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Abstract This paper reports on the assessment of
durability and long-term performance of a cement
matrix subjected to heterotrophic microbial mediated
degradation. In near surface disposal facilities for
hazardous and radioactive wastes, microbial activities
may likely, in a long-term perspective threaten the
integrity of cement-solidified wastes. To investigate
the detrimental impact of heterotrophic microorgan-
isms on cement matrices, Aspergillus niger reputed as
versatile and prevalent fungus in soil flora was
selected as candidate. It was shown that this fungus
has the potential of severely degrading ordinary
Portland cement pastes through organic acids pro-
duction. Cement pastes experienced chemical
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alterations such as substantial leaching of calcium,
and mechanical degradation was evident as high-
lighted by the drastic decline in Young’s modulus.
Their poor behaviour with respect to heterotrophic
biodeterioration and susceptibility to failure were
therefore demonstrated. Consequently, biolixiviation
scenario should be seriously considered in order to
ensure safe long-term disposal for cement-solidified
wastes.

Résumé L’article concerne l’étude du comporte-
ment et des performances d long-terme d’une pdte de
ciment vis-da-vis de la biodegradation associee aux
microorganismes heterotrophes. Dans les installa-
tions d’entreposage et de stockage en surface des
dechets radioactifs, les activites biologiques recen-
sées peuvent in fine compromettre [lintegrite’ des
dechets solidifies par liants hydrauliques. Afin
d’évaluer 'impact de ces activites sur les matrices
cimentaires, un champignon ubiquiste dans les sols,
Aspergillus niger, a ete” selectionne” et mis en ceuvre
dans un essai de biolixiviation. Cette etude montre
clairement que [’attaque d’une pdte de ciment
Portland par Aspergillus niger est particulierement
severe et due essentiellement aux acides organiques.
L’attaque se traduisant essentiellement par une
lixiviation substantielle en calcium et par la chute
du module d’Young. Le scenario de biolixiviation
devrait donc étre serieusement considere dans 1’ opti-
que d’un stockage siur des dechets radioactifs

stabilises par liants hydrauliques.
nilem
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1 Introduction

Concrete is an inherently durable material that will
last for a long time if it is correctly mixed according
to specific guidelines and properly designed for its
intended environment and use. However, it is poten-
tially vulnerable to a variety of deterioration
mechanisms and, in particular, it may be corroded
by biodeterioration processes promoted by microbial
activities. It is believed that the high pH, almost 13.5,
imposed by concrete will effectively curtail microbial
growth; however there is some evidence that several
microorganisms can readily colonize cement-based
materials despite their alkalinity [1-3].

Concrete is commonly used as an engineered
barrier material in near-surface disposal facilities for
the solidification and stabilization of hazardous and
radioactive waste. The ubiquitous occurrence of
many types of microorganisms isolated from low-
level radioactive waste environments has raised
concerns that microbial activities could jeopardize
the integrity and long-term performance of disposed
waste. Moreover, concrete is fundamentally unstable
in water and its properties change over time. It is
therefore important to understand and assess the long-
term interaction between the cement materials,
groundwater and microorganisms likely to be present
in the repository in order to ensure safe long-term
disposal.

Cement-based materials are all prone to microbial
attack. Most investigations in the literature related to
concrete biodeterioration chiefly incriminate bacteria,
whose activities are deemed to be the primary cause
in the deterioration of concrete, especially in sewer-
age networks [4—7]. Fungi and heterotrophic bacteria
have, to a certain extent, been underestimated in the
biodeterioration process. Cement degradation by
fungi isolated from soil and tolerant of alkaline
conditions was demonstrated by Perfettini et al. [2].
Their results indicate a potential threat to cement

materials if the associated microorganisms are sup-
plied with substrate. Fungal induced degradation of
concrete occurred more quickly than bacteria-influ-
enced degradation with complexolysis suggested as
the main mechanism of calcium dissolution [3].
Gaylarde et al. [8] reported that fungi isolated from
building facades include many genera representative
of air and soil flora and pointed out the susceptibility
of concrete to degradation by heterotrophic microor-
ganisms. Fungi are also particularly blamed for
staining and spoiling the esthetic appearance of
building facades [9].

Fungi are liable to colonize cement matrices and
are able to impair their integrity in fine by excreting
organic acid metabolites, which react with the
hydrates and lead to substantial leaching of calcium
[10]. Due to their filamentous growth habit and
ability to produce and exude organic acids, protons
and other metabolites, fungi are efficient biological
weathering agents of building materials [11]. The
biodeterioration phenomenon may be regarded either
as a direct (or physical) attack by the biofilm coating
the material, which results in hyphae penetrating
through the accessible pores, and/or an indirect (or
chemical) attack by their metabolites, mainly organic
acids. Chemical attack, however, seems to be
predominant [2, 10, 12]. In the agricultural environ-
ment, severe damage has been diagnosed in concrete
floors and structures intended to store silage effluents
or liquid manure, which is suspected to arise through
chemical attack mainly induced by acetic and lactic
acids [13-15]. These acids can severely deteriorate
concrete especially at high concentrations. Bertron
et al. [16] investigated the effect of organic acids on
cement pastes. They reported decalcification of the
altered zone, progressive dissolution of all crystal-
lized phases and the probable formation of a silica gel
enriched with silicon, aluminum and iron in the
superficial layer. In their conclusion, they stated that
attack by organic acids may be compared with that by
strong acids.

