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Abstract The loss of mass of concrete matrix and sub-

sequent corrosion of concrete has been reported very often.

Aggressive liquids such acids, bases, solutions of salts or

aggressive gases as well as microorganisms penetrate the

concrete and cause deterioration and biodeterioration,

respectively. Presented paper is aimed at investigation of

concrete corrosion (chemical as well as biologically

induced) activated by influence of different aggressive

media. Concrete cylinder samples of a 32 mm diameter

and 15 mm height were formed as a drilled core from

prepared concrete cubes. Concrete samples were exposed

to different aggressive media under laboratory conditions

(acid mine drainage, cultivation media for different bac-

teria species, sulphuric acid, aluminium sulphate) as well

as in situ (waste water of sewage system in Kosice city) for

3 months. Influence of aggressive media and sulphur-oxi-

dising and sulphate-reducing bacteria on concrete samples

has been determined in terms of weight and surface

changes of investigated concrete samples and leaching of

the selected ions. The weight changes varied in the range

0.04–3.7 %. The visual changes of samples surface were

observed. Content of Ca, Si and Fe ions in leachates were

measured by X-ray fluorescence methods. Higher per-

centage of calcium ions released has been measured com-

paring to silicon ions in all media except for distilled water.

The results of elements releasing correspond to results of

weight changes of investigated concrete samples.

Keywords Biocorrosion � Leaching � Concrete � SRB �
X-ray fluorescence analysis

Introduction

Concrete materials are in general very durable. However,

an aggressive environment can cause deterioration and

total collapses of concrete structures long before they have

reached the designed end of life. Sulphate environment

represents one of the aggressors with significant influence

on the durability of concrete. A special type of sulphate

deterioration of concrete materials is biocorrosion—the

process caused by presence and activities of microorgan-

isms producing sulphuric acid. Studies of the biological

processes behind the corrosion of wastewater infrastructure

with reference to the role of sulphate-reducing bacteria

(SRB) and sulphur-oxidising bacteria (SOB), studies of the

chemical effects of sulphates and sulphuric acid on con-

crete mixes as well as laboratory research methodologies

were studied in [1]. Initiating the bacterial processes, sul-

phates present in the sewer system are converted into the

sulphides by sulphate-reducing bacteria such as Desulf-

ovibrio spp. The biofilms with SRB in pipelines with

intense corrosion had lower cell numbers but much higher

total hydrogenase activity [2]. In the study [3], various
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mechanisms proposed for SRB-induced corrosion such as

biocatalytic cathodic sulphate reduction (BCSR); three

stages mechanism (Romero mechanism) or sulphide and

hydrogen-induced stress corrosion cracking (SCC) were

investigated. Nowadays, it is widely accepted that the

concentration of Acidithiobacillus thiooxidans (A. thiooxi-

dans) in concrete surface layer may be the best indicator of

its biodeterioration intensity [4]. Dubravka et al. [5] has

presented a review on microbial processes in municipal

waste water collection system, which occur when concrete

is exposed to microbacterial and biodegradation favourable

environment. Overview [6] has tried to compile the status

of knowledge in the field of biodeterioration of concrete,

identify areas where more information is needed, and

describe nanotechnologies that can be used to obtain the

research goals. Zivica and Bajza in [7] described in detail

the sources of the gaseous and liquid acidic media, prin-

ciples of acidic attack and its chemical effects on the

attacked material and its resulted degradation. Results of

the study on aggressivity of selected carboxylic and sul-

phonic acids, phenols and some others are published in [8].

Observed increased expansions followed by crack propa-

gation at the action of some media were adjudged to the

cooperation of the mechanism. The highest aggression

showed the solution of naphtensulphonates and p-toluene

sulphonic acid [8]. A special type of sulphate deterioration

of concrete materials is biocorrosion—the process caused

by presence and activities of microorganisms producing

sulphuric acid. Five different concrete compositions were

tested in [9] including a reference mixture with high sul-

phate-resistant Portland cement and four different polymer

cement concrete with a styrene–acrylic ester polymer, an

acrylic polymer, a styrene butadiene polymer and a vinyl

copolymer, respectively. The change in pH of the simula-

tion solutions, changes of Ca2? concentration of the sim-

ulation solution, change in height of the different concrete

mixtures and change in weight of the different concrete

mixtures were presented. Also results of comparison

between the microbiological tests and the chemical tests

are published in [9]. Experiments lead to conclusion that

concrete composition with the styrene–acrylic ester poly-

mer showed in both tests a higher resistance than the ref-

erence, mixture while the compositions with the acrylic

polymer and the styrene butadiene polymer had a lower

resistance than the reference mixture [9]. In work [10]

deterioration mechanisms associated with cementitious

materials made with calcium aluminate cement those made

with ordinary Portland cement are presented. These sam-

ples were exposed to accelerated test relevant to these

materials, as well as any other materials that can be used in

sewer networks. According to [11, 12] biodeterioration

mechanisms of cementitious materials in sewer networks

also bring in a succession of microorganisms clearly

identified in the case of ordinary Portland cement. Samples

were prepared for laboratory and for in situ experiments.

