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Abstract

Natural stone is one of the most widely used geological construction materials. Although stone
masonry structures have the potential to survive over centuries, they may be subject to
significant damage and deterioration. Various conservation treatments have been explored for
modifying the characteristics of stone, often in the layer closer to the surface. However,
treatments may limit the breathability of the material triggering further damage.

This work studies microbially induced carbonate precipitation by bacteria as a breathable
alternative for the protection of building stone from deterioration. The mineralogical
composition and pore structure of most stone types used in construction are favourable for
the growth of bacterial communities, while calcium carbonate as the healing product is highly
compatible with the substrate.

A protocol for the application and assessment of biological healing was determined, taking into
consideration the specific needs of bulk materials and existing structures. Sporosarcina
pasteurii, an aerobic, ureolytic bacterium, was applied to two different types of stone: i) a
massive calcitic chalk from Cyprus, popularly called Lympia stone, ii) a dolomitic limestone from
ltaly, popularly known as Pietra d’Angera. The healing effect of the newly formed minerals was
determined and compared to reference samples by recording changes in water absorption and
drilling resistance, as well as by means of SEM/EDS and confocal microscopy on calcein stained
samples. The results demonstrated that Sporosarcina pasteurii induced sufficient cementation
in the near surface region of the specimens to an extent that could be considered protective,
yet compatible with the natural properties of the materials.

Introduction

Geological materials comprise most cultural heritage building materials worldwide. However,
they are subject to damage and deterioration [e.g., 1-2]. Surface treatments [3] may reduce
the ‘breathability’ of the material and can be limited to specific stones [4].

Biological methods of strengthening a range of materials can be found in the literature [e.g.,
5-9]. However, self-healing concepts have yet to be explored for building stones in
construction. This work investigates the potential for providing building stone with a system
that could heal damage and prevent further deterioration. Taking the advantage of the stones’
bioreceptivity and suitability for biomineralisation, the system developed in this study is based
on the use of naturally occurring biological mechanisms, which can induce calcium carbonate
precipitation. Sporosarcina pasteurii, one of the most commonly used microorganisms in
biocementation of particulate media [10-12], has been selected for this study. This paper
discusses the potential of biological systems to change the microstructure of porous natural
stone in order to increase resilience to deterioration.
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Materials and methods

Lympia stone, a massive chalk from Cyprus (>99% calcite), was chosen as the model rock for
this study due to its relatively homogeneous microstructure and mineral composition [13].
Angera stone, a dolomitic limestone from ltaly [14], was also added the investigation as a
substrate of different mineralogical composition (>98% dolomite) compared to the healing
products (CaCOs).

Lympia stone specimens (2x2x2 cm) were divided in three groups (i.e., A, B, C), while one more
group (D) was added in the study of Angera specimens (Table 1); group A was treated in aseptic
conditions with a Sporosarcina pasteurii bacteria solution (NCIMB 8221, UK) and cementation
medium (per litre of water: 3 g nutrient broth CM0001-Oxoid, UK, 10 g NH4Cl, 2.12 g NaHCOs3,
22.053 g CaCly - 2H20, 20 g urea), group B was treated only with cementation medium (aseptic),
group C only with water and group D with dead bacteria and cementation medium (aseptic).
Groups A, B and D were treated two more times with cementation medium, while group C was
only supplied with water. The specimens were stored at 30 °C during all healing stages.

Table 1: Groups of specimens

group Bacteria Cementation medium Water
A + (living cells) + -
B _ -
C - - +
D + (dead cells) + -

The efficiency of the treatments was assessed through the implementation of various tests and
analysis; here we present indicative results/observations from (i) water absorption
measurements by capillary action (i.e., mass changes at different time intervals), (ii) micro-
drilling resistance measurements (DRMS by SINT Technology) [15], (iii) the use of SEM/EDS
(GAIA 3 TESCAN), (iv) the use of confocal microscopy (LEICA TCS SP5) on calcein stained
specimens, (v) the use of colourimetry (MINOLTA CM 700D) and the determination of colour
changes according to the CIELAB 1976 system.

Results and discussion

Indicative results of the capillary absorption tests are presented in Table 2, where a decrease
of 5.68% in capillary absorption was observed for the Lympia specimens treated with S.
pasteurii (group A), while no significant change is observed in the cases of group B and C. This
result proves the potential of the treatment to change the microstructure of the specimens in
a promising way which can prohibit deterioration related to water transport.

Table 2: Indicative decrease in capillary absorption (average values) after treatment on one of
the stone types (Lympia stone). Negative values correspond to increase in capillary absorption.
All measurements took place after 40 mins (ACA40 %) of partial immersion in deionised water.

Average o
group ACAAO (%) Standard deviation
Lympia stone
A 5.68 0.63
B -0.14 0.22
C -1.00 0.18
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The drilling profiles of Lympia specimens showed a clear peak of higher resistance to drilling in
the case of group A (data not shown). This agrees well with the capillary absorption results
shown in Table 2 and it can be attributed to the effective consolidation of the material in the
area close to the treated surface. No similar peak was recorded for the specimens of group B
and C.

Element | Weight %
10.58

0K 48.08
MgK 1.09
AuM 11.68
CIK 0.43

28.13

SEM HV: 15.0 KV
View field: 136 ym
SEM MAG: 204 kx  Date(midiy): 02721119

Figure 1: (i) SEM/EDS and (ii) confocal microscopy evidence of new CaCOsformation on a
stone specimen (Angera type) treated with bacteria and nutrients (group A).

The determination of the changes in the chromatic components is reported in Table 3. The
overall colour changes (AE*ap) of the specimens treated with bacteria and/or cementation
medium compared to the relevant group C values, are equal to less than 3, which is the value
under which the average human eye cannot detect colour differences (Tiano et al. 2006).
Therefore, the biological treatments performed in this study may be considered that they do
not cause any aesthetical change on the surface of the treated materials.

Table 3: Chromatic coordinates of the surface of all specimens after treatment. A values for
groups A, B and D were calculated in comparison with the relevant groups C.

group AL* Aa* Ab* AE*gp
Lympia stone
-0.73 0.26 1.93 2.07
B 0.08 0.79 1.07 1.33
Angera stone
-0.31 0.11 0.54 0.63
B 0.24 0.08 -0.05 0.25
D 0.11 -0.13 -1.01 1.02
Conclusion

This work presents the application and evaluation of biological treatments in natural building
stone using the bacteria strain Sporosarcina pasteurii. S. pasteurii induced significant
differences in the microstructure of laboratory stone specimens, which is proved by the
decrease in capillary absorption, increase in drilling resistance, microscopic observations and
elemental analyses. Sufficient supply of nutrients and the use of living cells was found to be
the treatment that better promoted healing in both stone types. Dead cells with nutrients also
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led to new formation of CaCOs, however further research and optimisation of the treatment is
needed. None of the biological treatments performed in this study was found to cause colour
alterations that can be detected by the average human eye.
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