This paper assesses the durability performance of
cement matrices subjected to a bioleaching process
(biodeterioration enhanced by leaching) by hetero-
trophic microorganisms, considered as a plausible
scenario for concrete deterioration in near-surface
disposal sites for hazardous and radioactive waste
storage. Preliminary results on exposing an ordinary
Portland cement paste to Aspergillus niger fungus for
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Table 1 Composition of the fungal culture medium

Components mg/1 Components ng/l
KH,PO, 136 CuSO, - 5H,0O 0.5
Na,HPO, 60 BH;0; 1
MgSO, - 7TH,0 70 MnSO, - H,O 1
NH4NO; 100 ZnSO, - TH,O 1
CaCl, 10 Mo7(NHy)6024 - 4H,O 10
FeSO, - TH,O 0.2 Co(NOs3), - 6H,O 1
Glucose 10,000

almost 15 months are discussed, with an emphasis on
understanding the mechanisms of biodeterioration.

2 Materials and methods
2.1 Microorganisms and culture medium

The microorganism selected for investigating the
detrimental impact of heterotrophic biodeterioration
on the long-term performance of cement-based
materials was the fungus Aspergillus niger van
Tieghem (DSMZ' 823). This acidophilic fungus is
ubiquitous and commonly found in soil environ-
ments. Aspergillus niger 1is known to tolerate
relatively high pH, and is consequently a suitable
candidate for assessing the durability of cement
materials with regard to bioleaching phenomena. The
composition of the fungal growth medium used in
this study is given in Table 1. Ohshima et al. [17]
demonstrated the ability of Aspergillus niger to
colonize mortar and found that the fungus was highly
dependent on a source of organic carbon for optimum
growth. The Aspergillus niger strain was therefore
supplied with glucose as a carbon source (substrate),
in order to ensure optimum favorable conditions for
fungal growth.

2.2 Cement paste specimens
This study was conducted on pastes made with an
ordinary Portland cement designated in European

Standard EN 197-1 as CEM I 52.5 N CP2. Their
compressive strength and flexural strength measured

! German Collection of Microorganisms and Cell Cultures

on4 x 4 x 16 cm® prisms at 28 days age were 57.3
and 7.4 MPa, respectively. The chemical composi-
tion of the cement is given in Table 2. The water/
cement mass ratio of the pastes was 0.5. The
hardened cement paste specimens were cylindrical
in form, 220 mm high and 110 mm in diameter. The
specimens were demolded 24 h after pouring and
stored in a basic solution (NaOH = 3 g/],
KOH = 10 g/l) reconstituting the interstitial phase
of a hardened cement paste, in order to limit all
preliminary leaching, at 20°C for 27 days. After-
wards, the specimens were cut into discs 30 mm thick
and 110 mm in diameter. The density of the hardened
cement paste determined after 28 days in accordance
with AFREM-AFPC protocol [18] was 1.42 and the
water-opened porosity was 46%. The porosity of the
cement paste determined by mercury intrusion po-
rosimetry, after drying at 50°C until constant mass,
was 22.6%.

2.3 Experimental approach

The cement pastes were subjected to an accelerated
biodeterioration test using the protocol described in
detail in a previous paper [19]. The accelerated test
consisted in putting 12 cement paste specimens in
contact with the microbial growth medium (called the
lixiviating solution) containing mainly glucose (sub-
strate) and the candidate Aspergillus niger. The L/S
mass ratio (mass of the leaching solution divided by
the exchange surface of the solid) was 10 g/cm?. The
leaching solution was renewed at a ratio of 20%
every 2 weeks. In parallel, Aspergillus niger inocu-
lum was added regularly to the leaching solution also
at the same frequency, i.e. every 2 weeks with a

Table 2 Chemical composition of ordinary Portland cement

Oxide Wt. % Oxide Wt. %
CaO 65.82 K>0 0.11
Si0, 21.84 P,0s 0.07
AL Os 4.13 Na,O 0.04
Fe,O53 0.28 Loss on ignition 4.18
MgO 0.61 Total 99.84
SO; 2.56 CaOyrec 0.42
MnO 0.001