Studies carried out in the laboratory indicate that the

simple chemical tests (with the addition of sulphuric acid)

do not allow estimation of the service life of materials in

sewer system [10]. A part of development of a computer

model to describe the carrion concrete made with Portland/

Portland blastfurnace cement/concrete with calcium alu-

minate cement at pH value between 4.0 and 6.5 are pre-

sented in [13]. According to this work, degree of the

corrosion is defined by the thickness and porosity of the

corroded layer and if abrasion effect occurs, the thickness

of removed material. Classification of test methods for

concrete corrosion determination and evaluation were

presented in [14]. Test methods can be classified according

to: the aggressive environment (sewers, underground

structures, chemical plants…); the scale of test methods;

the type of aggressive species (organic acid, salts, soft

water…); parameters to accelerate degradation in simula-

tion tests; the way of measuring the degradation of the

specimens (thickness changes, mass loss, expansion,

residual strength of specimens, pH changes of liquid); Ca,

Fe, Al, Si and other ions released in liquid. Often combi-

nations of the multiple relevant indicators are necessary

[14].

This paper is aimed at the investigation of concrete

samples exposed to different aggressive media in labora-

tory conditions (using different types of liquid media) as

well as in situ (waste water of sewage system in Kosice

city) for a period of 3 months.

Experimental

The concrete composites used for the experiments were

prepared in accordance with Slovak standard STN EN

206-1-C30/37 using cement CEM I 42.5 R. The composi-

tion of experimental mixture is shown in Table 1.

Concrete cylinder samples of a 32 mm diameter and

15 mm height were formed as a drilled core from prepared

concrete cube (150 9 150 9 150 mm) using drilling

Table 1 Composition of concrete mixture corresponding to 1 m3 of

concrete

Component Amount

Cement CEM I 42.5 R 410 kg

Water 168 L

Fr. 0/4 mm 737 kg

Fr. 4/8 mm 184 kg

Fr. 8/16 mm 909 kg

Plasticizer 2.7 L
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mechanism STAM. The cylinder specimens were rid of

impurity and consequently used for the experiments. The

prepared small concrete samples were used for both labo-

ratory and in situ deterioration experiments by immersing

the concrete specimens into different aggressive media

(Table 2) and into the distilled water as reference medium.

Both laboratory and in situ experiments (in waste water in

sewage systems of Kosice city) proceeded during

3 months.

Acidithiobacillus thiooxidans is strictly an autotrophic

bacteria that oxidise sulphur and thiosulphate to sulphuric

acid. Sulphur-oxidising bacteria A. thiooxidans were iso-

lated from the mixed culture obtained from the mine water

(the shaft Pech, the locality Smolnik, Eastern Slovakia).

Selective nutrient medium 9K [15] was used for the iso-

lation and cultivation of these bacteria at optimal growth

temperature of 30 �C and pH of 2.5. The experiments by A.

thiooxidans proceeded at thermo-reactor at temperature of

30 �C under aerobic conditions.

Sulphate-reducing bacteria (SRB) Desulfovibrio spp.

perform dissimilatory reduction of sulphur compounds

such as sulphate, sulphide, thiosulphate and sulphur itself

to sulphide. During their growth SRB produce a large

amount of hydrogen sulphide that assures the maintenance

of anaerobiosis. Desulfovibrio spp. used in experiment

were isolated from a mixed culture obtained from the

potable mineral water (Gajdovka spring, the locality Kos-

ice-north, Slovakia). The selective nutrient medium DSM-

63 [16] was used at optimal growth conditions: pH range

from 6.5 to 7.3 and temperature range of 30–37 �C (mes-

ophilic) and 50–70 �C (thermophilic). SRB experiment

proceeded in glass container under anaerobic condition at

temperature of 30 �C. The anaerobic conditions were

provided for nitrogen blow in.

The recipient with bacteria contained 180 mL of selec-

ted nutrient medium with 10 % of active bacteria. The

concrete samples were placed on the glass basement and

immersed into medium. The biocorrosion experiments

were carried out in the laboratory of the Institute of Geo-

technics of the Slovak Academy of Science in Košice.

