non aseptic and aseptic conditions re-

spectively.

� Superficial irregularities augmented in samples inoculated with acidophilic bac-

teria in comparison with those inoculated with neutrophilic bacteria. This differ-

ence can be explained because of a possible clogging effect coming from bacterial

metabolism.

� Based on the observations and preliminary proofs, tests of samples inoculated

with salty media, pyritic samples, and samples added with Triclosan were not

completed. Therefore, only ordinary samples inoculated with standard media

(non aseptic and aseptic conditionsf) were investigated comprehensively.

72



Chapter 5

BIODETERIORATION

EFFECTS UPON PHYSICAL

AND MECHANICAL

PROPERTIES OF MORTAR

5.1 Chapter overview

The main parameters used to investigate the biodeterioration of mortar were defined in

chapter 3. In addition, it was decided in chapter 4 that only tests related to ordinary

mortar samples are of interest. In the present chapter, the results of the physical

and mechanical tests are presented. Then, in chapter 6 an application considering

biodeterioration on the structural design of sewer pipes will be shown. The objectives

of this chapter are:

� To describe and discuss critically how the samples weight changed due to biode-

terioration.

� To describe and discuss critically how the samples porosity changed due to biode-
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terioration.

� To describe and discuss critically how the samples compressive strength changed

due to biodeterioration.

� To propose fit curves for the strength-porosity relations obtained from biodeteri-

orated samples.

� To present a summary and conclusions related to the experimental findings.

5.2 Weight variations in biodeteriorated samples

Humidity of samples evaluated in terms of absorbed water followed an ascendant trend

as can be seen in Figure 5.1. Samples inoculated in non aseptic conditions Hn, At and

nt absorbed water in amounts up to 54%, 81% and 57% (COV=0.52, 0.24 and 0.48)

of their own weight, meaning that a large quantity of water had to be trapped in the

samples’ capillary pores and cracks, augmenting their volume considerably. Indeed, it

was observed that, in the final-stage, At and Hn apparently caused samples to dou-

ble their initial volume. In contrast, the ctrl and H2S samples and salty-inoculated

samples sustained their humidity throughout the experiment. Interestingly there were

not changes in weight of Ats samples, while in Hns and nts samples a slight change in

weight was perceived.
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5.2 Weight variations in biodeteriorated samples

Figure 5.1: Humidity of exposed samples inoculated in non aseptic conditions. Error
bars show minimum and maximum values.

Exposed surface/volume ratio (ESVR) of samples was approximately equal to 0.51

mm2/mm3, in contrast with the ESVRs used in previous research, which have varied

between 0.12 and 0.41mm2/mm3 [30][57]. This characteristic and the high exposed

surface could explain the greater weight loss found in this study compared with previous

ones (Table 5.1).

After 153 days of exposure, weight losses of up to 23.22%, 32.44% and 20.27%

(COV=0.50, 0.44 and 0.66) were measured in Hn, At and nt samples, respectively,
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Table 5.1: Some exposed surface/volume ratios (ESRV) used in previous biodeterioration
studies

Author Sample size ESRV
(mm×mm×mm) (mm2/mm3)

This study 13 × 13 × 10 0.51
Nnadi and Madarriaga (2012) 50 × 50 × 45 0.12
Bielefeldt et al (2010) 50 × 20 × 20 0.24
Okabe et al (2007) 40 × 18 × 8 0.41

which strongly contrasted with those of the control (ctrl,1.05%) and H2S-only control

(3.79%)(Figure 5.2). It can be said that, within an ideal context, non-inoculated sam-

ples exposed to ordinary atmospheres did not have weight loss. A different trend was

observed in samples inoculated with the salty medium. For example, while Hns and nts

showed a slight weight loss up to 4.50% and 6.88%, respectively Ats showed a weight

gain of 2.03% (Figure 5.3). Again it seems that biogenic deterioration from samples

inoculated with A. thiooxidans in the seawater medium was negligible. Perhaps the

halophile nature of H. neapolitanus made possible its weak growth and consequent af-

fectation to concrete (weight loss up to 6.88%), while it seems that A. thiooxidans was

not able to overcome the presence of salinity.
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Figure 5.2: Weight loss of samples inoculated in non aseptic conditions using standard
media
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Figure 5.3: Weight loss of samples inoculated in non aseptic conditions using salty media

Table 5.2 shows the behavior of pyritic samples (PM) inoculated in non aseptic

conditions and exposed to conditions described in section 3.3.3. Samples prepared

with only Fe gained weight and augmented their volume due to the iron oxidation.

Samples prepared with only S showed slight weight losses when inoculated with Hn and

weight gains in other cases. Samples prepared with FeS2 behaved similarly to control

samples. These results cannot be considered as conclusive. This is an interesting issue

to investigate in the future.

For OM samples inoculated in aseptic conditions, Figure 5.4 and Figures 5.5, 5.6,
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5.2 Weight variations in biodeteriorated samples

Table 5.2: Average weight variations measured in pyritic samples during 153 days

Bacterial exposure and sample properties. Values in %
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0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
23 2 1 0 1 1 2 -1 -1 1 1 1 0 0 -1 -1 -1 -1 -1
46 3 3 0 3 1 4 -1 -1 2 3 2 1 0 -2 -2 -1 -2 -1
60 2 2 0 3 1 3 -1 -1 2 2 1 1 0 -1 -1 -1 -2 -1
90 3 4 0 4 2 5 -1 -1 2 4 2 1 1 -2 -2 -1 -3 -1
120 3 5 0 5 2 6 -1 -1 3 5 2 2 1 -3 -2 -2 -4 -1
153 5 7 0 6 3 8 -1 -2 4 6 3 2 1 -4 -3 -2 -5 -2

5.7, 5.8 and 5.9. indicate that by the end of exposure (i.e., Sa(t) ≈ 0.12mg/cm2),

samples inoculated with the consortium showed a total weight loss of 6.8±1.4% (mean

± one standard deviation). Samples inoculated separately with A. thiooxidans and

H. neapolitanus lost 4.6±1.4% and 2.4±0.5% of their initial weight, respectively. In

contrast, weight gains of 1.0±0.8% and 0.5±0.6% were observed in abiotic samples

exposed to H2S and samples belonging to control, respectively. The abiotic samples

exposed to hydrogen sulfide likely gained weight as a result of the accumulation of

precipitated sulfur. The small weight variation in the control samples is within the

expected error of the experimental measurement technique. Figures 5.4, 5.5, 5.6, 5.7, 5.8

and 5.9 include all measurements (from 6 to 9 measures) by exposure time. The greatest

data variability was observed in samples inoculated with Acidithiobacillus thiooxidans.
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Figure 5.4: Average weight loss of samples inoculated in aseptic conditions
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5.2 Weight variations in biodeteriorated samples

Figure 5.5: Comparison between proposed curves and measured data for weight changes
in carbonated samples dried at 110oC- H.Neapolitanus
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Figure 5.6: Comparison between proposed curves and measured data for weight changes
in carbonated samples dried at 110oC - A.Thiooxidans
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5.2 Weight variations in biodeteriorated samples

Figure 5.7: Comparison between proposed curves and measured data for weight changes
in carbonated samples dried at 110oC - Consortium
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Figure 5.8: Comparison between proposed curves and measured data for weight changes
in carbonated samples dried at 110oC - H2S
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5.2 Weight variations in biodeteriorated samples

Figure 5.9: Comparison between proposed curves and measured data for weight changes
in carbonated samples dried at 110oC - Control

Table 5.3 provides the adjusted expressions for the standard deviation for all ex-

perimental conditions and Figures 5.5, 5.6, 5.7, 5.8 and 5.9 compares the fitted curves

and measured data for weight change. Overall results indicate greater weight loss

after feeding frequency was changed from once every three days to every day (day

150 or Sa(t) ≈ 0.016mg/cm2) (Figure 5.10). Larger weight changes started after

Sa(t) ≈ 0.011mg/cm2 (120 days) in all biotic samples inoculated in aseptic condi-

tions. Lower weight losses during the first three months of the experiment resulted
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from the time required for superficial conditioning (pH drop, biofilm formation, rough-

ness adaptation) and bacterial lag phase. After this span the acidophilic bacteria (alone

and within the consortium) seemed to be capable of growing faster and acidifying the

concrete surface leading to greater weight loss. The effect of the neutrophilic bacteria

on the weight of the samples was less pronounced. The lower effects of H. neapolitanus

than A. thiooxidans on the weight of the samples could be a result of differences in

growth rates, selectivity of the reduced sulfur metabolites available, accumulation of

toxic byproducts, and other metabolic differences.

Figure 5.10: Relationship between weight changes and sulfur availability
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5.2 Weight variations in biodeteriorated samples

Negligible weight variation (losses from 0.1 to 0.5%) is associated to Sa(t) ≤ Salim =

0.006mg/cm2. This value corresponds to the accumulated sulfur applied during the first

90 days of exposure (Figure 3.4). It is also noted that the mean weight change follows

a logarithmic trend after this value. Table 5.3 summarizes the best fit equations for the

weight variation once Sa(t) ≥ Salim. For practical purposes it can be assumed that

there is no weight variation ( ∆w = 0) if Sa(t) < Salim.