TiO, 0.2 Blaine (cm?*/g) 3970
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volume of 0.51. The age of the inoculum was
2 weeks. The ratio L/S was always maintained
constant and equal to 10 g/cm®. This procedure
provided an accelerated simulation of fungal attack
on cement pastes. The analyses carried out on the
leaching solution included the investigation of elec-
trical conductivity, pH, calcium (by inductively
coupled plasma ICP), and biogenic organic acids
(by high performance liquid chromatography HPLC)
[19]. Degradation of cement pastes was assessed by
analyzing the solid phase using various techniques,
including optical and SEM observation, SEM-EDX
micro-analysis, X-ray diffraction and indentation
tests. Two cement paste samples were extracted
every 12 weeks for analysis and readjustment of the
leaching solution. This was done to maintain a
constant L/S ratio over time. The biodeterioration
test was performed under aerobic condition in order
to enhance fungal growth and consequently the
biodeterioration process. Two control tests were
carried out in order to investigate the effect of the
deionized water and the fungal culture medium
(without glucose). The second test is more relevant
to measure the deleterious action of heterotrophic
microorganisms. Consequently, only the second con-
trol test will be presented in this paper.

3 Results and discussion
3.1 Naturalistic approach

SEM examination of the degrading cement paste
specimens showed cracks over the surface, as well as
dissolution—precipitation features such as precipitated
calcite CaCO; and calcium oxalate (weddellite
CaC,04 - 2H,O and whewellite CaC,04 - H,O)
which are characteristic of concrete chemical attack
induced by carbonic and oxalic acids. Fungi can
induce chemical weathering of cement matrices
through the excretion of organic acid metabolites;
moreover CO, released during respiration can lead to
carbonic acid attack. Extensive hyphae in situ were
clearly distinguished (Fig. 1e). However, it was not
possible to identify Aspergillus niger in the biofilm
structure coating the altered cement paste specimens;
a point that may be explained by the fact that this
fungus is completely aerobic.

3.2 Leaching phase analyses
3.2.1 Conductivity-pH

The conductivity gives a qualitative indication of the
amount of ions leached by cement pastes during
exposure to microbial (fungal) attack and therefore
provides information concerning the mineralization
of the leaching solution over time. Basically a cement
matrix contains a porefluid (interstitial phase) with a
very high pH (pH > 13) which ensures and maintains
the stability of the hydrated cement phases. Contact
between this matrix and deionized water firstly leads
to rapid lixiviation of K* and Na* alkalis and also of
Ca** ions. This salting out of ions tends towards the
establishment of an equilibrium between the intersti-
tial phase and the surrounding environment, the
equilibrium pH being around 12-13. This pH is
relatively high and can therefore slow or even inhibit
the development of microorganisms, including fungi.
In order to accelerate the fungal colonization process,
a buffered medium was used to moderate the pH to
make it more favorable for fungal growth. The fungal
culture medium (without glucose) provided the
essential nutritional elements required by the micro-
organisms for growth and (due to the phosphates)
buffered the lixiviating solution in contact with the
cement paste to a pH of approximately 8 (Fig. 2).

In the presence of fungi, the electrical conductivity
of the lixiviating solution rapidly evolved towards a
value close to 10 mS/cm after 2 months trial time
(transitional regime), then tended to stabilize at that
value (stationary regime). This phase of increasing
conductivity was associated with the dissolving of the
calcium in the cement matrix and accompanied by a
fall in pH to approximately 5. This drop in pH
correlated to the production of metabolites (organic
acids) by the fungi. We also observed, once the
stationary regime had been established, a tendency
for the pH to stabilize between 4 and 5, with
occasional increases in pH probably due to a lack
of glucose (in the fungal growth medium). When
there is a shortage of glucose, the organic acids
produced by the fungi may, in their turn, be
assimilated and degraded, which could explain these
increases in pH. The evolution of pH over time thus
indicates that the biolixiviation of cement paste
essentially corresponds to a chemical attack due to
organic acids.
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Fig. 1 SEM images of (a,
b) deterioration of a cement
paste exposed to microbial
weathering for 6 months,
cracking is evident, as well
as the presence in situ of
precipitated calcite and
calcium oxalate (scale bar,
100 pm); (c) an extensive
hyphal network over the
surface, cf. (e) for more
details (scale bar, 50 pm);
(d) biogenic calcium
oxalate dihydrate in situ
(bipyramidal form) (scale
bar, 10 pm). (e) Hyphal
network observed over the
cement paste surface, (scale
bar, 50 pm)

100  -= Bioleaching cond.
H o Control cond.
ul -o- Bioleachi:
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0,1
0 100 200 300 400

Time (days)

Fig. 2 Conductivity-pH versus exposure time
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3.2.2 Leached calcium and organic acids

