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Abstract: The biodeterioration of cementitious materials in sewer networks has become a major
economic, ecological, and public health issue. Establishing a suitable standardized test is essential
if sustainable construction materials are to be developed and qualified for sewerage environments.
Since purely chemical tests are proven to not be representative of the actual deterioration phenomena
in real sewer conditions, a biological test–named the Biogenic Acid Concrete (BAC) test–was devel-
oped at the University of Toulouse to reproduce the biological reactions involved in the process of
concrete biodeterioration in sewers. The test consists in trickling a solution containing a safe reduced
sulfur source onto the surface of cementitious substrates previously covered with a high diversity
microbial consortium. In these conditions, a sulfur-oxidizing metabolism naturally develops in the
biofilm and leads to the production of biogenic sulfuric acid on the surface of the material. The
representativeness of the test in terms of deterioration mechanisms has been validated in previous
studies. A wide range of cementitious materials have been exposed to the biodeterioration test
during half a decade. On the basis of this large database and the expertise gained, the purpose of this
paper is (i) to propose a simple and robust performance criterion for the test (standardized leached
calcium as a function of sulfate produced by the biofilm), and (ii) to demonstrate the repeatability,
reproducibility, and discriminability of the test method. In only a 3-month period, the test was able
to highlight the differences in the performances of common cement-based materials (CEM I, CEM III,
and CEM V) and special calcium aluminate cement (CAC) binders with different nature of aggregates
(natural silica and synthetic calcium aluminate). The proposed performance indicator (relative
standardized leached calcium) allowed the materials to be classified according to their resistance
to biogenic acid attack in sewer conditions. The repeatability of the test was confirmed using three
different specimens of the same material within the same experiment and the reproducibility of the
results was demonstrated by standardizing the results using a reference material from 5 different test
campaigns. Furthermore, developing post-testing processing and calculation methods constituted a
first step toward a standardized test protocol.

Keywords: mortar; biodegradation; sewer; sulfuric acid; microorganisms; cementitious materi-
als; durability

1. Introduction

The need to develop efficient systems for the transportation and treatment of sewage
worldwide with sustainable infrastructure has become a significant challenge for modern
society. One major obstacle is the reduced durability of cementitious materials due to
biodeterioration phenomena.
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The biodeterioration of concrete pipelines in sewer environments is considered as
a major health, environmental, and economic issue. On a European level, the European
directive (Directive 91/271/CEE) imposes that agglomerations with >2000 habitants be
equipped with wastewater treatment plants. On an international level, in 2008, the United
Nations fixed the aim of reducing the number of people without safe water and clean
sanitation by half. The World Health Organization (WHO) reported that approximately
2 billion people were still lacking basic sanitation services in 2017 [1].

Sewer infrastructure is made mainly of cement-based materials, which suffer from
deterioration during their service-life [2]. Ten percent of the deterioration of concrete struc-
tures in sewage environments has been linked to biodeterioration induced by biochemical
processes [2]. The release of hydrogen sulfide (H2S) and its biological oxidation into sul-
furic acid (H2SO4) are considered to be at the origin of the deterioration of cementitious
materials in sewer environments.

H2S production in sewage comes from the activity of sulfate-reducing bacteria (SRB)
growing in anaerobic conditions [3–7]. H2S is released into the gas area of the sewer
pipe and reacts with the concrete surface (along with CO3

2−), causing the surface pH to
fall below 9 [6]. In contact with the concrete, sulfur compounds from H2S are oxidized
into sulfuric acid by neutrophilic and then by acidophilic sulfur-oxidizing bacteria (SOB),
which decreases the surface pH to approximately 2 [3,6,8–11]. The deterioration of the
cementitious matrix by sulfuric acid is a coupled attack by the acid H+ and the sulfate ions
SO4

2−. The reaction of the acid with the cementitious matrix leads to the decalcification
and the dissolution of calcium-bearing phases–mainly portlandite (CH) and C-A-S-H for
Portland cement (PC)-based materials and katoite (C3AH6) for calcium aluminate cement
(CAC)-based materials–and the residual anhydrous phases [12–14]. Such decalcification
results in the formation of an amorphous silica gel for PC-based materials and alumina gel
(AH3) for CAC-based materials. The penetration of sulfate inside the cement pores leads to
the precipitation of expansive secondary sulfate-based phases. While the main identified
precipitated sulfate salt is gypsum [15–17], secondary ettringite has been reported in several
studies, mainly at the interface between the highly deteriorated concrete layer and the
sound concrete, where strong alkaline conditions are maintained with the presence of large
amounts of sulfate in the pore solution [16,17].

The current chemical tests have been demonstrated not to be representative of the
actual deterioration phenomena encountered in sewer networks. For instance, the ranking
of the performance of cementitious materials using purely chemical tests was different from
the results obtained with in situ conditions [18,19]. Moreover, most chemical tests consist
of immersing the specimens in a sulfuric acid solution with a regulated pH. However, such
methods have shown that the aggressive solution becomes saturated in calcium sulfate
very quickly, which slows down the attack and results in a decrease of acid consumption
rate and less mass loss [19,20]. Moreover, the saturation conditions of the solution are unfa-
vorable for the precipitation of sulfate-based salts that are damaging to the cementitious
matrix. Thus, non-immersion conditions also contribute physically to the intensity of the
deterioration phenomena.

The differences identified between the purely chemical attack and the biological attack
can be attributed to a specific effect of the biofilm. Several studies have shown that the solid
cementitious material has an influence on the development of the biofilm on its surface.
For instance, the dissolution of different hydrated phases leads to the release of hydroxide
ions, which neutralize the acid. Such a phenomenon could modify the pH of the medium
and, so, disturb the development of bacteria on the concrete surface [13,19,21].

Moreover, the deteriorated concrete layer could have an impact on the deterioration
process. In the case of biological attack, the deteriorated zone could create a suitable
environment for the growth of bacteria due to its high porosity and the low pH of the
zone. Such conditions might lead to the penetration of the bacteria into the layer and the
production of more sulfuric acid near the sound concrete [20,22]. In the case of chemi-
cal attack by immersion, the porosity of the deteriorated zone is partly clogged by the
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precipitation of secondary phases, mainly gypsum [20,23]. Lately, it has been suggested
that Acidithiobacillus ferrooxidans could produce more sulfuric acid in deeper anaerobic
layers of the biofilm. However, the decisive role of such bacteria and their impact on the
deterioration processes are not yet well understood [22]. In conclusion, chemical tests do
not reproduce the attack conditions imposed by the presence of bacteria which contribute
to the explanation of the differences in the results found with in situ conditions.

Two types of biological tests were actively developed in the literature. The test from
the University of Hamburg–and similar tests from Gustave Eiffel University (France) and
the Fraunhofer Society (Germany)–consist of exposing the materials for at least 6 months
in an H2S atmosphere under controlled H2S concentration, temperature, and humidity
conditions by regularly spraying an artificial consortium of bacteria, identified histori-
cally in Hamburg’s sewer network, onto the surface of the cementitious materials [24,25].
While H2S is the identified sulfur substrate in sewage environments, quantification of
the concentrations of H+ and SO4

2− in direct contact with the cementitious materials is
not possible.