Table 5.3: Equations of curves fittings for properties variation when Sa(t) ≥
0.006mg/cm2

Condition Description Property variation (%)

Inoculated Weight change ∆w(Sa(t)) = −0.77ln(Sa((t)) − 3.94
with H.n. Porosity change ∆φ(Sa(t)) = 0.47ln(Sa(t)) + 3.06

Strength change ∆s(Sa(t)) = −6.0ln(Sa(t)) − 40.00

Inoculated Weight change ∆w(Sa(t)) = −1.54ln(Sa((t)) − 8.11
with A.t. Porosity change ∆φ(Sa(t)) = 1.74ln(Sa(t)) + 9.79

Strength change ∆s(Sa(t)) = −7.33ln(Sa(t)) − 46.70

Inoculated Weight change ∆w(Sa(t)) = −2.29ln(Sa((t)) − 11.07
with Cons. Porosity change ∆φ(Sa(t)) = 1.09ln(Sa(t)) + 6.45

Strength change ∆s(Sa(t)) = −8.40ln(Sa(t)) − 70.59

Abiotic Weight change ∆w(Sa(t)) = 0.40ln(Sa((t)) + 2.04
H2S Porosity change ∆φ(Sa(t)) = 0.76ln(Sa(t)) + 4.07

Strength change ∆s(Sa(t)) = −5.55ln(Sa(t)) − 36.50

Standard deviation (%)

Inoculated Weight change σw(Sa(t) = 0.12ln(Sa(t)) + 1.34
with H.n. Porosity change σφ(Sa(t)) = 2.50

Strength change σs(Sa(t)) = −1.40ln(Sa(t)) + 1.95

Inoculated Weight change σw(Sa(t) = 0.35ln(Sa(t)) + 2.98
with A.t. Porosity change σφ(Sa(t)) = 2.70

Strength change σs(Sa(t)) = 0.87ln(Sa(t)) + 14.66

Inoculated Weight change σw(Sa(t) = 0.37ln(Sa(t)) + 2.60
with Cons. Porosity change σφ(Sa(t)) = 3.08

Strength change σs(Sa(t)) = −1.50ln(Sa(t)) + 2.30

Abiotic Weight change σw(Sa(t) = 0.64
H2S Porosity change σφ(Sa(t)) = 2.73

Strength change σs(Sa(t)) = −0.90ln(Sa(t)) + 2.67

Figures 5.5, 5.6, 5.7, 5.8 and 5.9 indicates that the dispersion of data from biotic

samples increases with the exposure time. The largest standard deviation increase was

associated to the presence of A. thiooxidans alone or within the consortium. Standard
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deviation for control samples and those exposed to H2S was constant during the ex-

posure time. Standard deviation of control samples can be associated to uncertainties

related to material (intrinsic uncertainty) and the test. Standard deviation of abiotic

samples exposed to H2S can be related to uncertainties coming from the chemical ex-

posure. By comparing uncertainties at the end of the exposure, it is concluded that

biodeterioration multiplies by about two or three the initial uncertainties (intrinsic,

test and H2S exposure).

In this section results of weight variations have been presented for samples inocu-

lated in non aseptic and aseptic conditions. To verify the purity of samples inoculated

in aseptic conditions during the whole experiment, one face of them was stamped on

Agar at each sampling moment (Figure 5.11).

Figure 5.11: Verification of purity of strains by stamping one face of exposed samples
upon Agar

Although addition of Triclosan showed an acceptable antimicrobial effect, it caused
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a disaggregating effect. Little amounts of material losses were observed even in old

samples and strength tests showed a capacity of about 15-25% that of ordinary mortar

samples. For these reasons no further analyses were made to samples added with

Triclosan.

5.3 Porosity variations in biodeteriorated samples

Average total porosity and its distribution were calculated and plotted from the average

of three measurements for Hn, At, nt, ctrl and H2S samples (inoculated in non aseptic

conditions). Porosity tests for Hns, Ats and nts samples were not performed due to

the negligible biodeterioration observed. Total porosity and typical distribution of

pores in non-exposed (ctrl) samples were found to be similar to those reported in

the literature [41] [42] [43]. In general, biodeterioration produced an increase in total

porosity compared with that observed in control samples (Table 5.4). Also, porosity

increase from biogenic activity was larger than that produced by chemical attack (H2S).

At early ages, in ctrl samples, 44% of the pores volume had sizes larger than 45000 nm

(0.045 mm) which are believed to be placed on the surface. On the other hand, while

10-5000 nm pores’ average volume increased up to 17% in exposed inoculated samples,

it decreased up to 7% in control samples. The average volume of pores larger than 5000

nm increased up to 15% in inoculated samples while that of the control (ctrl) dropped

up to 4%. Comparing the total porosity increase in samples exposed to H2S (21%)

with that of the inoculated samples (up to 32%) it is evident that biogenic attack was

able to produce a porosity increase of about 11%.

Between days 23 and 98 (75 days) of exposure, Hn and At samples showed similar

porosity changes (19% to 21%), probably due to the nearness of optimum pH in the

surface of samples for each bacterium. In the same period, nt samples changed their

porosity from 22% to 24%. However, while Hn and At maintained porosity around 19%

between exposure days 0 and 23, the nt samples’ porosity grew from 19% to 22% (Table

5.4). This could be explained by the fact that, in early exposure stages, consortium
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Table 5.4: Total porosity variation in biodeteriorated samples inoculated in non aseptic
conditions

Size range Day Hn At nt H2S ctrl

0 9% 9% 9% 9% 9%
10-5000nm 23 11% 13% 14% 9% 11%

98 15% 15% 14% 10% 11%
131 16% 17% 16% 15% 11%

0 9% 9% 9% 9% 9%
>5000nm 23 6% 5% 7% 9% 5%

98 7% 5% 10% 5% 4%
131 13% 15% 12% 4% 4%

0 19% 19% 19% 19% 19%
All 23 19% 19% 22% 19% 17%
(Total porosity) 98 21% 20% 24% 16% 17%

131 29% 32% 28% 21 % 17%

was more aggressive, inhibiting the natural trend of cementitious material to react

chemically and become more compact.

90



5.3 Porosity variations in biodeteriorated samples

Figure 5.12: Total (open) porosity variation during exposure (inoculated in non aseptic
conditions)

At the end of the experiment total porosity changes observed in inoculated samples

were almost four times those observed in control samples. Severe deterioration could

be associated with final total porosity values of 32% in At, 29% in Hn and 28% in nt

(COV=0.13, 0.21 and 0.18) (Figure 5.12). It is evident that the effect from biogenic

attack upon porosity is more important than that from chemical attack. As for the

biogenic samples, it is possible that the competition between bacteria in the consortium

could have inhibited biodeterioration leading to a minor porosity change in nt samples.
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Also, it seems that porosity changes produced by chemical exposure are fairly similar

to those observed in control samples during the first 100 days. For these reasons, it

could be said that the most important bacterial growth occurred after three months of

exposure.

It can be seen in Figures 5.13, 5.14 and 5.15 that more important changes in porosity

are in the macropores range (size larger than 5000 nm). However, the peak shown

around 6000 nm for 153 days of exposure does not have a rational explanation. For

this, it is believed that such peak corresponds to cracking into samples as a result of

manufacturing deficiencies. On the other hand, mesopores (10-5000 nm) showed less

affectation.

Figure 5.13: Average mercury intrusion of samples Hn during exposure inoculated in non
aseptic conditions.
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Figure 5.14: Average mercury intrusion of samples At during exposure inoculated in non
aseptic conditions.
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Figure 5.15: Average mercury intrusion of samples nt during exposure inoculated in non
aseptic conditions.

As discussed previously, samples containing acidophilic bacteria (At and nt) showed

more important porosity changes at the macropores range and less pronounced varia-

tions in the mesopores range (Figure 5.14 and Figure 5.15). Nevertheless, larger relative

porosity changes in all pore sizes were observed in samples containing acidophilic bac-

teria. The highest intrusion peak resulted in big pores upon At samples (Figure 5.14).
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Figure 5.16: Average mercury intrusion of control samples in case of non aseptic condi-
tions.

Figure 5.16 presents the porosity variation during the experiment for control sam-

ples. The general trend is to close all the pores with the time. This explains the

reduction in total porosity (from 19 to 17%). Such behavior is caused by the natural

chemical reaction of mortar while it is aging.
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Figure 5.17: Average mercury intrusion of H2S samples (case of non aseptic conditions).
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Figure 5.18: Average mercury intrusion with respect to control (case of non aseptic
conditions).

Figure 5.18 has been constructed subtracting control samples mercury intrusion

values from those of each type of sample. It is evident that chemical and biological

attack augment the porosity specially that linked to large pore sizes. A comparison of

Figure 5.13, 5.17. and 5.18. leads to conclude that the behavior of samples inoculated

with neutrophilic bacteria (Hn) is highly similar to that of abiotic samples exposed to

H2S. This seems indicate that biogenic effects from H. neapolitanus have a low impact

on the mortar damage.
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Figure 5.19: Volume variation in pores smaller than 10 nm (case of non aseptic conditions)
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Figure 5.20: Volume variation in pores between 10 and 5000 nm (case of non aseptic
conditions)
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Figure 5.21: Volume variation in pores larger than 5000 nm (case of non aseptic condi-
tions)

No changes in porosity were observed in small pores (sizes smaller than 10 nm) of

samples after exposure to bacterial attack (Figure 5.19). This means that biodeteriora-

tion was not able to affect the gel pores and their dynamics. Largest changes in porosity

were observed after 90 days of exposure. The existence of a bacterial adaptation period

is evident (Figure 5.20 and 5.21).
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Figure 5.22: Average mercury intrusion of pyritic samples at the experiment initiation.

Porosity tests for pyritic samples were done only at the experiment initiation at

time t = 0 (Figure 5.22). In virtue of laboratory limitations and the low influence of

biodeterioration observed in weight tests after 150 days, no further assessments were

done related to these samples. In any event, the following analysis can be useful for

future works. From Figure 5.22, it can be seen that the larger the Fe amount the lower

the total porosity. This is probably due to that iron oxidation (solid volume increase)

tends to close the pores. Perhaps possible cracking due to the volume augment coming

from iron oxides induced less empty cavities than that filled with corrosion products.
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Conversely, the larger the S amount the larger the porosity which can be explained

because the sulfur solubility. Cavities arisen from sulfur wash that is not bonded

chemically are filled with water. When such water evaporates leaves additional empty

spaces. For samples made with FeS2 occurs the same as the Fe samples.