Once established in the microbial growth medium,
fungi acidify their immediate environment by excret-
ing organic acids and carbonic acid. These acids lead
to a chemical attack of the cement paste. During the
transitional regime, the total quantity of organic acids
progressively increased to reach a value between 300
and 400 mmol/l (Fig. 3). A priori, this growth phase
was the cause of the drop in pH. In parallel, the
concentration of dissolved calcium also showed an
increasing trend and reached a value of about 5 g/l.
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Fig. 3 Calcium-sum organic acids versus time

This significant salting out of calcium can be
explained by the dissolving of portlandite Ca(OH),
and the decalcification of C-S—-H hydrates and
sulfoaluminates of calcium phases (aluminum—iron—
mono AFm and aluminum-iron—tri AFt). After
2 months of biolixiviation, a stationary regime
became established in the lixiviating solution, with
the calcium stabilizing at around 5 g/l on average and
the total organic acid content at around 400 mmol/l.
Between 244 and 321 days (Fig. 3), we can also
observe an above average increase in the calcium
concentration, which was probably due to the
increase in biomass accompanied by the production
of more organic acids. However, it is not easy to
corroborate this hypothesis, because the biomass
present in the lixiviating solution was not quantified
during the biolixiviation trial. The predominant
organic acids (metabolites) secreted by fungi are
oxalic, acetic, butyric and lactic acid. These acids are
involved in the process of chemical attack of the
cement matrix. Figure 4 shows the evolution over

-o- Oxalic acid
©o- Lactic acid

80 — Acetic acid
—+ Butyric acid

Organic acids %

500
Time (days)

Fig. 4 Distribution of organic acids versus time

PiEM

time of the concentrations of these acids as %. It can
be seen from this figure that percentages of oxalic and
butyric acids were relatively constant as from the 2nd
month of the biolixiviation trial. The proportion of
lactic acid was below 10% of total acids for the first
8 months and then increased to reach 30% of total
acids. In parallel, acetic acid followed an inverse
trend compared with lactic acid. The concentration of
acetic acid was up to 30% of total acids during the
first 8 months and then dropped below 10% of total
acids. This phenomenon could be explained by a
change in the metabolism of the microorganisms
present in the lixiviating solution as from the 8th
month, which favored the production of lactic acid to
the detriment of acetic acid.

A priori, the chemical attack of Portland cement
paste by organic acids takes place in three main
stages [20]: decomposition of hydrates, mainly port-
landite Ca(OH), (1) and C-S-H (2), formation of
calcium salts, and possibly dissolving these salts
depending on their solubility in water (Table 3). In
the formulas (1) and (2), the organic acid is
represented by the generic formulae AH, and the
calcium salt is represented by the formulae CaA,.
Table 3 shows that acetic and lactic acids are more
corrosive than oxalic and butyric acids. The chemical
attack due to oxalic acid (the predominant acid in the
lixiviating solution, Fig. 4) could be considered as
negligible or even beneficial, since it leads to the
formation of an insoluble calcium salt. These oxalate
crystals, which accumulate in the pores of the cement
paste, can block the pores and act as a diffusion
barrier, thus limiting the lixiviation of calcium.

Ca(OH), + 2AH — CaA, + 2H,0 (1)

xCa0.ySi0,.zH,0 + 2xAH

— xCaA; + ySi(OH), + (x — 2y + z)H,0 (2)

Bayoux et al. [20] carried out a study on the
alteration of high alumina cements, which have a
better behavior in comparison with ordinary Portland
cements, in various acidic environments. In their
conclusions, they stated that the main parameters
governing acidic corrosion by organic acids are
inter alia:

e The thermodynamic stability of the cement paste
hydrates

e The acid concentration, which is directly related
to the intensity of corrosion
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Table 3 pK values of organic acids excreted by Aspergillus niger fungus and solubilities of associated calcium salts®
Acid pK values Calcium salt Solubility, in g/I®

pK; PK> pK3 Cold water Hot water
Acetic 475 - - Ca(C,H;0,), - H,O 43.6° 34.3100

Ca(C,H;0,), - 2H,0 34.7% 33.5%

Lactic 3.86 - - Ca(C3Hs03), - 5H,0 3.1° 7.9%
Butyric 4.81 - - Ca(C4H,0,), - 3H,O S sl. s
Gluconic 3.86 - - Ca(CgH;;07), - HyO 3.3 -
Propionic 4.88 - - Ca(C3Hs0,), - H,O 49° 55.8100
Oxalic 1.23 4.19 - CaC,0, - H,0 0.007%° -
Citric 3.08 4.74 5.4 Cas(CgHs0-), - 4H,0 0.085'3 0.096%
Formic 3.75 - - Ca(HCO,), 16.2° 18.4100
# s: soluble, sl. s: slightly soluble
> Handbook of Chemistry and Physics, David R. Lide Eds., CRC Press, 1993-94, 447450
e The solubility of the calcium salts (and perhaps o