The test from the University of Toulouse (the BAC test, for Biogenic Acid Concrete)
presented in this study uses a soluble reduced sulfur source, tetrathionate (S4O6

2−), to en-
able the quantification of the biological acid production in contact with the material, which
is calculated from the sulfate production based on the assumption of a low proportion of
sulfate trapped inside the cementitious matrix (controlled by sulfur mass balances in the
leached solution) [26]. Tetrathionate is an intermediate sulfur species in the oxidation chain
of sulfur into sulfate [17,26]. The sulfur source is dissolved in a nutritive solution and trick-
led onto the surface of the material in an optimized retention time of the feeding solution,
creating a suitable environment for the production of sulfuric acid by the microorganisms
in contact with the exposed surface and allowing the performances of the materials to be
evaluated in only a 3-month period [4,6].

The validation of the representativeness of the test was demonstrated using two types
of cementitious materials, blast furnace slag cement (BFSC) and calcium aluminate cement
(CAC). The controlled environment led to the development of sulfur-oxidizing biofilm at
the surface of the materials, which resulted in microstructural and chemical alteration of
the cementitious materials [26]. The deterioration mechanisms and the performances of
the two materials, as evaluated by the BAC test, were in accordance with the observations
made in sewer networks exposed to H2S [12,17,26], and the impact of the material on the
biofilm and the microbial activity was highlighted.

The BAC test established a simple and robust performance criterion (standardized
leached calcium as a function of sulfate produced by the biofilm) which demonstrated its
ability to distinguish and to highlight the differences in material performances regarding a
biogenic acid attack in 3 months. The results obtained from five years of experiments using
a wide range of materials were exploited to evaluate the repeatability and reproducibility
of the test.

2. Materials and Methods
2.1. Materials
2.1.1. Cementitious Materials

The sewer environment is considered as an aggressive chemical acid environment
(XA3) in the European Standard EN 206 + A1. Hence, different materials that are supposed
to resist such environments were tested. The studied binders were ordinary Portland
cement (OPC) (CEM I 52.5 N CE CP, LafargeHolcim, Le Havre, France) as the reference ma-
terial, blast furnace slag cement (BFSC) (CEM III/B 32.5 N-LH/SR, Ciments Calcia, Rombas,
France), composite cement (CEM V) (CEM V/A S-V 42.5 N PM-ES CP1, Ciments Calcia,
Airvault, France), and calcium aluminate cement (CAC) (Secar 51, Imerys Aluminates,
Fos-sur-Mer, France). The analyses of the chemical composition of the selected cements,
presented in Table 1, were carried out by adapting the protocol from the European standard
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NF EN 196-2 [27]. The adapted protocol is detailed in Appendix A, and the detection limit,
error, and the standard deviation of each compound are presented in Appendix B.

Table 1. Chemical composition (in wt.%) of the different cements used in this study.

Reference CaO SiO2 Al2O3 Fe2O3 SO3 MgO TiO2 K2O Na2O P2O5 Mn2O3 Ignition Loss

OPC 65.57 19.97 5.51 2.77 3.97 1.16 0.25 0.25 0.12 0.38 0.14 -
BFSC 49.13 29.60 9.41 1.21 3.22 4.69 0.52 0.59 0.24 0.06 0.27 1.02

CEM V 46.36 30.03 11.15 3.59 2.80 2.75 0.58 1.16 0.22 0.61 0.12 2.05
CAC 37.93 5.08 52.13 1.63 0.04 0.31 2.06 0.36 0.08 0.11 0.01 -

The reference material is a classic ordinary Portland cement which is made with 95%
of clinker and 5% of gypsum. BFSC–corresponding to CEM III/B–is a slag-based binder
composed of 71% slag, 29% Portland clinker and 6% calcium sulfate. CEM V is a composite
cement made of Portland clinker mixed with slag and fly ash. Calcium aluminate cement
is a special binder composed of alumina and lime as main oxides and silica, ferrite, and
titanium oxide as secondary oxides.

Table 2 presents the mix design of the materials selected for the study. The mortar
specimens were prepared in a standardized mortar mixer. The water to binder ratio was 0.4
for all specimens. However, the ratio of sand to binder was either 2.35 or 3.00 depending
on the project requirements. The mixtures were cast in 4 cm × 4 cm × 16 cm molds and
compacted using a jolting table.

Table 2. Description of mortar compositions.

Reference Cement Standardized Designation Aggregates W/B

OPC Portland cement CEM I
Standardized

silica sand

0.40
BFSC Portland cement CEM III 0.40

CEM V Portland cement CEM V 0.40
CAC-S

Calcium
aluminate cement

- 0.40

CAC-A - Calcium
aluminate-based sand 0.40

Since the literature has reported different behaviors of materials against biogenic acid
attack in sewer networks as a function of the nature of the aggregates [18,19,28–34], the
purpose of using different types of aggregates (silica-based and calcium aluminate-based
sand) in this paper was to demonstrate the ability of the test to highlight the influence
of the aggregates on the performance of the material. The same binder (CAC or calcium
aluminate cement) was used for CAC-S and CAC-A. On the one hand, the aggregates S
are silica aggregates corresponding to the CEN standard sand according to the European
standard NF EN 196-1 [35]. On the other hand, the aggregates A are synthetic aggregates
with the same composition as CAC (AlagTM aggregates).

After casting, while OPC, BFSC, and CEM V specimens were cured at 20 ◦C and 97%
RH, CAC specimens underwent thermal curing. They were placed in a climatic chamber
with a temperature gradient of 15 ◦C/h up to 70 ◦C, and then kept at 70 ◦C for 3 h. Twenty-
four hours after casting, the specimens were demolded and kept in plastic bags at ambient
temperature for 28 days. At the end of the curing period, the specimens were prepared
following the procedure presented in Section 2.1.3 and were exposed to the BAC test for
13 weeks.

2.1.2. Experimental Campaigns

Five different experimental campaigns were carried out in the frame of different re-
search projects using the BAC test. Each campaign had specific purposes and objectives that
led to the selection of specific materials, as reported in Table 3. Hence, the identifications
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(I), (II), (III), (IV), and (V), next to the name of the binder, correspond to the numbering of
the different campaigns of exposure to the BAC test.

OPC mortar was systematically used in every campaign (except for campaign III,
which was not taken into account for the PI calculations) as a reference material. The
reference material was always prepared at LMDC using the same cement. However, the
rest of the cementitious materials were prepared either by partners of the different projects
or at LMDC.

Table 3. The experimental campaigns and the cementitious materials tested in each campaign.

Exp. Campaigns I II III IV V

Tested cementitious materials

OPC OPC - OPC OPC
BFSC BFSC BFSC - BFSC

- CEM V - - -
CAC-S CAC-S CAC-S - CAC-S
CAC-A - - CAC-A CAC-A

2.1.3. Preparation of Cementitious Specimens and Measurements before the Test

The recommended size of mortar specimens is 2 cm × 4 cm × 8 cm, typically obtained
by sawing 4 cm × 4 cm × 16 cm mortar specimens into 4 equal parts. The dimensions
(thickness (th), width (w), and length (L)) and the weight of the specimens were measured
precisely to calculate the amount of calcium initially present in the specimen. An epoxy
resin, EUROKOTE 48-20, was applied to the mortar specimens to cover 5 of the 6 surfaces,
leaving only the top surface (corresponding to the surface from the core of the original
4 cm × 4 cm × 16 cm mortar specimen) exposed to the biodeterioration test as shown in
Figure 1. Two thin lines (1 mm) of resin were also applied to the edges of the exposed
surface in order to delimit the solution flow from upstream of the specimen to downstream
and to preserve a reference of the initial thickness for further observations, by SEM for
example (data not presented in this paper).
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Figure 1. Scheme of the sawn mortar specimen with the side covered with an epoxy resin.