Samples inoculated in aseptic conditions were subjected to porosity tests too. At

the end of the experiment (300 days), values of 0.087, 0.128, 0.114, 0.151, and 0.133

ml/g were measured in control samples, abiotic samples exposed to H2S, and samples

inoculated with H. neapolitanus, A. thiooxidans and the consortium respectively (Figure

5.28). The lower porosity variation in samples inoculated with H. neapolitanus is

consistent with their small weight losses and the results reported for samples inoculated

in non aseptic conditions. The larger porosity increase was observed for pores between

700 and 1500 nm in samples inoculated with A. thiooxidans. Interestingly, those show a

pore volume increase for pore sizes around 1µm (1000nm), which is the average length

of the A. thiooxidans bacillus. Samples inoculated with the consortium and abiotic

samples exposed to H2S showed an increase in pores between 7000 and 15000 nm

suggesting the formation of new capillary pores.
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Figure 5.23: Porosity of samples inoculated in aseptic conditions

103



5. BIODETERIORATION EFFECTS UPON PHYSICAL AND
MECHANICAL PROPERTIES OF MORTAR

Figure 5.24: Gap between mean and extreme values for H.n. samples
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Figure 5.25: Gap between mean and extreme values for A.t. samples
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Figure 5.26: Gap between mean and extreme values for H.n.+A.t. samples
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Figure 5.27: Gap between mean and extreme values for H2S samples

Results from three samples of each experimental condition were averaged to de-

termine the porosity at each exposure time. The gap between the mean value and

minimum and maximum measured values were computed and drawn in Figures 5.23,

5.24, 5.25,5.26, 5.27. Gaps between 1 and 2% seem to be representative for all con-

ditions. This signifies that the variability of exposed samples is highly similar to that

of control samples, i.e. an inwardly comparison between all samples should have a

minimal intrinsic error. From 50 to 200 days of exposure the maximum gaps observed

were related to the H.n.+A.t., H2S and H.n. samples. During this lapse, H.n. samples
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showed the largest gaps both in minimum as in maximum values. A clogging process

could produce such trend. Conversely, during the last 100 days of the experiment there

was a minimal gap for all samples.

Average initial porosity of all samples was 19% (COV=0.12, computed using six

samples randomly chosen from the population of available samples). After 300 days,

the porosity of biotic samples increased significantly. Final porosities up to 27%, 25%

and 22% (COV=0.10, 0.14 and 0.14) were measured in samples inoculated with A.

thiooxidans, the consortium and H. neapolitanus respectively (Figure 5.23 and Figure

5.28)). Porosity in control samples was reduced up to 18% (COV=0.16) while in abiotic

samples exposed to H2S increased up to 24% (COV=0.13). Error bars were drawn

using minimum and maximum values from 3 measures at each exposure time. Similar

variability at each age was observed in all samples.
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Figure 5.28: Cumulative mercury intrusion (average data) versus pore size in carbonated
samples dried at 110oC inoculated in aseptic conditions.
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Figure 5.29: Comparison between proposed curves and measured data for porosity
changes in carbonated samples dried at 110oC - H.Neapolitanus
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Figure 5.30: Comparison between proposed curves and measured data for porosity
changes in carbonated samples dried at 110oC - A.Thiooxidans
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Figure 5.31: Comparison between proposed curves and measured data for porosity
changes in carbonated samples dried at 110oC - Consortium
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Figure 5.32: Comparison between proposed curves and measured data for porosity
changes in carbonated samples dried at 110oC - H2S
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Figure 5.33: Comparison between proposed curves and measured data for porosity
changes in carbonated samples dried at 110oC - Control

The volume of micropores (0–10 nm) showed a visible change only for samples

inoculated with the consortium (Table 5.5). This fact suggests that biodeterioration

produced by the consortium was able to affect the smallest pore web. The volume

of mesopores increased from 12.1% to 21.7% and from 12.1% to 14.8% in samples

inoculated with A. thiooxidans and the consortium respectively. According to this, A.

thiooxidans could be the responsible for the largest variations in mesopores while the

consortium for those related to macropores. Also it has been reported that macropores
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increase is associated to compressive strength decrease [40][42]. This fact could explain

the greater strength drop observed in samples inoculated with the consortium in section

4.10. Also changes in macropores and mesopores could be related to changes in pores

connectivity affecting the permeability and durability of the material.

Table 5.5: Initial and final porosities in pore ranges (from raw data, aseptic conditions)

Pore size description Initial
Final (after 300 days of exposure)

H. n. A. t. Cons. H2S Control

Micro: 0-10 nm 1.1% 1.3% 1.5% 1.8% 1.4% 1.4%
Meso: 10-5000nm 12.1% 15.0% 21.7% 14.8% 16.6% 13.4%
Macro: >5000nm 6.1% 5.5% 4.2% 8.3% 5.9% 3.2%
Average Porosity 19.4% 21.8% 27.4% 24.9% 23.9% 18.0%
Standard Deviation 2.4% 3.0% 2.9% 3.4% 3.1% 2.8%

The porosity increase was estimated as 5%, 4% and 3% for samples inoculated with

A. thiooxidans, the consortium and those abiotic exposed to H2S respectively (Figures

5.29, 5.30, 5.31, 5.32 and 5.33). Porosity increase of 2% and reduction of 2% were related

to the samples inoculated with H. neapolitanus and control samples respectively. Fig-

ures 5.29, 5.30, 5.31, 5.32 y 5.33 leads to infer two trends of porosity changes depending

on the sulfur availability. A rapid porosity increase for all exposed samples is observed

for sulfur availability values Sa(t) between Salim = 0.006mg/cm2 and 0.030mg/cm2.

In general, larger changes in porosity are evident in acidic conditions (A. thiooxidans,

consortium and chemical exposure) and almost negligible porosity variations are linked

to neutral conditions (H. neapolitanus). Negligible porosity variation (0.1 to 0.7%) is

associated to Sa(t) ≤ Salim while from this value porosity change follows a logarithmic

trend (Table 5.3). For practical purposes it can be assumed that there is no porosity

variation (∆φ = 0) if Sa(t) < Salim. Due to the existence of only three measurements

at each age, the standard deviation for each experimental condition has been computed

as a unique value using the totality of data. As it expected, practically all experimental

results are within the 95% confidence interval (Figures 5.29, 5.30, 5.31, 5.32 y 5.33).

Porosity measurements from samples inoculated in non aseptic conditions (up to

32%) resulted slightly larger than those inoculated in aseptic conditions (up to 27%).
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Probably the mutualistic relationship among selected bacteria and other ubiquitous

organisms present in the laboratory environment enhanced the biodeterioration pro-

cesses.

5.4 Compressive strength variations in biodeteriorated sam-

ples

All samples were subjected to compressive strength test to evaluate the change in resis-

tance as a result of microbial attack. Typical compressive test is shown in Figure 5.34.

and Figure 5.35. Parallel cracks to load axis were associated to pressure-application

uniformity. Average initial strength of 104-day-old samples was 32 MPa (COV 0.11).

Samples exposed using SM inoculations showed a temporary increment of about 33%

(day 66) from their initial strength. Conversely, samples exposed using MM inocula-

tions had an early strength decrease of 14% after 26 days of exposure that was recov-

ered later. Strength became almost negligible in samples inoculated with SM using non

aseptic conditions after 153 days of exposure while MM samples and H2S-only samples

showed a strength loss up to 59% (COV=0.21) by the same time (Figure 5.36 and

Figure 5.37). Behavior of samples exposed only to H2S was similar to that of control

samples until day 85, and then it switched to resemble the seawater-inoculated samples

(Hns, Ats and nts). The similarity between H2S samples and MM samples behavior

seems to indicate that chemical effects of H2S oxidation were much more important

than those of biogenic activity in samples inoculated using salty media (Figure 5.37).

Again, this suggests that bacterial growth could be inhibited in samples inoculated

with salty media. On the contrary, it could also be argued that non-sterilization effects

led to a slight contamination in the H2S container, despite the fact that the ctrl and

H2S samples were kept isolated from other containers.

116



5.4 Compressive strength variations in biodeteriorated samples

Figure 5.34: Typical compressive breaking of exposed samples

117



5. BIODETERIORATION EFFECTS UPON PHYSICAL AND
MECHANICAL PROPERTIES OF MORTAR

Figure 5.35: Deteriorated strength-tested sample after 84 days of exposure
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Figure 5.36: Strength variation during exposure of samples inoculated with SM in non
aseptic conditions.
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Figure 5.37: Strength variation after exposition of samples inoculated with MM using
non aseptic conditions

Due to the low biodeterioration effects observed in pyritic samples, they were not

tested periodically under compressive stress. The third column in table 5.6 shows

the results of strength tests at the exposure time t = 0. The average strength of

basic mortar was 23.4 MPa (COV 0.15). Fe addition increased the initial compressive

strength of samples an average of 126%, while sulfur increased it an average of 107%.

Pyrite addition resulted in a strength increase of 120%.