aluminum salts if the pH is below 4), which is the
most important parameter

3.3 Biodeterioration pattern

The degraded thicknesses of cement pastes are
determined using one of the two specimens extracted
approximately every 3 months. At 14 weeks of
biolixiviation test, experimental results obtained for
both cement paste specimens (degraded thicknesses,
EDX and XRD analyses, and Rochart test) were
almost identical, and thus it was decided to carry out
the analyses on one specimen for next times. The
potential for degradation of cement pastes by bio-
genic organic acids is evident from the
biodeterioration pattern (Fig. 5). Examination of
sectioned cement pastes subjected to bioleaching for
almost 15 months showed typical zones of differen-
tial corrosion. A distinct difference was observed
between the outer altered zone and the inner unaf-
fected zone (sound zone) divided by a fairly sharp
boundary. The altered zone (Fig. 5) could be subdi-
vided into four distinct zones: the outer corroded
zone including zones 1 and 1bis (4,900 pm thick)
were severely degraded and had undergone signifi-
cant microstructural alteration. Theses two zones
obviously had a porous structure. The inner degraded
zones, 2 and 3, were distinguished by a dense
structure and were often traversed with cracks, in
particular at the interface boundary, which is typical

Fig. 5 Biodeterioration pattern of the cement paste (polished
section) that was exposed to fungal biolixiviation for almost
15 months, exposed edge is on the left (scale bar, 2 mm)

of the expansive effects of sulfate attack but may
simply have resulted from the drying of the sample.
The kinetics of biodeterioration of the cement pastes
could be investigated using the thickness of the
altered zone and the degraded volume, which is
determined by the formula (3).

Vio=mn-re-|1— 1—é . 1—2é 3
)] e

where 0 represents the thickness of the degraded zone
and the couple (r = 55 mm, e = 30 mm) represent
respectively, the ray and the thickness of the cylin-
drical test sample. Table 4 gives the thickness and
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Table 4 Degraded
thickness, variation in

volume and calcium
leached

Time (weeks) 14 27 39 51 63
Thickness (mm) 4.8 6.3 7.5 9.1
Volume (mm?®) 78,750 123,600 155,450 178,800 207,000
% Degraded vol. 434 54.5 62.7 72.6
% Calcium leached 16.4 27.8 334 37.0

volume of the altered zone after 14, 27, 39, 51 and
63 weeks of bioleaching. It should be noted that the
thicknesses of the altered zones given in this table
were based on those determined by optical micros-
copy (Fig. 5). The thickness of the altered zone after
15 months of bioleaching was about 8-9 mm, and
five times higher than the thickness of the degraded
zone for the control test (leaching test with deionized
water). Figure 6 illustrates the evolution of the
volume and thickness of the altered zone over time.

By way of comparison with other works on the
alteration of cement pastes by organic acids, we can
cite the study carried out by Bertron et al. [16]
concerning the behavior of cement pastes in the
presence of a mixture of organic acids designed to
simulate manure slurries (aggressive solutions gen-
erally stored in concrete silos). This mixture, together
with other components, included acetic and propionic
acids at respective concentrations 12.6 and 2.8 g/l.
The thickness of the degraded layer obtained after
18 weeks of immersion was estimated to be about
5.5 mm for a Portland cement paste with a water/
cement ratio of 0.27 (pH maintained at 4, aggressive
solution renewed every 6 weeks).

Braam et al. [13] carried out immersion tests on
concrete prisms in a mixture of lactic and acetic acids
at respective concentrations 50 and 17.5 g/l. They

80 4 r1s
70 4 0 Degraded volume % y=15 106x"7
4 Degraded thickness 12 ,g
32 60 4 £
5}
_§ 50 Lo &
2
Z 40 g
3 y=0,1103x"7! =
2 30 o re g
2 g
a 20 50
L3 8
10 4
0 T T T T T T T T T 0
0 100 200 300 400 500
Time (days)

Fig. 6 Degraded volume % and degraded thickness versus
time

obtained a degraded thickness of 6.3 mm after
12 weeks of immersion (pH between 2.1 and 4,
aggressive solution renewed when the pH rose above
4) for Portland cement concrete. De Belie et al. [14],
who studied the effect of a mixture of lactic and
acetic acids at 30 g/l on concrete prisms, estimated
the degraded thickness after 32 days of immersion to
be 1.4 mm (4 total renewal cycles, initial pH about
2.1 and pH maintained below 3 by addition of lactic
and acetic acids).

3.4 EDX analyses

The degradation of the cement pastes was assessed by
scanning electron microscopy (SEM) combined with
energy dispersive X-ray (EDX) analysis of polished
sections by investigating changes in elements along a
transverse line on the specimen surface. The instru-
ment used was a FEI QANTA 200 ESEM FEG
equipped with an Oxford Inca Energy Dispersive X-
ray system for chemical analysis. One of the two
degraded cement paste specimens extracted almost
every 3 months was analyzed.