2.1.4. Preparation of the Feeding Solution

The feeding solution contains a reduced sulfur source as well as the nutrients neces-
sary for the development of microorganisms. Potassium tetrathionate (K2S4O6) (P2926,
Sigma-Aldrich, Saint Louis, MO, USA) is the reduced sulfur source used in the BAC test.
Tables 4 and 5 present the composition of the mineral solution and the trace compound
solution, respectively. The composition of the trace compound solution was not analyzed
(nor measured) and was prepared manually by adding the different compounds to 1 L of
deionized water. It was used as part of the feeding solution for microorganisms, and the
trace compounds were not monitored over time. The trace compound solution was added
as 5 mL for every 100 L of feeding solution.

Deionized water–or water of equivalent purity (pH 5–7.5) and conductivity < 0.1 mS.m−1

–was used to fill a thermostatic tank with a minimum volume of 100 liters that contained a
mixing system. The nutrients were dissolved salts prepared and stored in separate glass
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bottles at 4 ◦C to prevent any microbial growth. The nutrient salts and the reduced sulfur
source were then added to the deionized water in the tank.

Table 4. Composition of the feeding solution.

Compound Concentration Unit Salt

S4O6
2− 158.86 mgS-S4O6

2−/L K2S4O6
N-NH4+ 3.93 mgN-NH4

+/L NH4Cl
P 1.71 mgP/L (Na(PO3))3

Mg2+ 0.18 mgMg2+/L MgCl2, 6H2O
Mn2+ 0.03 mgMn2+/L MnCl2
Fe3+ 0.02 mgFe3+/L FeCl3, 6H2O

Table 5. Composition of the trace compound solution.

Compound Concentration (g/L)

H3BO3 0.30
CoCl2, 6H2O 0.20
ZnSO4, 7H2O 0.10

Na2MoO4, 2H2O 0.03
CuSO4, 5H2O 0.01
NiCl2, 6H2O 0.02

2.1.5. Inoculum

Throughout the different testing campaigns, various activated sludges were used to
inoculate the surface of the cementitious specimens. They were collected from different
wastewater treatment plants at different times and were composed of diversified microbial
populations. The surface of the specimens was inoculated only once, at the beginning of
each experiment.

Activated sludges were collected from the sanitation system with solid particles
in suspension in liquid solution. The centrifugation of 500 mL at 4000 rpm provided
sufficient solid phase corresponding to the suspended organic matter of the activated
sludge containing the microorganisms.

The repeatability of the results obtained with different sludges was validated in a
previous study [17]. After the end of the testing period, samples of the biofilm were col-
lected from the two CAC specimens that had been inoculated with two different activated
sludges. The microbial populations in those biofilms were compared with another biofilm
obtained from BFSC material inoculated with one of the activated sludges previously used
for CAC as well as the initial consortium.

The analyses show that all initial inocula were composed mainly of heterotrophic
(92%) and nitrifying (8%) bacteria, showing that sulfur-oxidizing bacteria were not initially
detectable in the inocula. After the testing period, the biofilm analyses showed that sulfur-
oxidizing bacteria were detected in the biofilm regardless of the material or activated
sludge that was used. Heterotrophic bacteria were still identified in the biofilm at the end
of the experiments but in a smaller quantity than in the initial consortium. This was in good
agreement with the data reported for deteriorated concrete in sewer networks [36–38].

2.2. Experimental Setup and Testing Procedures

The biodeterioration test is suited to sewer environments where H2S is present and
is applicable to any cementitious material (concrete for construction and/or mortars for
rehabilitation of canalization systems), with or without admixtures (chemicals, biocide,
etc.). Cementitious samples are first inoculated with a consortium (an activated sludge)
and are then exposed to the trickling of a feeding solution containing a reduced sulfur
source, tetrathionate (S4O6

2−), and nutrients. In the presence of oxygen, sulfur-oxidizing
bacteria in the consortium oxidize tetrathionate (S4O6

2−) into sulfuric acid on the surface
of the exposed cementitious samples.
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The duration of exposure of the samples to the trickling solution is 3 months. The
trickling solution is collected weekly downstream of each sample to analyze the con-
centration of calcium and sulfate ions and to measure the pH. In order to evaluate the
resistance of mortars to biogenic sulfuric acid, the ratio of the cumulative leached calcium
was standardized by the calcium initially present in the exposed materials per surface unit
of exposed surface. The standardized leached calcium is presented as a function of the
sulfate produced. The results presented in this paper come from 5 different campaigns
which were involved in many national and European projects.

2.2.1. Architecture of the Test

The apparatus, presented in Figure 2, consisted of a feeding solution in a 100-liter
thermostatic (4 ◦C) tank (1), connected to the specimens by plastic tubes (0.5–1.0 mm PTFE
natural tubes) that transported the solution from the tank via flow pumps (regulated at
20 ± 5 mL/h) (2) and dropped it onto the top of the specimens (3). The specimens were
placed on supports set at an angle of 5◦ to the horizontal in order to optimize the flow of
the solution over the surface of the specimens. During the exposure period, samples of the
leaching solutions were punctually collected downstream of the cementitious specimens
and filtered immediately at 0.2 µm.
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2.2.2. Exposure Procedure

The first step of the exposure procedure was to inoculate the surface of the material
with a microbial consortium collected from a wastewater treatment plant. This type of
microbial consortium is known to be very diverse in terms of microbial population. Control-
ling the environment (feeding solution, exposed surface of the material, temperature and
relative humidity) encouraged natural selection of the microbial activity and its adaptation
to the surface of the material as in sewer environments [13,26].

The sludge was deposited delicately on the exposed surface of the cementitious
materials using a brush and left to dry for 1 h so that it adhered well to the surface of
the material.

The second step consisted in placing the mortars on the supports while ensuring
that the feeding solution droplets fell onto the exposed surface as described in Figure 3.
The feeding tubes were placed 1 cm above the specimens to avoid contamination of the
tubes by the biofilm. When the flow pumps were started, the first solution droplets were
monitored until they fell off the material downstream. If it did not cover the entire surface
of the material, the liquid film was gently spread over the surface with a brush (the biofilm
was not yet developed at this stage, so there was no risk of distributing it). The pH of
the solution was first measured for each specimen one hour after the beginning of the
testing period.
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2.2.3. Collecting of the Leached Solution

Collecting the leached solution at the downstream end of the specimen over a given
time duration permitted the solution flow over the specimens to be verified, the pH evolu-
tion in the trickling solution to be monitored during the exposure period, and the concen-
trations of leached cementitious calcium and leached sulfate (produced by microorganisms)
to be quantified.

The flow pumps were then stopped and empty collection tubes (30 mL), previously
weighed, were placed downstream of the specimens. The pumps were restarted for a
sampling time of 60 ± 5 min. At the end of this time, the flow was cut off to take out the
collection tubes before restarting it again. The exact leached solution flow over the exposed
surface of the material at day “dn” (in mL/h) was obtained by the following equation:

Qdn = (mcn − mc0)/dw)/tn (1)

with Qdn: flow of the leached solution at day “dn”, expressed in mL/h; mcn: weight of the
collection tubes filled with the leached solution, expressed in g; mc0: weight of the empty
collection tubes, expressed in g; dw: water density, expressed in g/L; tn: collection time,
expressed in hours.