Samples inoculated in aseptic conditions were tested to determine their compressive
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Table 5.6: Initial measured compressive strength of pyritic mortar samples

Mix Addition f´c Overstrength

P1 0.47% Fe 31.8 136%
P2 0.53% S 25.4 109%
P3 1% FeS2 28.2 121%
P4 2.35%Fe 27.2 116%
P5 2.65% S 24.5 105%
P6 5% FeS2 27.8 119%
P7 0% 23.4 100%

strength. Typical compressive breaking of all tested samples showed cracks parallel to

load axis revealing pressure-application uniformity. In general, the larger the sulfur

availability the lower the compressive strength (Figure 5.38). Average initial strength

was 30 MPa (COV=0.03) and 33 MPa (COV=0.02) for non-carbonated and carbonated

104-day-old samples, respectively. Abiotic carbonated samples (control) were used as

the reference to compute the relative strength (Figures5.39, 5.40, 5.41, 5.42, 5.43 and

5.44.
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Figure 5.38: Strength variation trend versus sulfur availability trend for samples inocu-
lated in aseptic conditions
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Figure 5.39: Strength variation of samples inoculated in aseptic conditions

After 300 days of exposure, samples inoculated with H. neapolitanus, A. thiooxi-

dans and abiotic samples subjected to H2S showed a strength loss equivalent approxi-

mately to 28% of their initial value. Control samples did not show important strength

variations while samples inoculated with the consortium lost more than a half (52%,

COV=0.13) of their initial strength (Figures 5.39, 5.40, 5.41, 5.42, 5.43 and 5.44). Fur-

thermore, the most important strength loss was observed between days 60 and 90 for the

same samples. These results confirm that the interaction among the microorganisms

in consortium is a predominant factor for biodeterioration. By comparing the strength
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of samples inoculated with H. neapolitanus (strength loss 25%, COV=0.08) and those

abiotic samples coming from chemical exposure (strength loss 24%, COV=0.05), it is

observed that the strength loss is caused mainly by the chemical effect of hydrogen sul-

fide over the mortar samples. Conversely, biogenic deterioration from A. thiooxidans

(strength loss 32%,COV=0.20) and Consortium seems to contribute in a more impor-

tant manner to relative strength changes . Error bars were drawn using minimum and

maximum values from three samples per sampling time. The largest data variability at

each age was observed in samples inoculated with Acidithiobacillus thiooxidans (Figures

5.40, 5.41, 5.42, 5.43 and 5.44).
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Figure 5.40: Comparison between proposed curves and measured data for strength
changes in carbonated samples dried at 110oC inoculated in aseptic conditions -
H.Neapolitanus
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Figure 5.41: Comparison between proposed curves and measured data for strength
changes in carbonated samples dried at 110oC inoculated in aseptic conditions -
A.Thiooxidans
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Figure 5.42: Comparison between proposed curves and measured data for strength
changes in carbonated samples dried at 110oC inoculated in aseptic conditions - Con-
sortium
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Figure 5.43: Comparison between proposed curves and measured data for strength
changes in carbonated samples dried at 110oC using aseptic conditions - H2S
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Figure 5.44: Comparison between proposed curves and measured data for strength
changes in carbonated samples dried at 110oC using aseptic conditions - Control

Negligible strength variation (0.5 to 5%) is associated to Sa(t) ≤ Salim while a

logarithmic trend is observed from this value (Figures 5.40, 5.41, 5.42, 5.43 and 5.44).

For practical purposes it can be assumed that there is no strength variation (∆s = 0)

if Sa(t) < Salim (Table 5.3). In general, the strength losses caused by the activity

of the consortium doubled those produced by others conditions under the same sulfur

availability. Again, as concluded for samples inoculated in non aseptic conditions, it

is evident the larger influence of acidophilic bacteria (alone or within a consortium) in
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the strength variation.

5.5 Strength-porosity relationship in biodeteriorated sam-

ples

It is well known that increased porosity causes an adverse effect on compressive strength

[40][42]. As can be seen in Figure 5.45, Hn samples experienced a strength loss from 36

MPa to 12 MPa, while their porosity increased from 19% to 29%. Similarly, At and nt

samples showed strength losses from 29 MPa to 17 MPa and from 36 MPa to 19 MPa,

associated with porosity increments of 19% to 32% and from 19% to 28%, respectively.

Control samples exhibited no apparent strength variation, while their porosity was

reduced from 21% to 13%. The final putty-like consistency of samples Hn, At and nt

on day 153 impeded testing them in relation to compressive strength and porosity, so

that final strength was approximately fixed equal to 4 MPa.

The observed strength-porosity relationship is roughly similar in form to that re-

ported in the literature. However, strength values measured in this study for medium

to high degrees of biodeterioration (i.e. porosity between 20% and 30%) double or even

triple those forecast using models existing in the literature (data not shown). Internal

clogging of biodeterioration products or the failure of existing models for predicting

strength at high-porosity values could be possible explanations of this difference.
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Figure 5.45: Strength and porosity variation in samples inoculated in non aseptic condi-
tions. Each pair of data (porosity, strength) is measured at the same sampling time
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While Figure 5.3 shows negligible weight losses during the first three months (Sa(t) <

Salim), Figure 5.36 indicates an important strength loss in the same lapse. Conversely

during the last seven months, larger weight losses and smaller strength losses were

observed. This fact seems to indicate that the major intensity of biogenic activity is

related to larger weight loss and smaller strength variation. A rapid weight loss is linked

to the overcoming of the bacterial lag phase while the bacterial growth is associated to

a buffer effect in the strength deterioration. Apparently a positive effect in the com-

pressive strength coming from clogging and deposition of biodeterioration byproducts

in the inner mortar matrix is generated.

Figure 5.46 (down side) depicts the strength losses to weight losses relations modeled

for biodeteriorated samples inoculated in aseptic conditions. The best fit of data was

obtained using a logarithmic equation. An initial rapid strength loss (13 to 35%) for

low weight losses (less than 2%) is observed followed by a slower strength loss (35 to

52%) for larger weight losses (2 to 7%) (Table 5.7). Straight lines (not shown) can be

used for modeling the initial trend of the strength loss to weight loss (from origin to

left edge of logarithmic line). These findings suggest that the most important strength

deterioration could occur even when weight or thickness losses are not visible yet.
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Figure 5.46: Strength losses associated to porosity and weight changes in biodeteriorated
samples previously carbonated and dried at 110oC inoculated in aseptic conditions. Each
pair of data (porosity increase, strength loss) or (weight loss, strength loss) is computed at
the same sampling time
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Table 5.7: Equations for relationships of changes in mechanical properties of biodeterio-
rated samples inoculated in aseptic conditions

Relationship Samples Equation R2

Strength loss (∆s) versus porosity increase (∆Φ) H.n. ∆s=0.0821ln(∆Φ)+0.5645 0.9987
Strength loss (∆s) versus porosity increase (∆Φ) A.t. ∆s=0.1453ln(∆Φ)+0.6923 0.9854
Strength loss (∆s) versus porosity increase (∆Φ) Cons. ∆s=0.1582ln(∆Φ)+0.9763 0.9749

Strength loss (∆s) versus weight loss (∆w) H.n. ∆s=0.0422ln(∆w)+0.4073 0.8224
Strength loss (∆s) versus weight loss (∆w) A.t. ∆s=0.1398ln(∆w)+0.7541 0.8297
Strength loss (∆s) versus weight loss (∆w) Cons. ∆s=0.0845ln(∆w)+0.7405 0.9523

The trend of the relationship between strength and porosity of samples exposed

to biodeterioration is similar to that reported in literature for cement pastes, mortars

and concretes in no biodeteriorated samples [41][42][96][97][98]. In general, strength

decreases when porosity increases. However, the relationship between strength and

porosity changes depends on the experimental conditions (Figure 5.47). A similar

compressive-strength-to-porosity slope was observed for samples inoculated with A.

thiooxidans and those coming from chemical exposure. In contrast, a sharper slope

was obtained for samples inoculated with H. neapolitanus and the consortium. These

results suggest that concrete microstructure changes due to biodeterioration depend on

the type of bacteria involved in the process. Indeed, the neutrophilic bacteria seem to

have clogged the porous structure in a major proportion than acidophilic bacteria did.

Best fit for compressive strength to total porosity relationship is shown in Table 5.8.

Attempts to find a correlation between strength variation and weight and porosity

changes were not succesful. A strength loss versus Porosity change/Weight change

ratio graph was plotted (not shown). Such graph showed a disperse point cloud with

no apparent correlation. Best fit obtained using a linear trend was related to low values

of coeficient of determination (lower than 0.56 in all the cases).
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Figure 5.47: Compressive strength to total porosity relations associated to biodeteriora-
tion in samples carbonated and dried at 110oC inoculated in aseptic conditions

135



5. BIODETERIORATION EFFECTS UPON PHYSICAL AND
MECHANICAL PROPERTIES OF MORTAR

Table 5.8: Equations for relationships between Compressive Strength (s) in MPa and
Total Porosity (φ) in % of biodeteriorated samples inoculated in aseptic conditions

Samples Equation R2

H.n. s = 0.3680X−2.699 0.8973
A.t. s = 6.1649X−0.950 0.7128

Cons. s = 0.3152X−2.749 0.9275
H2S s = 5.9607X−0.964 0.8011

Control s = 10.5210X−0.671 0.8313

5.6 Summary and conclusions

� Samples inoculated with the consortium (H.n.+A.t.) showed the major signs

of biodeterioration both in samples inoculated in non aseptic conditions as in

samples inoculated in aseptic conditions. Weight losses up to 7 and 32%, porosity

gains up to 8 and 13% and strength losses up to 52 and 100% were measured after

300 and 153 days of exposure in samples inoculated in aseptic and non aseptic

conditions respectively.

� Apparently, acidophilic bacteria were able to produce the highest biodeteriora-

tion. However, in such case large error bars demand more study upon this prelim-

inar conclusion. Conversely, samples inoculated with neutrophilic bacteria had a

similar behavior to the abiotic samples subjected to H2S. These results suggest

that the ecology of the system influences in an important manner the biodete-

rioration effects. All the changes described in this work must be interpreted as

average changes over the whole specimen volume (including deteriorated and not

deteriorated zones).

� Effects of biodeterioration became more severe after about three months of ex-

posure. Such lapse can be associated to the bacterial lag phase referred in the

literature.