Acid mine drainage (AMD) originated from the shaft

Pech, the locality Smolnik, Eastern Slovakia. Total content

of elements in AMD used in the experiment was measured

(mg/L): 2,938 sulphates, 307 Fe, 26 Mn, 300 Mg, 119 Ca,

5.3 Cu, 10.8 Zn, 77 Al, 0.1 Cd, 0.3 Ni.

Laboratory simulation of chemical corrosion of concrete

samples is carried out using sulphuric acid and aluminium

sulphate solutions. The volumes of liquids at the beginning

of the experiment were 20 mL. Experiments run in several

consecutive cycles during 90 days. Each cycle consists of

following steps: 7-day exposure of sample to liquid media,

removal of the sample from the liquid, 2-day drying of

samples at room temperature and afterwards removal of

precipitations by little brush, re-immersion of sample into

the media and finally adjustment of pH back to the initial

values.

In situ experiments proceeded in the waste water of

sewage system in city of Kosice. The parameters of

wastewater from gravitational combined sewage system

(domestic and storm water) have been tested in Laborato-

ries of Eastern Slovakia Water Supply Company in Koksov

Baksa by standard methods according to the national leg-

islative. pH value of wastewater was measured as 7.42,

measured concentrations were 418.00 mg/L for total sol-

uble solids, 23.00 mg/L for total insoluble solids, 1.01 mg/

L for total amount of phosphorus, 8.96 mg/L for total

amount of nitrogen and 8.55 mg/L of ammonia nitrogen.

Biological oxygen demand BOD5 was measured of

17.68 mg/L and chemical oxygen demand COD (using

Cr2O7
2-) of 45.93 mg/L.

Table 2 Characteristics of media

Conditions Medium Concentrations, pH values

Laboratory Cultivation media with

A. thiooxidans

c = 10 %; pH = 2.98

Cultivation media with

Desulfovibrio spp.

c = 10 %; pH = 7.02

Acid mine drainage with

A. thiooxidans

pH = 3.7

Sulphuric acid H2SO4 c = 0.5 %; pH = 0.99

Aluminium sulphate

Al2(SO4)3

c = 0.5 %; pH = 3.22

Distilled water pH = 6.25

In situ Waste water pH = 7.42

Table 3 Changes in weights of concrete samples

Samples Medium Weight

Before

(g)

After

(g)

Change

(g)

Change

(%)

1 Cultivation media

with A.

thiooxidans

28.01 27.99 0.02; -0.07

2 Cultivation media

with

Desulfovibrio

spp.

28.59 28.60 0.01: ?0.04

3 Acid mine

drainage with A.

thiooxidans

27.44 27.42 0.08; -0.29

4 Sulphuric acid

H2SO4

27.52 28.36 0.84: ?2.96

5 Al2(SO4)3 26.41 26.55 0.14: ?0.52

6 Distilled water 27.74 27.42 0.32; -0.17

7 Waste water 27.26 28.30 1.04: ?3.70
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Deterioration process of concrete materials was inves-

tigated by analysis of basic elements ions (calcium, silicon

and iron) releasing into the media as well as by weight

changes. The weight changes of concrete samples were

determined by gravimetric method measured by analytical

balance within 0.00001 g. X-ray fluorescence method was

used for analysis of the chemical composition of concrete

samples and liquid media. The samples were measured

using SPECTRO iQ II (Ametek, Germany) with silicon

drift detector SDD with resolution of 145 eV at 10,000

pulses. The primary beam was polarised by Bragg crystal

and highly ordered pyrolytic graphite (HOPG) target. The

samples were measured during 300 s at voltage of 25 and

50 kV, respectively, at current of 0.5 and 1.0 mA under

helium atmosphere using the standardised method of fun-

damental parameters for cement pellets and liquids.

Results and discussion

Weight changes of investigated concrete samples after the

exposure to the various aggressive environments are given

in Table 3.

Increase and loss in weight of studied concrete samples

were observed. The weight changes varied in the range

0.04–3.7 %. The increase in the weight of samples was

likely caused by precipitation of new formed compounds

on the surface of concrete samples as reported in [4, 17].

The surface changes of studied concrete samples have been

observed as it is seen in Fig. 1.

The average concentrations of basic elements (calcium,

silicon and iron) in concrete samples before the experi-

ments are summarised in Table 4.

The released amounts of studied ions from the concrete

samples exposed to different media under laboratory con-

dition are given in Table 5.