2.2.4. Analyses of the Leached Solution

The pH was measured with a pH meter directly after collection of the leached solutions
in the tubes with a precision of 0.01 pH unit for each sample. The solutions were then
filtered to 0.2 µm to eliminate all parts of biofilm, microorganisms, and particles that could
have fallen into the tubes during the collection period. The liquid samples were stored at
4 ◦C to avoid proliferation.

The concentrations of calcium in the leached solutions were determined using induc-
tively coupled plasma with optical emission spectrometry (ICP–OES) [39–41]. The used
ICP–OES equipment was an Optima 7000 DV with a Meinhart nebulizer. The generator
power was 1450 W. The flows of argon and air (auxiliary gas) were 15 and 0.2 L/min,
respectively. The flow at the entry of the nebulizer was 0.6 L/min.

Firstly, standards of calcium were prepared at 0.5, 1.0, 5.0, 10.0, 20.0, 50.0, and
100.0 mg/L. Secondly, the solution samples were diluted with a factor of 10 to reduce
the calcium concentrations in the leached solutions into the standards concentration range.
ICP–OES is more stable when analyzed liquid matrices are acid; hence, the standards
and the diluted leached solutions were prepared using ultrapure water with 2 vol.% of
nitric acid.
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The concentrations of sulfate in the leached solutions were measured using high-
performance ion chromatography (HPIC) (Dionex ICS-3000). In our conditions, because
of the microbial sulfur-oxidizing activity in the biofilm on the surface of the materials,
the leached solutions contained different types of polythionates, which disturbed the
identification and quantification of the amount of produced sulfate using usual techniques.
A dedicated method was thus developed to measure the sulfate concentrations after
separating the sulfate from the other polythionates. In particular, the pre-column and
column were a Dionex AG11 and an IonPac AS11-HC, respectively. The column flow was
of 1.5 mL/min. The gradient of eluent (KOH) was between 1 and 60 mM and the column
temperature was 30 ◦C. A suppression system (AERS 500 4 mm) was used to increase the
sensitiveness and to reduce the background conductivity of the eluent.

Sulfate standards were prepared at 0.1, 0.5, 1.0, 5.0, 10.0, 20.0, and 50.0 mg/L. The
leached solution samples were diluted with different factors during the testing period. In
the early stages of the test, the concentration of sulfate was known to be very low; therefore,
the dilution factor was 5. However, as the intensification of the attack was observed via the
pH evolution of the leached solution, the dilution factor increased up to 20.

More information about the methods, equipment, and standard solution preparation
used for the chemical analyses are presented in Appendix C.

2.2.5. Presentation of the Leaching Results of the BAC Test

The concentration of sulfate in the leached solution is an indicator of the biogenic pro-
duction of sulfuric acid over the exposed surface of the cementitious materials. Therefore,
the objective here was to express the cumulative leached cementitious ion per the initial
content of the cementitious ion in the exposed material per square meter of exposed surface
as function of the cumulative amount of sulfate produced. In what follows, leaching of
calcium will be used as an example.

The analyses of the leached solutions provided the calcium concentration during the
period of exposure to the BAC test of the different materials. Thus, the flux of leached
calcium for each specimen could be calculated following Equation (2):

F(Ca2+)dn = Qdn × [Ca2+]dn × 10 −3 (2)

with F(Ca2+)dn: flux of leached calcium ions at day dn (in mol/h); Qdn: flow of leached
solution at day dn (in mL/h); [Ca2+]dn: concentration of leached calcium measured in the
leached solution at day dn (in mol/L).

The same calculation was carried out at day dn+1 to obtain F(Ca2+)dn+1 using the
amount of calcium leached between day dn and day dn+1, calculated following Equation (3):

Tot(Ca2+)dn+1−dn = ((F(Ca2+)dn+1 + F(Ca2+)dn)/2) × (dn+1−dn) (3)

with Tot(Ca2+)dn+1–dn: cumulative leached calcium between day dn+1 and day dn, expressed
in mole; (dn+1–dn): the time between day dn+1 and day dn, expressed in days.

Finally, the results of the cumulative cementitious calcium were standardized by the
initial content of calcium in the exposed material and the exposed surface. Thus, the
exposed surface was evaluated based on the dimensions (Section 2.1.3) measured prior
to the exposure of the specimens to the BAC test. The exposed area was calculated using
Equation (4):

S = L × w (4)

with L: the length of the exposed specimen, expressed in m; w: the width of the exposed
specimen, expressed in m.

STot(Ca2+) = Tot(Ca2+)dn+1−dn/Totinit(Ca2+)/S, expressed in molCa/molCa/m2 (5)

Finally, the performance indicator (PI) translates the resistance of material “X” to
biogenic acid attack in sewer conditions compared to the resistance of ordinary Portland
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cement mortar (OPC). However, in order to compare the resistance of a material to that
of the reference material, the ratio should be calculated for the same amount of measured
sulfate. Thus, a linear model was fitted to the experimental results, with the equation:

STotx = A × [SO4
2−] + B (6)

where A and B are constants calculated by the least squares method. Then, the model was
applied to a wide range of sulfate concentration for the different materials. Consequently,
the PI is calculated as follows:

PIx = 100 × (STotx/STotOPC) expressed in % (7)

In order to present the results of the leached cementitious calcium as a function of the
cumulative sulfate, the total leached sulfate was evaluated using the same calculation as
for the cementitious cations.

2.2.6. Maintenance of the BAC Test Pilot during the Exposure Period

The feeding solution passes through the connecting plastic tubes before falling off
on top of the material. Such tubes are not sterile; hence, the risk of developing a biofilm
inside the plastic tubes–which could go up to the feeding solution tank–is not null. The
colonization of the tubes could result in the production of acid not in contact with the ma-
terial, and, thus, bias the results of the test. In order to prevent microorganisms flourishing
in the tubes, the feeding solution was renewed and the tank containing it was cleaned
using bleach every 2 weeks. Before the tank was cleaned, 5 liters of the feeding solution
was collected in an adequate clean container, and the tubes were put into the newly filled
container to ensure continuous supply of the solution to the exposed materials during the
cleaning of the feeding tank. The plastic tubes were renewed regularly, typically every
2 weeks, to stop any microbial growth outside the exposed surface of the material.

3. Results
3.1. pH Evolution and Acid Production

The evolution of pH of the leached solutions is shown in Figure 4. The progressive
development of the biofilm on the surface of the materials led to the production of sulfuric
acid, which induced a decrease in the pH of the leaching solution. This decrease occurred
in four phases: (i) one day after the start of the exposure period, when the pH was
relatively high for all materials, around 8 for non-Portland cement-based materials and 10
for Portland cement-based materials. The first phase lasted for 15 days for all materials.
(ii) From 15 days and depending on the nature of the material, a strong pH decrease to
acidic values (<4) was observed, caused by production of the acid by SOB. (iii) From 30
days and up to 50 days, the pH values of the leaching solutions were between 3 and 4. (iv)
The fourth and last phase was characterized by a relatively constant pH, around 2.5, from
day 50 until the end of the test.