� In this study the samples were subjected only to a gaseous environment with low
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to medium H2S concentrations. These observations may indicate a major relative

biodeterioration in here than in previous researches in which samples have been

partially submerged. This effect could be explained by the fact that samples in

this study had a high exposed-surface-to-mass-ratio. On the other hand, porosity

and strength tests were undertaken in non-modified samples (tested as they were

cast) ensuring more realistic results than when samples have been manipulated

previously (cut and brushed as it has been made in other studies).

� Existence of sulfur compounds is of paramount importance in chemical and bio-

logical deterioration of sewers. In general, the larger the sulfur availability, the

larger the biodeterioration or chemical effects. For this reason, the fitting of the

curve for each biodeterioration effect has defined exclusively sulfur availability

Sa(t) as independent variable although other variables could be considered in fu-

ture studies. Proposed fitting curves for weight, porosity and strength variation

show a good correspondence with data. For Sa(t) values lower than 0.006mg/cm2

all the biodeterioration effects can be neglected in practical applications. How-

ever, for larger values of Sa(t) all the biodeterioration effects should be modeled

using logarithmic equations.

� From the relations between strength and weight and, strength and porosity, it is

evident that the most important strength deterioration could occur even when

weight or thickness losses are not visible yet. For this reason, it is important to

consider the hidden effect of porosity changes when studying real surfaces within

sewers.

� The higher dispersion of weight and strength measurements was observed in aci-

dophilic and consortium samples. In the case of porosity measurements, all sam-

ples showed a similar dispersion through the time. It is possible that a part of

such variations are related to the precision of the test procedures and the man-

ufacturing processes applied in this study. However, the difference of dispersion

between different biotic samples suggests that such effects are not important in
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the case of this work.
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Chapter 6

PROVISIONS TO CONTROL

BIODETERIORATION IN

STRUCTURAL DESIGN OF RC

SEWERS

6.1 Introduction

The fundamentals of biodeterioration and results of the experiment of this study were

previously presented. This chapter considers the inclusion of the effects of biodeterio-

ration in a rational structural design practice.

Reinforced concrete sewers are usually exposed to highly varying and aggressive

operative conditions during their lifetime. They are typically laid underground sup-

porting important infill and traffic loads which can eventually produce soils settlements

and structural material cracking [99]. Diluted and deposited solid matter and veloc-

ity variability of water running within the sewers modify the roughness of walls and

bottom of the sewers [100]. Also the existence of gases such as carbon dioxide and

hydrogen sulfide promote chemical deterioration of the sewers structure [66]. In addi-
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tion, in coastal locations chloride diffusion can affect adversely the system’s materials

[101][102]. Furthermore, the byproducts coming from the growth of microorganisms

existing in wastewater and moist walls of sewers accelerate the reinforced concrete de-

terioration [62]. The combination of the described mechanical, chemical and biogenic

hazards can reduce the sewers service life cycle importantly [49].

Sewers failure affects adversely the efficiency of investment in sanitary infrastructure

and, in many cases, leads to conditions in which the human health can be jeopardized

[26]. Hereby appropriate design and management procedures are indispensable to op-

timize the sewers level service. As a help, modern techniques including design software

aids and remote inspection systems are available for facilitating the design refinement

and behavior tracing of sewers systems [37][71][103][104][105]. On the other hand, the

consideration of chemical and biogenic aspects has been strongly recommended for the

last years by several studies and standards. However, current design practice is still

based on procedures which mainly focus on the mechanical performance of the system

[104][106][107][108][109].

The literature about biodeterioration effects on reinforced concrete sewers is abun-

dant. Weight and strength losses or porosity augment are some of the most important

indicators related to early failure of sewers. Although there is evidence of 70 years

old sewers systems which still keep an acceptable service level others have failed be-

fore the expected service lifetime ][105][108][110][111]. Differences in performance of

these systems can be mainly associated to variations in the wastewater quality, mate-

rial quality, and wastewater flow characteristics. The legislation on the reduction of

metals contaminants in sewers systems, promulgated in the 80’s, brought important

diminution of elements biologically toxic to biotic species present in sewers. This fact

allowed major and faster proliferation of microorganisms capable to produce biodete-

rioration [71][37][112][113]. In addition, the increasing wastewater transport demand

has produced important augments in caudal, velocity and turbulence of running water.

These new conditions make to loss the protective (passive) layer of corroded material

formed during years facilitating the biofilm renewal upon exposed surfaces. Once this
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happens, the penetration of the front of corrosion in deeper layers of concrete matrix

can occur [20][114][115].

To bring the previous fundamentals to a practical understanding, the following

objectives are defined for this chapter:

� To summarize the fundamentals and procedures currently used in the structural

design of sewers.

� To describe how biodeterioration affects the capacity of reinforced concrete sec-

tions.

� To use the results of the experimental work described previously to include the

estimated thickness losses in a rational model for sewers design.

� To present recommendations for the use of adequate concrete covers to reduce

the risk of collapse within a target expected lifetime.

� To present the chapter’s conclusions and recommendations for future work.

6.2 Current practice in structural design of sewers

Most reinforced concrete sewers facilities are built underground. Hydraulic demands,

structural stiffness of conduits, surrounding infills and soils heterogeneity, seismic events

and overlaid traffic are important features to take into account when designing a sewer

pipe [106]. [104]. Since hydraulic solicitations can be considered as not correlated to

gravity loads and the seismic demands are not preponderant, related-to-hydraulic or

seismic loads are not considered in this study. [116][117][118].

Fluid weight will vary depending on the hydraulic problems arisen from inadequate

size or gradient of pipe, infiltration (from groundwater) and inflow (from surface runoff)

[119][120]. Traffic (live) load magnitude is associated to the superficial cover quality

(flexible or rigid pavements or unsurfaced cover), depth at which the pipe is set, class of

vehicle (trucks, aircrafts or others) and direction of travel (parallel or perpendicular to
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pipe axis). In general, the deeper the pipe is laid the lower the effects produced by traffic

(Figure 6.2). Also the condition of the traffic behavior such as the coincidence of heavy

wheels in narrow trench widths (passing mode) and its dynamic effects can increase the

loads actually transmitted to the pipe. In current practice numerical simulation of such

effects is achieved considering dimensional (load area) increase factors or equations and

impact factors (Figure 6.3) [1][2].

In practice, the structural design of reinforced concrete sewers is based on two

configurations for infill loads, leading to different loading conditions, trench and positive

embankment (Figure 6.1)) [109][1]. In the trench case, due to the backfill settlement,

friction forces at the backfill-in situ material interface will reduce the gravity effects

upon the pipe. In the embankment case the soil placed on sides of the pipe will settle

more than the soil above the pipe imposing larger effects from the soil above the pipe.

Figure 6.1: Installation and loading conditions for pipes set into excavated soils (adapted
from [1][2])
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Figure 6.2: Typical loads demanding a sewer pipe. Bedding angle α value depends on
the bedding material quality [3]

Typical structural design procedure includes determination of earth and live loads,

selection of bedding characteristics, application of factor of safety and selection of

material structural properties [1]. In this section, the description of structural demands

and reinforced concrete sewers capacity are limited to those related to gravity effects and

bending strength respectively. Gravity and fluid loads used in this work are computed

as [1][2][3] (Figure 6.2):

WS =
8CγB2 +D0

2(4 − π)γ

8D0
(6.1)

C =
1 − e−2kuH

B

2ku
(6.2)

WP = 12(D0 −Di) (6.3)

WF = 9.81z, 0 ≤ z ≤ Dw (6.4)

WL =
P (1 + IM)

As
(6.5)
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IM = 0.33(1 − 0.411H) ≥ 0 (6.6)

where WS=backfill pressure at the top of the pipe (kN/m2), C =trench load coeffi-

cient, γ =backfill unit weight (kN/m3), B=trench width (m), Do=outer pipe diameter

(m), Di=inner pipe diameter (m), k=ratio of active unit pressure to vertical unit pres-

sure, u=coefficient of friction between fill material and sides of trench, H =infill height

placed upon the top of the pipe (m), ku=0.110 for saturated clay and 0.165 for sand

or gravel, WP=pipe weight of an unit length arc (kN/m2), WF=hydrostatic pressure

at depth z (m) (kN/m2), Dw(m)=submerged depth, WL=wheel load average pressure

intensity (kN/m2), P=total live load applied at the surface (kN), As=spread wheel

load area at the outside top of the pipe (m2) and IM =impact factor.

For pipes that laid under wide roads where high traffic volume is present, lateral

earth pressure can be modeled using a linear load distribution. Minor and major load

values ET and EB (kN/m2) are computed using (Figure 6.2), then ET is given by:

ET = k

γH +
WLAs
Aw

 at the top of the pipe under embankments (6.7)

and EB is computed as:

EB = k

γ(H +D0) +
WLAs
Aw

 at the bottom of the pipe under embankments

(6.8)

ET = EB = 0 for pipes laid on a trench (6.9)

This work deals only with the trench condition. For this reason, minimum and

maximum lateral earth pressure (kN/m2) ET = EB = 0.

For traffic loads, in the single dual wheel case, superficial dimensions (a,b) are

amplified 1.15H and 1.00H times for granular soils and other soils respectively. . For

two single dual wheel relations between As (spread load area) and Aw (wheel load area)
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are more complex. Such relations can be found in the literature [1][2][3] (Figure 6.3).

Figure 6.2 shows a section with the traffic loads spreading configuration along a pipe

that is laid parallel to traffic direction using a simplified manner of computing the so

called effective supporting length of pipe. In this work such simplified effective length

is replaced by the use of a more rigorous analysis of interaction between the bedding

and the pipe. The bedding angle α defines the arc length where the pipe is effectively

supported. The value and form of the reaction pressure depend on the bedding material

quality [1][3].