Figure 7 shows quantitative oxide compositions
along a transverse from the sample edge for a cement
paste exposed to bioleaching for almost 15 months.
Despite some noise resulting from the heterogeneity
of hydrated cement paste, the distribution of oxides
(Fig. 7) shows four zones of different chemical
composition with regard to oxides. The thicknesses
of the altered zones (4.8, 0.9 and 2.7 mm, respec-
tively for the zones 1 + 1bis, 2 and 3) are very close
to the thickness visually identified by optical micros-
copy. The sound zone is characterized by a relatively
stable oxide composition. Calcium content gradually
decreases in zone 3, and then shows a rather steep
gradient pattern in zone 2. Outer zones 1 and 1bis
exhibit substantial leaching of calcium and are
mainly composed of SiO, and Al,Oj3, and therefore
correspond to a silica—aluminum gel. Due to the
drastic depletion of calcium in zones 1 and 1bis, the
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silica and aluminum contents of these zones are
significantly higher than in the sound zone. This
increase was also observed in the work of Bertron
et al. [16], who studied the effect of a mixture of
organic acids on cement pastes, and in the study
carried out by Knight et al. [21] on the alteration of a
Portland cement paste due to Acidithiobacillus thio-
oxidans bacteria. Zones 1 and 1bis also showed a
significant decrease in sulfate, and magnesium was
slightly reduced in comparison with the stable
content of MgO in both zone 3 and the sound zone.

EDX analysis clearly revealed that calcium leach-
ing is the main biodeterioration mechanism induced
by microbial population, inter alia by Aspergillus
niger fungi established in the leaching solution. The
amount of calcium leached from the cement paste
(qualitative percentage) can be determined using
Fig. 7. The calcium leached is approximately calcu-
lated by the surface delimited by the curve of calcium
and the plateau corresponding to the sound zone
(trapeze method, J€[0-15 mm] where ¢ is the
distance from the edge). The qualitative amounts of
calcium leached from the altered cement paste
specimens are given in Table 4.

Figure 8 illustrates the variation of the CaO/SiO,
ratio in function of the depth of the altered cement
paste. The sound zone is characterized by a relatively
stable ratio below 2.5 and corresponds to the CaO/
SiO, ratio of C-S-H hydrates increased by the
calcium from portlandite Ca(OH), and hydrated
sulfoaluminates corresponding to the AFm and AFt
phases. In zone 3, where Portlandite is completely

Distance from corroded edge (mm)

dissolved (Fig. 9), the CaO/SiO, ratio specifically
associated to C—S—H hydrates, AFm and AFt phases,
gradually decreases and reaches a minimum value of
almost 1 at the interface between zones 2 and 3. This
result highlights the decalcification of C-S-H
hydrates in this zone. In zone 2, the CaO/SiO, ratio
drops rapidly to 0.2. The most altered zones, 1 and
1bis, have a ratio below 0.1, suggesting a substantial
depletion of calcium in these zones.

3.5 X-ray diffraction analyses

In addition to the EDX, a mineralogical analysis of
powdered samples of the degraded cement pastes was
carried out. The apparatus used was a Bruker AXS
D8 ADVANCE diffractometer, fitted with a copper
anticathode and a nickel filter, voltage 40 kV, current
40 mA. X-ray diffraction analyses were performed,
using one degraded cement paste specimen, on three
samples for each zone. Except a slight difference in
the height of the peaks, the experimental results were
the same for the three samples. Figure 9 shows X-ray
diagrams of the sound zone and the various altered
zones associated to one sample for each zone.

In the sound zone we can observe the presence of
various peaks corresponding to the hydrates portlan-
dite and ettringite. The gypsum peak also appears
quite clearly, as does a halo centered on the reticular
distance 3.04 A (20cy = 29.36°) due to C-S-H
hydrates. The anhydrous C,S and C;S are absent,
suggesting almost complete hydration of the cement

paste.
m;



1642 Materials and Structures (2008) 41:1633-1645
Fig. 8 CaO/SiO, ratio in 50 - ——Ca0 .
fﬁ'll(fon of degraded & SiO2
ickness . . r
-0 Ca0/SiO2 ratio Zone 2 Zone 3 4
40 - L
8 AA’- . A‘AAJA
g 0 gy E Ry 2
< NOK r <
@] A =
VA% - H N
2 X Zones 1 and 1bis o
= 2 &
g 20 f Q
R [ @]
10 it
. SRRt RN LSS
0 . - \ \ \ \ 0
0 2 4 6 8 10 12
Distance from corroded edge (mm)
3500
Po Po - Portlandite
Ca - Calcite
3000 Bo Ett - Ettringite |
Qz - Quartz
Gyp - Gypsum
2500 - C-S-H calcium silicate hydrate
Ett
Po
—_ G
£ 2000 «.',A ® Fo t Fo
3 Ett
g Ett Ett  Ett
§ j sound zone
g m clsH
= 1500 C-S-H Ett
C-SH
M zone 3
Ett C Ett a c cac
1000 ¥ ER —rwaz ER - — Ca
\WMNWMWMOHe ?
a
Qz zone 1bis
500 i
T YTVRPET I MRy o zone 1
0 T T T T T T T
5 15 25 35 45 55 65
26,