The pH evolution highlighted the differences in the time before acidification between
OPC, BFSC, and CAC. OPC had the highest buffer effect, followed by BFSC and CAC.
However, the use of alumina-based sand instead of silica-based sand provided the material
with a greater neutralizing capacity [13]. CAC-A showed almost the same decrease of pH
of the leaching solution as OPC did. The pH of OPC and CAC-A reached acidic values
after 30 days, compared to 20 and 25 days for CAC-S and BFSC, respectively. However, for
phases 3 and 4, all materials remained at the same range of pH and the difference between
the materials was negligible.

Figure 5 presents the evolution of sulfate production measured in the leached solution.
For the early stages of exposure to the BAC test, a small amount of sulfate was quantified
in the leached solution, corresponding the first phase (i) of the pH evolution. Phase (ii),
corresponding to the decrease of pH from 7 to 4 due to the activity of NSOB as reported in
the literature, showed a slight increase of sulfate concentration in the leaching solutions [6].
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The progressive growth of acidophilic bacteria started around pH 4, where the production
of sulfuric acid increased significantly [6,7,36,42]. Between 30 and 50 days (phase (iii)),
the pH condition limited the activity of the neutrophilic bacteria and led to a transition
period where NSOB and ASOB could cohabit [6,7,43]. This period showed a progressive
increase in acid production, corresponding to the increase in leached sulfate in the same
period. From 50 days, the amount of sulfate increased rapidly in the leached solution–
corresponding to the fourth phase of the pH evolution–due to the acidification of the
medium, leading to the development of more acidophilic SOB and their high activity rate
at low pH (2.5–3) [3,6,7,24,36,43,44].
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3.2. Standardized Calcium Leaching

Figure 6 presents the evolution of standardized leached calcium as a function of pro-
duced sulfate. Except for very low amounts of sulfate (<0.01 mol), the plots are substantially
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linear as a function of produced sulfate. Relatively to their low initial amount of calcium,
CAC materials released less Ca2+ compared to OPC and BFSC. CAC-A material showed
the lowest relative Ca leaching followed by CAC-S, BFSC, and then OPC.

The evaluation of standardized calcium leaching highlighted the performance of each
material respectively to the amount of sulfate produced by the bacteria. Although the
sulfate amount was relatively similar for all the materials, the resistance of each material
was different. Moreover, the pH of the leaching solution showed very similar evolution for
OPC and CAC-A, but the leaching of calcium was completely different.

The results obtained from the BAC test are in accordance with the data in the literature
reporting the exposure of cementitious materials in real sewers. Reducing the amount
of OPC in a binder by substituting with supplementary cementitious materials (such as
slag) could improve the resistance of the material to biogenic acid attack [13]. Moreover,
CAC-based materials showed better resistance to biogenic acid attack in sewer conditions
than OPC and BFSC [12,13,17,19,28,45–47]. The difference in the relative amount of leached
calcium between calcium aluminate-based and Portland-based cementitious materials
increased significantly from 0.02 mol of leached sulfate, i.e., day 50 (pH drop to between
2.5 and 3) of exposure to the BAC test. In addition, replacing inert aggregates (silica-based)
with reactive aggregates (calcium aluminate-based) resulted in better performance of the
CAC material [19,30,47].
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Figure 6. Evolution of the standardized leached calcium as a function of the leached sulfate during
the exposure period.

3.3. Calcium Leaching from the Same Campaign

Figure 7 presents the standardized leached calcium per square meter of the exposed
area of materials as a function of the cumulative leached sulfate in the same testing cam-
paign on four different materials: OPC, BFSC, CAC-S (silica-based sand) and CAC-A
(alumina-based sand). During the active deterioration phase (iv), the 3 specimens of each
material showed very similar behavior in terms of calcium leaching. The variation in the
standardized cumulative calcium for each material was assessed and the error margins are
reported in Table 6. The maximum error margin represents the highest positive difference
between the 3 specimens and the average of these specimens while the minimum error
margin represents the lowest negative difference between the 3 specimens and the average
of these specimens. The variation was less than 13% for all materials, which still indicated
a good repeatability of the results obtained from the BAC test in the same campaign on
3 specimens of the same material.
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Table 6. Error margins for materials tested in the same campaign.

Property Materials
Error Margins (%)

Maximum Minimum

Standardized cumulative leached Ca

OPC +10.96 −8.19
BFSC +2.34 −2.34

CAC-S +5.70 −11.14
CAC-A +12.25 −8.19

3.4. Calcium Leaching from Different Campaigns

Figure 8 presents the cumulative leached sulfate from different materials and from 4
different testing campaigns (noted I, II, III, and IV) using the BAC test. The different colors
distinguish the different campaigns, and the symbols correspond to the different types of
materials. Regarding campaigns I (green) and III (grey), the amounts of cumulative leached
sulfate were similar for the 4 different materials, while for campaign II (blue), the measured
sulfate for CEM V was different from that of the other materials. Campaign IV showed
some differences in the sulfate starting from 50 days, which corresponds roughly to phase
(iv) of the pH evolution. The production of sulfuric acid on a material’s surface is dependent
on the activated sludge (inoculum)–which was not the same for all the campaigns–and
on the physicochemical properties of the cementitious material which could accelerate or
delay the development of the biofilm.

Figure 9 presents the standardized leached calcium per square meter of exposed area
as a function of the cumulative sulfate measured in the leached solution for each material.
When certain results obtained in one campaign are compared to some obtained in other
campaigns, some uncertainty can be observed. For instance, CAC-S from campaign II
(blue) and BFSC from campaign I (green) released similar relative Ca2+ amounts. Moreover,
BFSC from campaign III (grey) released significantly more relative Ca2+ than BFSC from
other campaigns. Furthermore, CAC-S curves overlap the zone where Portland-based
materials are located. Therefore, the durability indicator should integrate the reference
material tested in each campaign, the nature of which is always the same: a CEM I mortar
(see Section 2.1.2).
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Figure 8. Cumulative leached sulfate from different testing campaign using the BAC test.
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Figure 9. Evolution of the standardized cumulative leached calcium per square meter in function of
the cumulative leached sulfate in the leached solution.

The purpose of using the reference material was to classify the performance of the
tested materials independently of the considered campaign. For a given campaign, the PI
(performance indicator) of each material was calculated as the standardized cumulative
leached calcium values divided by the standardized cumulative leached calcium of the
reference material (OPC).

When the amount of sulfate was very low, the biofilm was not yet developed; hence,
the PI of each material was determined for leached calcium concentrations between 0.02 and
0.07 mol of cumulative leached sulfate. Figure 10 presents the relative standardized leached
calcium per square meter as a function of cumulative sulfate concentration measured in
the leached solution together with the calculated PI intervals for all materials.
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The reference materials (OPC) of each campaign had a PI of 100%, which means
that the materials found to have PIs above 100% did not perform as well as the reference
material and materials with PIs lower than 100% performed better than the reference
material. The PIs of CEM V and BFSC were 84% and 80%, respectively. These materials
could be considered to have relatively similar performances, with a slight increase in
resistance (depending on the nature of the materials) compared to Portland cement. CAC
materials–with silica- and calcium aluminate-based sands–performed better than Portland
materials against the biogenic attack. The PIs of CAC-S and CAC-A were 67% and 23%,
respectively, showing the strong influence of the reactive aggregate on the performance of
the mortar.
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ordinary Portland material in the same campaign as function of the cumulative leached sulfate in the
leached solution.