Released amounts of calcium calculated corresponding

to 1 g of concrete sample (Table 5) ranged from 2.01 mg

(distilled water) to 31.1 mg (sulphuric acid). It was not

possible to calculate the amount of calcium released after

the exposure to A. thiooxidans bacteria (samples 1 and 3)

due to the decrease of Ca concentration in leachate after the

experiment compared to the input concentration. The

decrease of Ca in leachate was probably caused by the

precipitation of new formed calcium compounds (gypsum,

ettringite, etc.) on the concrete sample surface during the

experiment as referred by De Belie [18]. The most sig-

nificant deterioration effect in terms of Ca leaching was

observed as expected for sample exposed to sulphuric acid

with 23.5 % of calcium released comparing to the total

content of calcium. This finding is in accordance to the fact

that higher concentrations of sulphate ions correlate with

Fig. 1 Surface changes of

concrete samples before (a) and

after the 3-month exposure to

cultivation media with A.

thiooxidans bacteria (b)

Table 4 Average concentrations of calcium, silicon and iron in

concrete samples

Samples Concentration

Ca (%) Ca (g) Si (%) Si (g) Fe (%) Fe (g)

1 13.23 3.705 19.97 5.593 6.70 1.877

2 13.23 3.782 19.97 5.709 6.70 1.916

3 13.23 3.630 19.97 5.479 6.70 1.838

4 13.23 3.640 19.97 5.496 6.70 1.844

5 13.23 3.494 19.97 5.274 6.70 1.769

6 13.23 3.670 19.97 5.539 6.74 1.848

7 13.23 3.670 19.97 5.539 6.74 1.837

Table 5 Released ions from concrete samples

Samples Released ions from 1 g of

sample (mg)

Percentage releasing from

total content of ions (%)

Ca Si Fe Ca Si Fe

1 1.34 0.16 0.01 1.02 0.08 0.004

2 4.3 0.811 0.004 3.28 0.41 0.002

3 0.9 – 0.007 0.68 – 0.003

4 31.1 15.45 17.2 23.5 7.76 25.67

5 6.8 9.56 0.35 5.2 4.79 0.52

6 2.01 7.84 0.23 1.5 3.92 0.35
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more intensive concrete degradation [19]. The lowest

leaching ratio of Ca to total content (1.5 %) was observed

in water environment.

The released amounts of silicon corresponding to 1 g of

concrete sample (Table 5) ranged from 0.16 mg (cultiva-

tion media with A. thiooxidans) to 15.45 mg (sulphuric

acid). In contrast to calcium, the lowest leaching ratio of Si

was observed for sample exposed to cultivation media with

A. thiooxidans (0.08 %); the highest one was detected due

to aggressive sulphuric acid influence (7.76 %). The

leaching of Mg, Fe and Si does not at all follow the other,

more soluble elements Ca, K, Na and S [20]. The highest

aggressive character of sulphuric acid in terms of calcium

and silicon releasing was confirmed as expected.

Released amounts of iron corresponding to 1 g of con-

crete sample (Table 5) ranged from 0.01 mg (cultivation

media with A. thiooxidans) to 17.2 mg (sulphuric acid) as it

was in case of calcium. The lowest leaching ratio of Fe was

observed for sample exposed to cultivation media with

Desulfovibrio spp. (0.02 %); the highest one was detected

due to aggressive sulphuric acid influence (25.67 %).

O’Connel et al. in [1] have outlined a combined

approach that considers the interaction between biological

and chemical processes. According to this source, chemical

tests alone do not fully represent the microbial effects on

concrete, although they may help in assessing the types of

damage that can occur.

Conclusions

The more significant deterioration effect was confirmed for

samples exposed to sulphuric acid than for samples

exposed to biogenic sulphuric acid by both evaluated

parameters weight changes and ions releasing. X-ray

fluorescence method was used for investigation of the

liquid media composition changes in which the concrete

samples were exposed. Higher percentage of calcium ions

released has been measured comparing to silicon ions in all

media except for distilled water. The highest percentage of

released calcium, silicon and iron ions was measured in

case of samples exposed to sulphuric acid. All results of

elements released to leachate correspond to results of

weight changes of investigated concrete samples. After the

study of visual changes of samples immersed into distilled

water, no significant changes were observed.

Findings

• Deterioration and biodeterioration can be caused when

aggressive liquids such acids, bases, solutions of salts

of aggressive gases as well as microorganisms influence

the penetration the concrete.

• Influence of these media on concrete samples was

investigated in laboratory and in real conditions.

• Sulphuric acid, aluminium sulphate, acid mine drainage,

waste water were among investigated aggressive liquids.

• The highest percentage of calcium, silicon and iron ions

releasing were measured for samples exposed to sulphuric

acid.

• Results of elements releasing to leachate measurements

correspond to results of weight changes of investigated

concrete samples.

• Visual changes on concrete surface were observed.
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