Fig. 9 X-ray analysis of degrading cement paste that was subjected to fungal biolixiviation for almost 15 months

In zone 3 the portlandite is completely dissolved,
and the gypsum peak disappears, the ettringite peaks
are accentuated (suggesting inward diffusion of sul-
fate) and the C—S—H hydrates appear more clearly at
reticular distances 3.04 10\, 279 A and 1.82 A
(20cy = 29.36°, 32.04° and 50.08°, respectively). In
zone 2, the ettringite peaks are attenuated by

comparison with zone 3. Additional peaks at reticular
distances 3.85 A, 3.04 A, 249 A, 2.28 A, 2.09 A,
1.91 A and 1.87 A (20c, = 23.08°, 29.40°, 35.99°,
39.43°, 43.18°, 47.51° and 48.52°, respectively) sug-
gest considerable precipitation of calcite in this zone.
In zone 1bis the only peak that subsists is that of calcite
at reticular distance 3.04 A (20¢cy = 29.40°), although
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much attenuated in height, and a quartz peak (reticular
distance = 26.75 A, 20, = 26.75°) becomes more
apparent compared to zone 2. One can also observe the
presence of a halo whose center is slightly shifted with
respect to the quartz, indicating an almost amorphous
structure. Zone 1 is very similar to zone 1bis apart from
the absence of calcite. The quartz peak remains but is
slightly accentuated.

The results of the X-ray diffraction analysis show
that the portlandite is completely dissolved in the
degraded zones and that zones 1 and lbis are the
most severely affected by the biodeterioration. It
also shows the occurrence of sulfate attack in zone
3, as indicated by the increased ettringite peaks.
This attack may explain the fissures observed in this
zone (Fig. 5), particularly at the interface with zone
2. It should also be noted that the X-ray diffraction
analysis did not indicate the neoformation of
calcium oxalates or other calcium complexes in
zone 1 (Fig. 1), apparently because these crystals
were not sufficiently abundant or are in an amor-
phous form.

3.6 Rochart indentation tests
3.6.1 Principle and experimental procedure

The mechanical properties of the altered cement
matrices were investigated using a specific indenta-
tion test called the Rochart test, which characterizes
the behavior of rocks and other materials, in partic-
ular the elastic Young’s modulus in an interval
ranging between 15 and 45 GPa. The Young’s
modulus E,o.a Obtained is between 0.5 and 1.5E,
where E is the exact Young’s modulus determined by
a compression test on a specimen with embedded
strain gages [22].

The Rochart test works according to the following
principle: an indenter, normal to the sample surface,
with high rigidity and known geometry is driven into
the sample by applying an increasing load up to a
preset value. The load is then gradually decreased
after a partial relaxation phase. The load applied to
the cement paste and the depth penetration displace-
ment are continuously recorded throughout this
process. The curve representing the load versus depth
penetration obtained (Fig. 10) is then used to deter-
mine the Young’s modulus through analysis of the
unloading slope.

700

relaxation

600

\ /
200 / //‘
400

3) / [

300 / / 4

loading ph lope K, I
200 unloading phase slope K,

loading phase

Load (N)

N Pi— -
J

0 0,2 0,4 0,6 0,8 1 1,2

Depth penetration (mm)

Fig. 10 Example of a load—depth penetration displacement
curve for a degraded cement paste subjected to fungal
biolixiviation for almost 15 months, (1) zone 1, (2) zone 3
and (3) sound zone

The indentation test was calibrated using an
aluminum standard with known Young’s modulus
E,. = 71,400 MPa and Poisson coefficient v = 0.34.
The internal rigidity K; of the indenter used (circular
section with a diameter @;,q = 1 mm) was then
calculated using formulae (4), where the rigidity K4
represents the unloading slope of the load—displace-
ment curve (Fig. 10), v Poisson’s ratio, D the
diameter of the indenter and E the Young’s modulus.
The internal rigidity of the indenter (average calcu-
lated by means of five indentation tests) was
K; = 65,637 MPa. Rochart indentation tests were
carried out on the altered and sound zones.

The compression test with embedded strain gages
was performed on a cylindrical sound cement paste
specimen (140 mm high and 70 mm in diameter).
The compression test was performed according to the
methodology developed by Torrenti et al. [23]. The
Young’s modulus E obtained was 15,600 MPa.