The reproducibility of the results was assessed using the results for the same material
from different campaigns. Although it was highly unlikely that exactly the same material
would have the same PI in different campaigns due to the experimental variations, a confi-
dence interval (CI) was calculated based on the variation observed from the experimental
data and reported in Table 7. The CI gives a zone in which the materials can be identified
according to their performance.

Table 7. Confidence interval for tested materials from four different campaigns.

Property Materials PI (%)
Confidence Interval (%)

Positive Negative

Standardized cumulative leached Ca

OPC 100 - -
CEM V 84 - -
BFSC 80 84 74

CAC-S 67 74 60
CAC-A 23 28 18
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4. Discussion
4.1. Bacterial Settlement and Microbial Activity

The development of the biofilm on the surface of the cementitious materials tested
in the BAC test occurs due to a natural selection of sulfur-oxidizing bacteria from the
activated sludge. Such selection was ensured by the use of tetrathionate as the reduced
sulfur source and confirmed by the evolution of the pH of the surface of the materials.

The four different stages of the pH evolution were consistent with the observations
found on cementitious materials exposed in situ [12,32,48]. In the early stages of the
biogenic attack, the production of sulfuric acid was low due to the low activity of sulfur-
oxidizing bacteria in the inoculum [9,13,26]. However, the sulfate concentration in the
leaching solutions increased after 10 days of exposure to the BAC test, which corresponded
to the development of neutrophilic SOB. During this stage, the production of acid on the
surface of the materials resulted in the decalcification of calcic hydrates–such as CH and
C-(A)-S-H for Portland-based materials, and C3AH6 and CAH10 for CAC-based materials–
and the release of OH− [12,13,33,48].

Although no major disparity was found in the amount of sulfate produced on the
surface of the different materials in the same campaign, the reactivity of the cementitious
phases differed depending on the nature of the materials. The availability of calcic phases,
which are the first to react with the acid, varies from one material to another. For example,
CH and C-S-H constitute roughly 50–60 wt.% of the hydrated matrix of an OPC material,
while C3AH6 forms approximately 40 wt.% of that of CAC material [13,17,32,49]. In
addition, calcic phases in Portland cement appears to be more reactive than calcic phases
found in CAC cement [30,33]. Therefore, the amount and reactivity of the calcic phases will
influence the surface pH and, hence, influence the development of acidophilic bacteria.

Since released hydroxide ions could be considered as the main factor responsible
for the neutralization capacity of the material, the higher amount of OH− released from
calcic hydrates for Portland cement–compared to calcium aluminate cement–could explain
the delay in the acidification for the PC binder [12,13,33]. Blending OPC with slag (BFSC
material) reduced mainly the amount of Portlandite, thus inducing a decrease in the
buffer capacity of the material. Moreover, the influence of the nature of the aggregates
on the buffering capacity of the material was also observed on specimens exposed to the
BAC test [19,29]. Replacing the non-reactive silica-based aggregates (CAC-S) by reactive
calcium aluminate-based aggregates (CAC-A) increased the amount of OH− ions in the
binder. Thus, the buffer effect of the material was extended in time and led to higher
neutralization capacity.

A previous study with the BAC test showed that the calcium leaching from the
materials was linear as function of time during the whole testing period (except for very
low amounts of cumulative sulfate <0.01 mole) [13]. Thus, the deterioration process was
mainly controlled by a surface reaction leading to a dissolution mechanism on the surface
of the specimens with a small contribution of diffusion phenomena.

The acidification of the surface of the CAC-S and BFSC occurred after 20 days of
exposure to biogenic acid attack, while for OPC and CAC-A, it took 30 days for the pH to
reach acidic values. Such acidification resulted in the growth of ASOB accompanied by
the production of a significant amount of acid. While the development of ASOB in sewer
networks takes from several months to several years, as reported in the literature, the BAC
test was able to reach the active deterioration phase of the materials in sewer conditions
after only 1 month [32,48,50].

4.2. Performance Indicator (PI)

In the literature, the durability of cementitious materials exposed to sewer conditions
has mainly been assessed by measuring the mass loss. However, mass loss can misrepresent
the effective durability because it is not unknown for pieces to come loose during the
preparation of the material and the precipitation of secondary phases could disturb this
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measurement; the literature has not reached a consensus on the protocol for measuring this
mass loss (brushing, ultrasound waves, immersion in solution, etc.).

Since the dissolution and the precipitation of the cementitious phases were bounded
by thermodynamic equilibrium and chemical conditions (concentration in the interstitial
solution and pH of the pore solution), monitoring of the pH, sulfate production by the
microorganisms, and cementitious cations released in the leached solution is essential
to evaluate the durability of the materials. Such quantification allows the process of
material deterioration to be monitored as function of pH and the amount of acid that was
in direct contact with the material during the period of the experiment to be quantified.
Moreover, the standardization of the leached calcium as a function of cumulative produced
sulfate allows an association to be found between the quantity and the kinetics of the
calcium leached by the acid attack as well as permitting a comparison of the results from
different campaigns.

The materials tested using the BAC test showed different performances according to
their chemical/mineralogical nature. PC and BFSC matrices are composed of hydrates
mainly in the calcium silicate system, while CAC is composed of hydrates from the calcium
aluminate system [51]. The main parameter influencing the resistance of the materials, as
suggested in several studies, is the mineralogical composition [13,30,32].

When the cementitious hydrates are attacked by acid, decalcification and dissolution
of these phases take place, leading to the release of calcium into the leached solutions.
The classification of the materials according to their resistance to biogenic attack in sewer
conditions was assessed by the parameter of calcium released relative to the amount of
initial calcium in the material. However, in order to determine an absolute performance of
these materials independently of the campaign, an indicator was developed–named the
performance indicator (PI)–to compare the resistance of the material under test to that of
the reference material (OPC) used in any campaign. Using the PI, the classification of the
materials was (from the lowest to the highest resistance): CEM V (84%) < BFSC (80%) <
CAC-S (67%) < CAC-A (23%).

Data from the literature confirm the results obtained from the BAC test in terms of clas-
sification of materials. When Portland cement is attacked by acid, the main phases (CH and
CSH) of this binder decalcify, leaving a porous silica gel that could lead to penetration of the
acid to deeper zones [13,15,25,29,32]. Since the biogenic acid attack in sewers is a combined
attack of acid and sulfate, the penetration of sulfate triggers local precipitation of sec-
ondary expansive phases, mainly identified as gypsum and ettringite [13,17,32,48,52]. The
swelling caused by the precipitation of such phases results in internal stresses and cracking
of the hardened cementitious material, leading to more penetration of the acid [17,20,53].
Blending slag with PC (BFSC) lowers the total content of calcic hydrates likely to react
with the acid, thus improving the resistance of the binder [13,32]. However, the resis-
tance of such binders depends strongly on the amount of slag in the mixture. In addition,
CAC-based materials performed better than PC materials in both laboratory and in situ
conditions [12,13,17,19,30,45,48,54]. The better resistance of CAC was associated with the
lower reactivity of its initial and decalcified phases [13,33]. The literature has reported that
decalcification of C3AH6 leads to a precipitation of AH3 gel. AH3 phases are known to be
chemically stable over a wide range of pH (from ~10 to ~4 depending on the Al concen-
tration) which improves the resistance to the acid even in acidic environments [12,33,54].
Moreover, in a highly acidic medium, the alumina hydrate dissolves and neutralizes more
acid at later stages of the biogenic attack [33]. CEM V was found to perform slightly better
than PC. Such performance could be attributed to the low initial Portland cement content
and the incorporation of different supplementary cementitious materials. C-(A)-S-H are
likely to form in such binders which could have a slightly better resistance than C-S-H
phases traditionally found in hydrated Portland cement. While the literature shows that
CEM V can have a resistance similar to that of PC when exposed to biogenic acid attack in
sewer networks, there is currently no clear explanation or hypothesis on the reasons for its
performance [45,55].
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Finally, the PI has demonstrated its capacity to discriminate between the performances
of aggregates of different natures. The PI showed that calcium aluminate-reactive aggre-
gates performed around 3 times better than inert silica aggregates. Literature data show
that using calcium aluminate-based aggregates with CAC binder significantly improves
the durability of the designed material [18,19,29–34]. Nevertheless, it should be noted
that calcium aluminate aggregates are synthetic aggregates composed of the same min-
eralogical anhydrous phases as the CAC. Hence, compared to standardized silica-based
aggregates, calcium aluminate aggregates could have better adhesion and cohesion with
CAC cementitious matrix which could contribute to their better performance.