Figure 6.3: Spread load area configurations used in the evaluation of traffic loads (adapted
from [1][3])

Sewer pipe strength is controlled mainly by bending moment and shear. Current

design practice imposes large shear capacity avoiding fragile failure and leading the

design to be governed by the bending moment capacity. For this reason, only bend-

ing moment capacity is considered in this work. Bending moment strength for singly

reinforced normal weight concrete elements can be computed as [121]:

Mn = ρfy

(
1 − ρfy

1.7f ′c

)
bd2 (6.10)

where Mn is the nominal bending capacity (kN-m), ρ the reinforcement steel ratio, fy
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the steel yield strength (kN/m2), f ’c the compressive strength of concrete (kN/m2),

b the cross section width (m), and d the internal lever arm (m) (Figure 6.4). No

transversal reinforcement (stirrups or similar) are permitted. This practice leads to low

reinforcement steel ratios which in turn guarantee a ductile failure and more efficient

work during the life cycle of the structure.

Figure 6.4: Analysis sections (crown and waterline) for structural design of RC sewers
pipes

6.3 Biodeterioration effects upon reinforced concrete sew-

ers

Biodeterioration is a surface phenomenon [60]. When a reinforced concrete element is

subjected to aggressive biological attack, exposed surface is adversely affected leading

to material losses (thickness reduction). Under this condition, reinforced concrete sec-

tions subjected to bending demands will loss progressively their capacity as shown in

Figure 6.5. The high alkalinity of the concrete inhibits biological activity and current

capacity keeps relatively invariant. However, the carbonation and presence of other

environmental aggressive gases make the alkalinity concrete to lower allowing the pro-

146



6.3 Biodeterioration effects upon reinforced concrete sewers

liferation of biological species whose metabolic products deteriorate the concrete cover.

At the beginning of such state a depassivation limit is reached and progressive concrete

cover loss initiates. If aggressive gases are present, concrete cover will absorb them

accelerating carbonation and allowing deeper penetration by diffusion [103]. Weakened

superficial concrete layers will drop off due to their own weight and running water if

present. Once the whole concrete cover has been removed, the steel reinforcement is

exposed and a rapid capacity loss starts due to steel corrosion [122]. When the total

reinforcement area has been corroded, the concrete section breaks off by bending stress.

Figure 6.5: Bilinear idealization of capacity loss during biodeterioration
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Concrete sewers maintenance and repair due to biodeterioration effects have proven

to be very expensive [25][26]. Permeability and porosity augmentation and strength

reduction produced by biodeterioration processes affect adversely structural durabil-

ity. For this reason biodeterioration must be modeled as a time-variant solicitation

throughout the structural lifetime [6].

The loss of thickness of concrete wall has the largest impact in practical applications.

The reported values of concrete thickness loss vary between 0.21 mm/year [123], 2.59

mm/year [124], 5.37 mm/year [125], and 6.80 mm/year [126]. Moreover, thickness

losses of about 14 mm/year have been observed in controlled laboratory environment

[103]. Also the exposure history of the material has been found to be a key factor

in thickness loss rates. For example, Wells and Melchers (2011) observed that new

concrete coupons lost 0.05-0.80 mm/year while 70 years old coupons lost 1-7 mm/year

[37].

Thickness losses have been found to be located mainly at the water line and crown

[35]. Water line thickness losses can be two to four times larger than those at the crown

[127]. Nevertheless, typical models of sewer failure consider three or four critical zones

in a cross section of the pipe: at the left and right edges, at the top and seldom at the

bottom [4][5]. In such places a reduction of thickness can be considered when studying

the biodeterioration effects upon the structural integrity (Figure 6.6).
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6.3 Biodeterioration effects upon reinforced concrete sewers

Figure 6.6: Typical breakings related to structural collapse in sewers [4][5]
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Figure 6.7: Theoretical relationship between initial and final volume of a biodeteriorated
sample

To use the experimental results, relative weight loss and thickness loss were com-

puted using (Figure 6.7):

L =
Wf −Wo

Wo

V f = V o(1 + L)

∆tx = Lfx− Lox (6.11)

∆ty = Lfy − Loy

∆tz = Lfz − Loz

L = V o− V f = ∆tx · ∆ty · ∆tz

where L =relative sample weight loss, Wo =initial dry weight sample (g),Wf =fi-

nal dry weight sample (g), V o =initial sample volume (cc), V f =final sample vol-

ume (cc), Lfx,Lfy, Lfz =final length side size (cm) in each perpendicular direction,

Lox, Loy, Loz =initial length side size (cm) in each perpendicular direction. The accu-
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mulated sulfur amount (sulfur availability) was related to the computed thickness loss

at each sampling time as shown in Figure 6.8. To do so, the thickness loss related to the

the weight loss measured at each sampling time was associated to the sulfur availabil-

ity value computed for the same moment. Also, the expected continuous concentration

(mean value) of hydrogen sulfide is shown in the upper horizontal axis.

Figure 6.8: Average thickness loss produced by biodeterioration computed and fit from
data. One Standard Deviation (S.D.) bounds are shown.

After 300 days of sulfur exposure up to 0.128mgS/cm2 (0.154mgS/cm2/year) sam-

ples showed thickness losses of 0.260 mm. Using lineal interpolation, a thickness loss

rate of 0.312 mm/year was computed. Resultant thickness loss versus sulfur avail-

ability rate can be approximated to 0.260/0.128 = 2.03mm ∗ cm2/mgS. This loss was

measured from samples not brushed. In real conditions an enhancer effect of biodeterio-
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ration can be possible due to the continuous removal of deteriorated layers produced by

erosion at waterline and material dropped from crown. Previous thickness losses values

are consistent with those reported in other researches [123]. However, sulfur amounts

required in this experiment to produce such effects are considerably lower than those

reported in literature. Typical sulfur concentrations between 6 and 26gS/m2/d have

been associated to reported thickness losses [128]. The higher deterioration rate found

in this experiment can be explained by several reasons: it exists lower biological com-

petition due to the existence of only two pure strains; the exposed surface to volume

ratio of samples is larger than in previous studies; there is an experimental scale effect

and; there are no toxic compounds existing in typical wastewater. In any event, it

seems that such laboratory enhancer effects are largely counteracted by the biological

competition and the existence of toxic elements within the real sewers.

6.4 Consideration of biodeterioration effects in structural

design of sewers

The effect of biodeterioration in the structural behavior of sewers depends highly on

variable deterioration patterns. Factors such as age, pipe characteristics (size, length,

materials), existence of underground water, chemical and physical soil properties, prox-

imity of other installations, sewer slope, anoxic slim layer thickness, sulfide production,

and quality and quantity of sewer water can vary widely imposing larger uncertainty

to the analysis and design of sewers [110][119]. However, during the last years, rational

procedures to include the effects of concrete corrosion in the structural design have been

proposed [3]. Such procedures are based on reasonable and practical methods such as

addition of sacrificial thickness and control of allowable cracks widths in the inner walls

of sewers [129]. In the first case, the use of sacrificial layer thickness varying from 13

to 125 mm are suggested for concretes made using different aggregate types. Other

methods such as mitigation of hydrogen sulfide emissions, self-cleansing procedures,

chemical treatment and syntetic coatings adhesion have been proposed and applied to
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reduce the biodeterioration effects [130].

Verification of corrosion rates models is of paramount importance. Material het-

erogeneity seems to have been a key factor in accomplished service time of sewers.

For example early models fit rather well up to the first 20 years of service but have

forecasted thickness losses of about one fourth to one third of those measured 15 years

later [110]. These reasons remark the evident need of continuous research related to

the structural design of sewers based on the thickness losses approach.

Thickness losses produced by biodeterioration impose a higher probability of failure

in structural design of sewers pipes compared with that obtained from the use of pro-

cedures considering exclusively physical and mechanical approaches. To confront this

hazard typical factors of safety of 1.0 and 1.3 are used for reinforced concrete pipes with

and without sacrificial layer respectively [3]. Despite this methodology’s appeal for de-

signers, the uncertainty associated to the load-capacity relations is still not understood

completely.

In this work, a typical sewer pipe is analyzed using the direct stiffness method,

in which the thickness loss at the water line and the crown are reduced in successive

stages. Frame elements are jointed to form a quasi-cylindrical duct. To compute the

inner forces and nodal displacements in the pipe, a MATLABr code was developed

and validated using the software SAP2000r (Figure 6.9) [131][132][133][134][135][136].

SAP2000 software has been successfully used to study the behavior of tubular struc-

tures, sewers pipes and infrastructure components [132][133][134][135][136]. Joints of

lower elements (bedding) were supported upon springs to simulate the bearing condi-

tions. The constant of every spring was computed multiplying the modulus of subgrade

reaction by the afferent area around the joint [5][137][138]. The model used in the

MATLAB code shown in Figure 6.10 resulted appropriated to simulate the inner forces

distribution.
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Figure 6.9: Model used for validation (SAP2000)

Figure 6.10: Model used for MATLABr code design. Up: Validation using SAP2000r;
Down: Crown at point 10, waterline at points 4 and 16

To take into account the progressive thickness loss during the pipes life span the use

of a conditioning lapse for corrosion initiation between 0.9 to 3 years (walls acidification
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and biofilm formation with 0 mm/year thickness loss) followed by a linear thickness loss

has been proposed [71][139]. High variability of thickness losses reported in literature

and the findings of this work let to consider a corrosion initiation lapse of three years

and a linear thickness loss mean value of 0.31mm/year in the crown zone for an average

12 ppmv H2S concentration. Here it is supposed that the biodeteriorated layer will be

continuously removed allowing deeper deterioration. Reliable data for waterline zone

were not found so it was considered that its thickness loss can vary from 2 to 4 times that

of the crown zone [127]. To model the sulfur availability influence, a reference value

of 2.03mm − cm2/mgS corresponding to a continuous flow of 12±4 ppmv H2S was

chosen. Multiples of that value, 10, 30, 50, 100 and 423 ppmv H2S rates of mean sulfur

availability were considered using a linear trend. Such values were selected to cover

a wide range of real H2S concentrations reported in literature [139][140]. Standard

deviation (from daily average data) was fit from values reported in field studies shown

in Table 6.1.