I 11— v

— = — 4
Ky ED +Ki )

3.6.2 Results

Indentation tests (Fig. 5) were carried out on zone 1,
zone 3, and the sound zone in order to provide a
qualitative estimate of the mechanical deterioration
occurring in the altered cement pastes. Zone 2 was
not tested because of its narrowness. It should be
noted that Rochart test results were associated to one
of the two cement paste specimens extracted every
almost 3 months (mean value of five tests for each
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deteriorated zone analyzed). The Young’s modulus E
was calculated according to formula (4) for 14, 27,
39, 51 and 63 weeks of bioleaching and the results
are given in Table 5. The measurements carried out
on zone 1 should be treated with caution because the
modulus determined is too low with respect to the
confidence zone of the apparatus. The results given in
Table 5 indicate a drastic drop in elasticity in zone 1,
on average by 95.5% compared to the sound zone.
The Young’s modulus calculated for each zone
and time w (w = 14, 27, 39, 51, 63 weeks) can be
associated with the average CaO/SiO, ratio calcu-
lated by EDX analysis for each zone (Fig. 7). The
results are given in Fig. 11, which shows a linear
correlation between Young’s modulus E and the
CaO/SiO, ratio. This is a very interesting finding
because it can provide a rapid estimation of the
Young’s modulus in the degraded zone based on the
profile of the CaO/SiO; ratio in function of thickness
and the Young’s modulus of the sound material.

4 Conclusions

Portland cement paste is particularly severely
attacked by biolixiviation. The biolixiviation phe-
nomenon appears to be due to attack by organic acids.
The principal organic acids involved are oxalic,
butyric, acetic and lactic acid. These acids react with
hydrates, notably portlandite and C-S—H, leading to
the lixiviation of calcium by complexation. The
concentrations of the organic acids secreted by the
microorganisms in the lixiviating solution are very
high, comparable to the concentrations of organic
acids encountered in aggressive agricultural environ-
ments (silage, slurry, etc.). These environments cause
the deterioration of concrete storage containers,
which explains the considerable thickness of the

Table 5 Young’s modulus £ (MPa) in function of time and
zone i

Time 14 27 39 51 63 Mean

(weeks) value

Zone 1 600 700 700 700 600 660

Zone 3 13,600 13,500 13,000 12,900 12,500 13,100

Sound 16,000 16,000 16,000 15,500 15,800 15,860
zone

PiEM

20 A

< 14 weeks
A 27 weeks
0 39 weeks XL
159 0 51 weeks
O 63 weeks

y = 7,4806x
R*=0,9704

Young's modulus E (GPa)
=

0 0,5 1 1.5 2 2.5
Ca0/Si0, ratio

Fig. 11 Young’s modulus in function of the CaO/SiO, ratio

degraded zone of the Portland cement pastes, about 8
or 9 mm after 15 months.

Textural examination of the cement pastes after
15 months of biolixiviation showed an essentially
chemical degradation with several altered zones and a
sound zone. The outermost zones, 1 and 1bis,
resembled a silica and alumina gel. These zones
were decalcified, with a very porous structure. Zone 2
was very dense, with considerable precipitation of
calcite. Zone 3 was characterized by complete
dissolution of portlandite. The degradation profile
also showed fissures indicating sulfate attack. This
attack was also shown by X-ray diffraction analysis
and can be explained by the diffusion of sulfate ions
toward the sound core of the sample in the opposite
direction to the lixiviation of calcium in order to
balance the electrochemical equilibrium.

The deterioration of the matrix during the biolix-
iviation test was progressive, culminating in complete
elimination of portlandite (sound core), as indicated
by the propagation of the biolixiviation interface
(between the altered zone and the sound core) toward
the interior. Nevertheless, the kinetics of this prop-
agation are slowed down by the gradual thickening of
the silica and alumina layer (outermost degraded
zone), which in a certain sense acts as a diffusion
barrier. There is obvious mechanical degradation of
the cement pastes due to biolixiviation, as indicated
by the results of the mechanical analyses and also by
the highly porous texture and friable appearance of
zones 1 and 1bis.

In the light of these results, it therefore appears
essential that biological attack should be taken into
serious consideration when evaluating the stability of
industrial and radioactive waste.
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A certain number of points still need to be clarified,
in particular the effect of regular feeding of the fungi
with glucose, which tends to dissolve the portlandite
and other calcium phases together with the organic
acids, the role of the biofilm in the degradation, the
identification and quantification of the contaminant
microorganisms present in the lixiviating solution,
and finally the influence of the type of cement. Once
the various mechanisms have been identified it will be
possible to begin modeling the process.

In this study we investigated biolixiviation on
ordinary Portland cement paste, since it is relatively
easy to understand its structure, in order to clarify the
deleterious actions of heterotrophic microorganisms
on the durability of the hydrates such as Ca(OH),, C—
S—-H, AFm and AFt phases. Once the mechanisms of
biodeterioration have been elucidated, the biolixivi-
ation test will be applied to much more complex
construction materials such as mortar and concrete.
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