4.3. Repeatability and Reproducibility Assessment

The results presented in this paper were acquired over 5 years. Five different testing
campaigns using the BAC test were carried out in different research projects. Ordinary
Portland cement was used systematically as a reference material for all campaigns.

The development of biofilm on the cementitious materials occurred without any
outside intervention. The bacteria–present in the activated sludge–were selected naturally
based on the available substrate, tetrathionate (S4O6

2−) in this case. Hence, the evolution
of the microbial activity can differ slightly from one specimen to another in the early stages
of the test. Nevertheless, as seen from the pH evolution and the production of sulfate, this
phase was characterized by low production of acid and low activity of sulfur-oxidizing
bacteria. The active deterioration phase came later when the biofilm developed on the
surface of the specimens.

The repeatability of the results was determined by the same operator repeating the
same measurement (Ca2+ concentration in the leached solution) at the same time for 3
different specimens of the same material (same formulation, same casting parameters and
same inoculation). The results demonstrated the ability of the test to give very similar
results with relatively small error margins. It should be noted that the values of the relative
standardized calcium were very small (1.0 × 10−4 magnitude), so any slight variation
could lead to a relatively high error margin. Nevertheless, having error margins of less
than 13% reflects very good repeatability in terms of material performances. Moreover, the
kinetics of calcium leaching from the cementitious matrix were very similar.

The reproducibility of the results was determined by the variance between the results
obtained by different operators conducting the same test at different times using the same
equipment in the same laboratory. The variability of the results from one campaign to
another was mainly linked to the development of the biofilm. The decision to use different
activated sludges during the different campaigns was made in order to demonstrate how
representative the test was of the actual deterioration phenomena in sewer networks.
Although the nature of the sludge could differ depending on when and where it was
collected (climate, industrial or residential area, etc.), the behavior of the material toward
the acid attack did not vary. In order to assess the behavior of the materials toward the
different bacterial consortia, a confidence interval was calculated to determine different
zones in which the results obtained experimentally should be found according to each
material. Small variabilities were observed in the results from the different campaigns;
however, these variabilities remained in the areas identified for each material (reported in
Table 7).

5. Conclusions

The paper has presented the full description of the Biogenic Acid Concrete (BAC) test
which was designed to evaluate the performance of cementitious materials to biogenic
sulfuric acid attack in sewer environments. The representativeness of the BAC test with
respect to the in situ phenomena was validated in previous studies [17,26,56]. The results
presented here were collected over five years of experimental campaigns, carried out in
different projects with different materials.
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The BAC test used a source of soluble reduced sulfur (tetrathionate) to quantify the
amount of acid produced by bacteria in contact with the material’s surface. It is safer to
conduct experiments using tetrathionate instead of hydrogen sulfide because of the toxicity
of H2S at high concentrations. In addition, a precise quantification of the reactivity of the
materials was obtained by monitoring the amount of calcium leached during the testing
period. Finally, the test was able to discriminate the performances of different materials
over a period of only 3 months.

The biodeterioration results found with the BAC test were globally in accordance with
in situ and laboratory data from the literature. The selection of sulfur-oxidizing bacteria–
neutrophilic and then acidophilic–was successively achieved by using tetrathionate as
the reduced sulfur substrate in the feeding solution. The microbial activity induced the
production of sulfuric acid, which decreased the surface pH to about 2.5. The biogenic acid
attack led to the decalcification and dissolution of the main cementitious phases, which
resulted in the release of calcium ions in the leaching solutions.

The reactivity of the phases probably controlled the dissolution of the cement matrix
and, thus, the resistance of the materials submitted to the BAC test in aggressive conditions.
The BAC test was able to represent the significant influence of the buffer capacity of the
materials on microbial growth. The evolution of the pH differed according to the chemical
and/or mineralogical nature of the materials.

The capacity of the BAC test to differentiate between the performances of cementitious
materials in a relatively short time (3 months) was emphasized by selecting a wide range
of materials with different chemical and mineralogical compositions. Simply by comparing
the leaching kinetics and the total amount of calcium leached relative to the calcium initially
present in the cementitious material, the contrast in the resistance of the materials, with
respect to their nature, was highlighted.

The performance indicator (PI) was developed in order to classify the cementitious
materials according to their resistance to biogenic sulfuric acid attack in comparison
with the resistance of Portland cement. This classification was in accordance with the
observations and results obtained in various studies carried out in situ in several parts of
the world and reported in the literature.

The repeatability of the results was demonstrated by monitoring the leaching kinetics
and the total amount of calcium ions leached within the same campaign on several speci-
mens of the same material. Likewise, the reproducibility of the results was assessed over
various testing campaigns. This led to the development of a confidence interval around
the PI values, where all materials of the same nature were located inside the interval.
The comparison between different experimental campaigns was made possible by the
standardization achieved by comparing the results obtained to the performance of OPC
material (reference material).

Author Contributions: A.A.: conceptualization, methodology, formal analysis and investigation,
writing—original draft preparation, visualization; M.P.L.: conceptualization, methodology, formal
analysis and investigation, writing—review and editing, visualization, supervision; A.B. (Amaury
Buvignier): formal analysis and investigation; M.F.: methodology, formal analysis and investigation;
M.S.: methodology, formal analysis and investigation; M.B.: methodology; T.P.: formal analysis
and investigation; O.R.: methodology, formal analysis and investigation; C.P.: writing—review
and editing, supervision; E.P.: conceptualization, methodology, supervision, project administration,
funding acquisition; A.B. (Alexandra Bertron): conceptualization, methodology, writing—review
and editing, visualization, supervision, project administration, funding acquisition. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by several projects and entities during the last decade, in
particular the research center of Saint-Gobain PAM, the FUI-DURANET project, the French National
Perfdub project, the IUF Grant (A. Bertron junior IUF Grant), and via the TBI and LMDC’s own funds.

Data Availability Statement: Data is contained within the article or Appendix.