Table 6.1: Real H2S concentrations (ppmv) reported in literature. All the information
has been taken from the work of Wells and Melchers (2015) [139]

Average Minimum Maximum COV (%)

125 26 222 90.4%
423 107 828 38.5%
1.5 0 4.3 73.3%
6 0 17.6 53.3%

2.7 0 19.4 88.8%
2.2 0 59.9 131.8%

To consider the uncertainty related to biodeterioration, pipe geometrical character-

istics, loads and bending capacity probability distributions are used. Load mean values

are calculated as stated in section 6.2. Mean values of geometrical characteristics are

taken as nominal commercial values required by the ASTM standards [141]. Bending

capacity value at time τ is computed rewriting equation 6.10 as:

Mn(τ) = ρ(τ) · fy
1 − ρ(τ) · fy

1.7f ′c

 b · d(τ)2 (6.12)
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with

d(τ) = do− ∆t(τ)

1000
(6.13)

and

∆t(τ) = r · Sa(τ) (6.14)

The ratio steel at time τ is defined as:

ρ(τ) =


As
bdo if d(τ) ≥ do+ db

Asr
bd(τ) if 2do− db < d(τ) < 2do+ db

0 if d(τ) ≤ 2do− db

(6.15)

In previous expressions Sa(τ) is the sulfur availability (mgS/cm2) at time τ , ∆t(τ)

the thickness loss (mm) at time τ, r the thickness loss versus sulfur availability rate

(mm− cm2/mgS), d(τ) the available inner lever arm (m) at time τ , do the available

inner lever arm (m) at time τ = 0 , As the initial rebar area (m2), db the mean

bar diameter (m), and Asr the reduced rebar area due to corrosion (m2). The width

b = 1.0 is considered to be a deterministic value. Asr value is computed using sulfuric

acid diffusion following the model proposed by Bastidas et al (2009) [49].

The probability of failure associated to the sewer pipe system can be determined

from [142][143]:

g( ~X) = g( ~XR, ~XS) = g(Sa(τ), ρ(τ), d(τ)) (6.16)

Pf = P
[
g( ~X) ≤ 0

]
=

∫
g( ~X)≤0

· · ·
∫
f(x)

~x d~x (6.17)

being ~XR, ~XS the system resistance (i.e. bending moment capacity, equations 6.12) and

the effect of loads demanding the system (i.e. demanded bending moment, the equations
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in section 6.2 and Figure 6.2) respectively. Probability of failure of the problem was

estimated using Monte Carlo’s simulations [142][143]. To apply Monte Carlo’s method,

a synthetic sample composed of N random numbers ( ~XR, ~XS ) is generated separately

at each time τ = 0, 1, 2, , T . Then, for each pair of numbers ( ~XR, ~XS ), at a given time

τ = τi , a g( ~X(τi)) value is computed. If g( ~X(τi)) ≤ 0 the structure has failed. Finally

the probability of failure of the system can be approximated to:

Pf ≈ n(τi)

N
(6.18)

where n(τi) ≤ N is the number of failures of the system for a given time τi .

6.5 Numerical application

Current commercial pipes have nominal diameters varying from 225 to 3600 mm and

typical length of 2440 mm. In most cases adjacent pipes are usually connected using a

flexible ring capable of allowing movements in the joint. This configuration facilitates

the stresses relief due to accommodation during a seismic event. Moreover, when

good quality beddings are used, settlements will hardly occur. For these reasons the

structural analysis has considered two realistic conditions with no seismic effects: empty

pipe and pipe in service with no settlements. In the first case no loads from water

pressure are included. The second case involves all the loads defined in section 5.2.

Similarly, the geometry of pipe sections is modified to take into account thickness

losses in each analysis condition.

This example considers a reinforced concrete pipe (2.13 m inner diameter, 2.57

outer diameter) that will be built under a road with high truck traffic into a 3.60 m

x 8.07 m (width x depth) trench. Ordinary granular material will be used in backfill

and bedding. Under pipe invert a granular cradle 50 cm thick will be compacted. No

sacrificial thickness will be considered. The reinforcement configuration is determined

from the results of a classic design (considering a factor of safety of 1.30). Random

variables related to the problem are shown in Table 6.2. The effects of biodeterioration
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in the performance are considered by evaluating the probability of failure of the system.

Table 6.2: Suggested values for Monte Carlo simulation

Variables Mean cvx(COV ) Distribution REF.

Concrete compressive
strength, f ’c (MPa)=

xk/(1-1.56cvx) 0.19 Lognormal [143]

Reinforcement steel strength,
fy (MPa)=

xk /(1-1.56cvx) 0.10 Lognormal [144]

Steel elastic modulus, Es
(MPa)=

xd =200000 0.06 Lognormal [144]

Extreme fiber to rebar center
distance, c (mm)=

x d =(25;50;75;100) 0.10 Lognormal [145]

Reinforcement steel area, As
(cm2/m)=

x d =(7;9;11;13) 0.05 Lognormal [141]

Soil unit weight, γ(kN/m3)= xd =20 0.10 Lognormal [143]
Backfill height, H (m)= xd =[3:5] - Uniform
Traffic (live) load, P (kN)= xk /(1-1.56cvx) 0.25 Lognormal [3]
Sulfur availability,
Sa(mg/cm2/year)*=

xd =(0.26;0.44;0.85;3.33) (0.86;0.83;0.75;0.39) Lognormal

xd : design value, xk : characteristic value,cvx: coefficient of variation
*Depends on exposure conditions

Characteristic values xk used in this example are:

� f ’c (MPa)= 28

� fy (MPa)= 420

� P (KN)= 223

The pipe specifications are adopted from the design of sewers requirements stated in

ASTM standards [141][145][146][147]. Although triple cage is specified, elliptical cage

is not taken into account when computing the bending strength (Figure 6.11).

The MATLABr code was run to generate 1000 iterations using Montecarlo’s method

for every variable each time τ = τi. A time window of 100 years was covered.
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Figure 6.11: Example of typical steel reinforcement. No detailing steel reinforcement is
shown

In the next section it is demonstrated that the larger the sulfur availability the

larger the probability of failure. Accepting as a practical value a probability of failure

of pd=0.10, the mean expected lifetime of the sewer pipe is about 30, 19, 12 and 6 years

for 30, 50, 100 and 423 ppmv H2S concentrations respectively when using an extreme

fiber to rebar center distance, c=2.5 cm. On the other hand, if c=5.0 cm expected life

augment up to 56, 36, 19 and 8 years respectively. These results are more critical to

those reported in the literature due mainly to the effect of rates of corrosion used in

each case [6][148][149].

6.6 Proposal of methodology for considering biodeterio-

ration effects in structural design of sewers

Figure 6.12 summarizes the proposal to include the findings of this study in the struc-

tural design of sewers. The process can be summarized as follows:

� To select the parameters such as diameter, material characteristics, hydrogen
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sulfide concentration and load values to be used as a seed from which values of

capacity and demand will be computed for each time t.

� To compare the capacity to the demand value for each time t. If capacity is lower

that demand there will be a failure event.

� To repeat the process described N times and compute the probability of failure

using the count of failure events.

� To plot the probability of failure versus time curves and define the target values

for design.

Figure 6.12: Methodology for proposal application

Following what has been reported in the literature, in this work the sulfur availabil-

ity and the protective cover have been selected as the most influential parameters [6].
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For this reason, in practical situations, it is sufficient to forecast the hydrogen sulfide

concentrations and assign and appropriate concrete cover to ensure a satisfactory ser-

vice life span. Nevertheless, an adequate compressive strength is recommended because

it is correlated to high density and low porosity which guarantees a better durability.

Besides, resistance under typical gravity loads or other physical demands will be suf-

ficiently secure due to the larger structural sections required by the corrosion control.

On the other hand, the Design Service Life (DSL) for sewers is computed using the

findings and proposals of some statistical studies related to the sewers behaviour upon

the time [6][149]. From this analysis the DSL values can be fit as shown in Table 6.3.

Table 6.3: Design Service Life (DSL) for given total concrete covers

H2S conc. Cover DSL Cover DSL Cover DSL Cover DSL
(ppmv) (cm) (years) (cm) (years) (cm) (years) (cm) (years)

30 3.5 41 5.5 63 7.5 84 12.5 180
50 3.5 27 5.5 42 7.5 53 12.5 87
100 3.5 15 5.5 23 7.5 29 12.5 47
423 3.5 7 5.5 9 7.5 11 12.5 17

In sewers laying under highways and other important assets the use of DSL=100

years is recommended [150]. However, although there are many sewers exceeding such

goal, also an important amount of sewers failing between lapses of 3 and 60 years has

been reported [151][152]. When considering the biodeterioration effects an adequate

management has to be planned for reducing the risk of collapse from corrosion. Nev-

ertheless, when this is not possible, the best choice is to delay the collapse adding

additional (sacrificial) material. In such event a maximum DSL=25 years is recom-

mendable and achievable. In any case, the minimum concrete cover was computed to

guarantee a 15, 20 and 25 years span. Table 6.4 contains the recommended values

applicable to average concentrations up to 100 ppmv H2S and mean diameters of pipe

from 100 to 250 cm. The use of these guidelines will demand a higher initial invest-

ment but reduce maintenance costs. The concrete volume will augment between 104

and 123% with respect to that of a typical sewer pipe. On the other hand, a flow

capacity reduction up to 10% could affect the service level of pipes working close to the
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whole flow capacity. In the case of hydrogen sulfide concentrations lower than 30 ppm

no sacrificial cover is needed for DSL up to 35 years.