Materials 2021, 14, 686 20 of 24

Acknowledgments: The authors wish to express their grateful thanks to Vanessa Mazars and Pierre
Nicot (LMDC) for their work and analytical support during all these years.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

An adapted protocol from the European standard NF EN 196-2 was used for chemical
analyses of cements [27]. The analyses had 3 components: the first component concerned
the total element content (Si, Al, Ca, Mg, Mn, Fe, Na, K, Ti, P, Cr, Sr, etc.) which was assessed
via the fused cast-bead method followed by an acid attack and an analysis by wet chemistry.
The concentration of elements was further quantified by ICP–OES. The anhydrous cement
was slightly crushed to <80 µm, and 0.2 g of the powder was put into a vitrified graphite
crucible. A 1.2 g sample of lithium borates (25% metaborate/75% tetraborate) was added
to the cement powder and mixed a homogenous mix. The graphite crucible was inserted
into a graphite sheath with a cover and was put into a muffle furnace at 1100 ◦C for 30 min.
The graphite crucible was taken out of the furnace and was put aside for 5 min to cool
down before inserting a magnetic bar into the crucible. Consequently, the set (crucible
+ magnetic bar) was put into a solution made of 100 mL of ultrapure water + 5 mL of
nitric acid (HNO3 plasma pure). Continuous stirring using the magnetic bar was carried
out until the total dissolution of the beads. Once the beads were completely dissolved,
the liquid solutions were filtered into a vial using quantitative adequate filters, and the
volume of solution was adjusted to 250 mL with ultrapure water. The second component
concerned the quantification of oxyanions fluoride, sulfate, nitrate, and phosphate in the
cementitious matrix, which were quantified via high-performance ion chromatography
(HPIC) in a solution prepared via acid attack of the cement powder sample, since the
analysis of the solution issued from the fused cast-bead attack was too concentrated in
lithium. The cement was slightly crushed to <80 µm and 1 g of the powder was put into
a hydrochloric acid solution (95 mL of ultrapure water + 5 mL of HCl plasma pure). The
mix was boiled for 2 min with continuous stirring using a glass spatula. The liquid mix
was filtered into a vial using quantitative adequate filters, and the volume of solution was
adjusted to 250 mL with ultrapure water. The third component concerns the ignition loss,
which was carried out following the European Standard NF EN 196-2 (ranking index: P
15-471-2).

Moreover, a reference cement provided by the Bureau of Analysed Samples LTD (BCS-
CRM No.353), the composition of which is certified (British chemical standard certified
reference materials), was used systematically to calibrate the analyses. The chemical
composition of this reference cement was obtained from 9 independent analysts [57].

Appendix B

Table A1 presents the elemental chemical composition of the cements used in this
study. However, the chemistry of cements is a chemistry of oxides where the composition
of cements is expressed in oxides of the elements (Ca, Si, Al, Fe, Mg, Mn, Ti, K, Na etc.).
The oxide composition results from calculations from the elemental composition by a molar
mass ratio of the corresponding oxide (CaO, SiO2, Al2O3, Fe2O3, MgO, Mn2O3, TiO2, K2O,
Na2O, etc.). The complementary to 100 wt.% comprises the content of oxygen and the loss
on ignition (provided Table 1).

Table A1. Elementary chemical composition (in wt.%) of the different cements used in this study.

wt.% Ca Si Al Fe SO4 Mg Ti K Na P Mn

OPC 46.87 9.34 2.91 1.94 4.76 0.70 0.15 0.21 0.09 0.17 0.10
BFSC 35.12 13.84 4.96 0.85 3.86 2.83 0.31 0.49 0.18 0.03 0.19

CEM V 33.14 14.04 5.88 2.51 3.36 1.66 0.35 0.96 0.16 0.27 0.08
CAC 27.11 2.38 27.50 1.14 0.05 0.19 1.23 0.30 0.06 0.05 0.01
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Table A2 presents the detection limit of the used machines (ICP–OES and HPIC), the
error for each compound as well as the standard deviation of the results. The detection limit
for each compound was obtained from the characteristics of the machine (ICP–OES and
HPIC). A reference cement was used to determine the error for each compound between
the analyzed cement and the theoretical values which were obtained from the certificate of
analysis of the reference cement. Finally, the reference cement was analyzed five times to
determine the mean and the standard deviation of the results.

Table A2. Detection limit and error for each element and the standard deviation (SD) of the results on the reference cement.

Parameter Ca Si Al Fe SO4 Mg Ti K Na P Mn

Detection limit (mg/L) 0.010 0.012 0.028 0.005 0.05 0.002 0.004 0.070 0.069 0.076 0.001
Error (%) 0.02 0.04 0.02 0.01 0.01 0.02 0.06 0.10 0.60 0.17 0.04

SD (mg/L) 0.39 0.21 0.13 0.10 0.02 0.06 0.01 0.04 0.01 0.01 0.00

Appendix C

The analyses of the leached solutions were carried out using ICP–OES to determine
the calcium concentrations and using HPIC to determine the sulfate concentrations in the
leached solutions.

Regarding the calcium analysis, the concentrations of calcium in the leached solutions
were very high, and the analytical method was adapted according to dilution factor, con-
centrations of standard solutions, wavelengths, and observation techniques to obtain the
concentrations of calcium with the highest precision possible using ICP–OES. More specifi-
cally, (i) the calcium concentrations were situated in the optimal range of concentrations
(between 0 and 100 mg/L) where the signal was optimized for the calcium element; (ii) the
concentrations of standards were adapted to preserve the linearity of the calibration curve;
and (iii) the wavelength of calcium spectrum was set to 317.933 nm.

For ICP–OES, the standard solutions, the concentrations of which are presented in
Table A3, were prepared in ultrapure water with 2 vol.% of HNO3 plasma pure and a
fondant at 4.8 g/L. The fondant was added to the standards to obtain the same matrices for
the samples and the standards. Mono-element solution (with a concentration of 1000 mg/L)
was used to prepare the standards for Si, Na, and K, and multi-element solution (with a
concentration of 100 mg/L) was used to prepare the rest of the elements (Ca, Al, Fe, Mg, Ti
and Mn).

Table A3. The concentrations of the standard solutions used for cement chemical analyses by ICP–OES

Standards 1 2 3 4 5 6 7 8 9 10 11 12

Multi (mg/L) 0.00 0.01 0.02 0.05 0.10 0.20 0.50 1.00 2.00 5.00 10.0 20.0
[Si] [Na] [K] (mg/L) 0.00 - - - 0.10 0.20 0.50 1.00 2.00 5.00 10.0 20.0

For HPIC analyses, the standard solutions, the concentrations of which are presented
in Table A4, were prepared in ultrapure water with 0.08 vol.% of HCl plasma pure using
the targeted concentrations presented in the table below. We have used a multi-element
solution containing F−, SO4

2−, NO3
−, and PO3

4− to prepare the standards. However, the
concentrations of the oxyanions were different ([F−] = 100 mg/L, [SO4

2−] and [NO3
−] =

500 mg/L, and [PO3
4−] = 1000 mg/L); hence, the different concentrations for the standards.

Table A4. The concentrations of the standard solutions used for cement chemical analyses by HPIC.

Standards 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

[F−] (mg/L) 0.00 0.01 0.02 0.04 - 0.10 0.20 - 0.50 1.00 2.00 - 4.00 - - - -
[SO4

2−] [NO3
−]

(mg/L)
0.00 - - - 0.05 0.10 0.20 - 0.50 1.00 - 2.50 - 5.00 10.0 20.0 -

[PO4
3−] (mg/L) 0.00 - - - - 0.10 0.20 0.40 - 1.00 2.00 - - 5.00 10.0 20.0 40.0
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