Table 6.4: Recommended minimum concrete cover for DSL=15,20 and 25 years (mean
diameter from 100 to 250 cm)

H2S conc. DSL Sacrificial cover Total cover Final to initial Typical
(ppmv) (years) (mm) (mm)* Area ratio conditions

50 15 0 25 100% Tropical zones
20 0 25 100%
25 6 31 98%

100 10 10 35 97% Critical exposure
20 22 47 94%
25 37 62 90%

*Considering a minimum legal concrete cover of 25 mm [141]

According to Table 6.4, when concentrations vary from 50 to 100 ppmv H2S a

concrete cover ranging from 31 to 62 mm must be placed. In addition, when designing,

it is important to check the rebar efficiency on bending moment capacity due to the

reduction of the internal lever arm if the original section thickness is kept. Nowadays,

a typical 19 mm sacrificial thickness is specified for outer diameters larger than 1.05

m [3]. This value is similar to that proposed here for H2S concentrations up to 100

ppmv and a DSL of 20 years. For concentrations below 30 ppmv H2S a minimum

concrete cover of 25 mm is recommended. Finally, in absence of in situ statistical data

to determine design concentrations, lineaments given in [106][128] can be used.

6.7 Conclusions and recommendations for future work

The following are the conclusions related to the proposed objectives of this chapter:

� Typical structural design of buried sewers requires the confrontation of demands

and available resistance. Traffic and infills loads are the most important demands

which are considered not to be correlated with the capacity. However, their

variability has to be included when designing a pipe. On the other hand, biode-

terioration affects exclusively the resistance reducing the thickness wall and the
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strength of superficial concrete and increasing the risk of corrosion of steel rein-

forcement. For these reasons, a comprehensive analysis including the randomness

of demands and resistance must be done.

� Inside sewers pipes, biodeterioration destroys the cohesiveness of superficial con-

crete layers. Softened layers are continuously washed by running water or drop

off allowing a deeper penetration of hazardous microorganisms and the exposure

of steel reinforcement. Then, presence of corrosive gases such as CO2 and H2S

leads to reinforcement depassivation and consequent corrosion which will rapidly

take the affected section to the collapse.

� A conditioning lapse for corrosion initiation of three years and a linear thickness

loss mean value of 0.31 mm/year in the crown zone for an average 12 ppmv

H2S concentration were considered. A thickness loss in waterline zone of 2 to 4

times that of the crown zone was used. Also a loss rate of 2.03mm − cm2/mgS

corresponding to a continuous flow of 12±4 ppmv H2S (0.128mgS/cm2) was used.

Besides, multiples of that value, equivalent to 10, 30, 50, 100 and 423 ppmv H2S

rates were considered in the computations following a linear trend.

� When H2S concentrations oscillate between 50 and 100 ppmv, inner concrete

covers ranging from 31 to 62 mm must be used to guarantee a design service

life up to 25 years. For concentrations below 30 ppmv H2S a minimum concrete

cover of 25 mm is recommended. On the other hand, according to the results of

this work, the currently recommended sacrificial thickness (19 mm) will protect

the inner walls from biodeterioration during 20 years if the H2S concentrations

are lower than 100 ppmv.

� In reinforced concrete sewers the biodeterioration effects increase the risk of struc-

tural collapse. Due to the rapid SOB proliferation in H2S-rich environments,

biodeterioration becomes critical when the availability of sulfur increases within

sewers. Biodeterioration affects adversely the durability increasing the probabil-

ity of failure and reducing the expected service life time. It causes thickness losses
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at the inner fibers located on the side walls and crown of the pipe. These losses

reduce the bending moment capacity and modify the demanding forces distribu-

tion along the pipe section. Progressive concrete cover losses and cracking expose

the reinforcement steel to corrosion sharpening even more this decay trend.

� This work has focused on average hydrogen sulfide concentrations (i.e. continuous

flow). There is evidence that hydrogen sulfide peaks can be more dangerous to

the concrete health than a steady supply. It is recommendable to adapt the model

for taking into account H2S peaks more than a mean concentration.
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Chapter 7

CLOSURE

7.1 Conclusions

The following conclusions are valid for the two main objectives of this thesis:

� In this work the relationships resulted from biodeterioration between strength,

weight loss and porosity have been investigated simultaneously in a comprehensive

manner, while previous research only studied weight loss.

� Biodeterioration increased porosity and depressed strength and weight in high sur-

face/volume mortar samples. Samples used in this work were not cut as reported

in previous researches. This particularity gave a more realistic measurement of

porosity due to the uniformity of the samples’ surfaces. The samples’ high sur-

face/volume ratio allowed an apparent acceleration of biodeterioration. Besides,

the fact that the samples were not submerged as in previous works calls for care

when comparisons with other studies are done.

� The biogenic and chemical deterioration can potentiate the physical damage due

to the chemical reactions leading to the structural breaking of the concrete ma-

trix. It has been observed that biogenic deterioration (biodeterioration) is usually

faster and catastrophic than pure chemical or physical deterioration. In this work

acidophilic bacteria (Acidithiobacillus thiooxidans), alone or within a consortium,
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produced the most severe mortar biodeterioration. Conversely Hallothiobacillus

neapolitanus, when alone, were unable to deteriorate importantly the mortar sam-

ples. In all the cases, the inoculated samples showed larger deterioration effects

than abiotic samples exposed to H2S.

� In reinforced concrete sewers the biodeterioration effects increase the risk of struc-

tural collapse. Due to the rapid SOB proliferation in H2S-rich environments,

biodeterioration becomes critical when the availability of sulfur increases within

sewers.

� Biodeterioration affects adversely the durability increasing the probability of fail-

ure and reducing the expected service life time. The thickness losses reduce the

bending moment capacity and modify the demanding forces distribution along

the pipe section. Once the reinforcement is exposed to the corrosive environment

the collapse is reached rapidly.

� The results suggest that the ecology of the system influences in an important

manner the biodeterioration effects. In all the cases the major deterioration was

observed in samples inoculated with mixed cultures. Also the samples inoculated

in non aseptic conditions produced a deterioration several times greater than

those inoculated in aseptic conditions. On the other hand, although the amount

of available sulfur was larger in the first case, samples subjected only to H2S did

not show important differences from each other. These facts lead to conclude that

the biogenic effects were responsible for the important difference in deterioration

between cultures inoculated in non aseptic and aseptic conditions.

� All the changes described in this work must be interpreted as average changes over

the whole specimen volume (including deteriorated and not deteriorated zones)

Regarding to the effects produced by biodeterioration upon mortar samples inocu-

lated in non aseptic conditions and exposed to hydrogen-sulfide-rich environments:
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� Weight losses of up to 32%, porosity augmentation up to 32% and total strength

loss were observed in only five months. With respect to other reports in the

literature, these results are only comparable to a weight loss of 37% after one

year of exposition. This fact confirms the more severe deterioration observed in

this work

Regarding to the effects produced by biodeterioration upon mortar samples inocu-

lated in aseptic conditions and exposed to hydrogen-sulfide-rich environments:

� Weight losses up to 7%, porosity augmentation up to 27% and strength losses up

to 48% were observed after 10 months of exposure. Pure acidophilic bacteria were

able to produce a high biodeterioration mainly depicted by weight loss (5%) and

porosity augment (7%). Conversely samples inoculated with pure neutrophilic

bacteria had a similar behavior to the abiotic samples subjected to H2S.

� The big difference between the behavior of samples inoculated in non aseptic

and aseptic and the possible extrapolation to real sewers environments can be

explained as follows. In the case of samples inoculated in aseptic conditions, it

exists much lower biological competition, there is an experimental scale effect

and, there is no wastewater toxicity in the experiment. In addition, in a typical

sewer, the continuous removal of deteriorated layers produced by erosion at wa-

terline and material dropped from crown might enhance even more the observed

aggressiveness. However, all this enhancer effects seem to be counteracted by

the biological competition among a large amount of species and the toxicity in

wastewater. As seen, this is a complex issue which requires more investigation.

� Mean expected lifetime of a sewer pipe depends importantly upon the hydrogen

sulfide concentration. The larger the H2S concentration, the shorter the service

life time is. To guarantee a service lifetime of 25 years it is recommendable

to use inner concrete covers of 25, 31 and 62 mm for 30, 50 and 100 ppmv

H2S concentrations respectively. For high concentration (423 ppmv H2S) use of

sacrificial cover is not recommended.
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7.2 Recommendations for future work

� This thesis has focused on average hydrogen sulfide concentrations (i.e. continu-

ous flow). There is evidence that hydrogen sulfide peaks can be more dangerous

to the concrete health than a steady supply. It is recommendable to adapt our

model for taking into account H2S peaks more than a mean concentration.

� As expressed in this document, it is not clear yet how the biological competition

affects the laboratory-in situ measurements relationship. Similarly, the relation

between the lab-controlled measurements of bacterial growth and those taken

in situ affected by the wastewater toxicity has to be investigated. It is recom-

mendable to design and apply experiments where the previous challenges can be

undertaken.

� In this work only sulfur availability has been considered when modeling biode-

terioration effects. It is recommendable to evaluate the contribution of other

parameters or processes in the capacity loss such as the diffusion processes or the

effect of water velocity.

� There is a lack of experimental evidence related to the relation of thickness losses

in different parts of the sewers walls. It is necessary to develop studies tending

to determine the crown to waterline thickness losses ratio in typical sewers.
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du potentiel expansif de granulats de remblais de fondation. Canadian geotechnical journal,
39(1):141–148, 2002. 30, 31
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[140] Elena Eijo-Ŕıo, Anna Petit-Boix, Gara Villalba, Maŕıa Eugenia Suárez-Ojeda, Desirée Marin,
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