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3.1 Autogenic Self-Healing

Autogenic self-healing has been defined in chapter 1 as a self-healing process
where the recovery process uses materials components that could also be present
when not specifically designed for self-healing (own generic materials).

3.1.1 Causes of Autogenic Self-Healing

An example of recovery against environmental action through self-healing is the
width of a through-crack that diminishes with time. The cause for this is manifold.
One can distinguish between physical, chemical, and mechanical causes [3.1], see
also Fig. 3.1.
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Fig. 3.1 Different causes that can lead to autogenic self-healing
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The physical cause is due to swelling of hydrated cement paste (HCP) near the
crack faces. This phenomenon occurs when water is absorbed by HCP and reaches
the space between the constituents of HCP. When the effect of swelling is
estimated it turns out that this is marginal and does cause a reduction of the fluid
flow by less than 10%.

There are two chemical processes. The first is the continued hydration of
cement which has not reacted hitherto due to lack of water. When new reaction
products are formed they grow into the free space of the crack. The hydration
products occupy about double the space of the original cement grain. The
continued hydration cannot be responsible for a complete self-closing of a crack,
but, assuming a small crack width of 0.1 mm and assuming a simultaneous action
of swelling and hydration, one can get self-healing. With larger crack width the
influence becomes minor.

The second chemical process is the formation of calcium carbonate and the
growth of crystals on the crack faces. Calcium ions from the pore water of
concrete (Ca**) react with the carbonate ions of the water in the crack (CO5>) and
combine to CaCO; which precipitates in the crack. The reaction depends on
temperature, pH, and concentration of the reactants. The mechanism has been
investigated by Edvardsen in great detail [3.1]. It has been shown that this
mechanism gives by far the most important contribution to self-healing.

There are two mechanical causes which are contributing to self-healing, i.e. the
presence of fine particles in the water which leaks through the crack, and the
fracturing of small concrete particles from the crack faces. However, these effects
are of minor importance.

The above mentioned causes of self-healing are influenced by the concrete, by
the water in the crack, and by the crack geometry. Table 3.1 shows the influencing
factors schematically.

Table 3.1 Influencing factors on self-healing [3.1]

Concrete Water Crack
Type of cement Pressure Width
Type of additions Pressure gradient ~ Length
Type of aggregate ~ Hardness Through-crack vs. bending crack
Age pH Branched crack
Temperature Accumulated crack

Concrete is a compound of matrix and aggregates. The matrix is composed of
HCP, additions, and the very fine material of the aggregates. When cement
hydrates calcium silicate hydrates (CSH), aluminates, and calcium hydroxide are
formed. Calcium hydroxide is soluble in water and supplies the calcium ions
which are necessary for the formation of calcium carbonate in the crack. (CSH is
almost insoluble and will only supply calcium ions when the ions from calcium
hydroxide are exhausted.) The supply of calcium ions from the HCP is the larger
the more clinker is in the cement, i.e. Portland cement is the richest.

In composite cements, a part of calcium hydroxide is used for the formation of
hydration products from a second main constituent like fly ash or pozzolanas. The
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same is true for blast furnace slag cement which uses calcium hydroxide as an
activator. The effects of such increasing demands of calcium hydroxide over time
are shown in Fig. 3.2. One can see that the amount is larger for Portland cement
than for blast furnace cement and that fly ash reduces the amount of calcium
hydroxide with ongoing hydration.
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Fig. 3.2 Amount of calcium hydroxide as function of age and type of cement [3.2]. PZ =
Portland cement, HOZ = blast furnace cement, SFA = fly ash.

As the type of aggregate is concerned limestone aggregates may support self-
healing. Furthermore, the shape of the aggregate grains and the grading curve can
influence the crack geometry. The influence of the aggregate size is exemplified in
Fig. 3.3. For a given crack width w, which is measured on the surface, the
responsible opening for the flow of water is larger in case of small aggregates than
with large aggregates. In concrete with a continuous grading of aggregates the
situation is more complex but the same principle still holds.
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Fig. 3.3 Idealised cracks in concrete with different aggregate size [3.4]
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Water in the crack is the most important factor for autogenic self-healing.
Without water there is no self-healing because water is needed for the chemical
reaction and for the transport of fine particles. If carbon dioxide is present in water
there is always a certain equilibrium between bound CO,, half-bound CO,, and
free CO, which can be divided into complementary CO, and surplus CO,. The
surplus CO, is responsible for concrete attack where calcium carbonate dissolves
to soluble calcium bicarbonate, whereas the complementary CO, leads to the
formation of calcium carbonate from calcium hydroxide. There are several
classifications of the aggressiveness of CO, on concrete (see for instance [3.3]).

The calcium carbonate grows on the crack surface as shown in Fig. 3.4. The
calcite crystals (CaCOs) form a dense layer which blocks the flow of water. The
complete theory on crystal growth can be found in [3.5].

Fig. 3.4 Calcite crystals on a crack face after opening the crack [3.1]

3.1.2 Experimental Evidence on Autogenic Self-Healing

The self-healing phenomenon has been experienced since long time. Edvardsen
performed a literature survey which will be used in the following paragraphs in
short [3.1]. The first observation has been made by the French Academy of
Science in 1836. Early publications mention the effect of self-healing [3.6-3.13].
Loving reported on self-healing of cracked concrete tubes mentioning the
deposition of calcium carbonate in the crack [3.14]. Wagner [3.15] carried out
experiments on the cement lining in steel pipes and found that cracks of 0.05 mm
healed completely after 60 h. Cracks of 0.1 mm healed only after 1 year. Lauer
and Slate [3.16] and Hannant and Keer [3.17] investigated the tensile strength of
cracked hydrated cement paste (HCP) stored in water. They could show that 1 d
old HCP regained about 25 % of its original strength whereas 28 d old HCP got
only 7 % back. After 2 years moist storage [3.17] found even 50 % recovery. The
authors concluded that continued hydration was the cause for the recovery. The
influence of concrete age, ambient conditions, type of cement and aggregates, and
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concrete composition have been studied by [3.18]. They concluded from the tests
that the moisture supply is the most important factor for self-healing. They
confirmed the conclusion by Lauer and Slate that the age at first cracking is also
essential. The investigations by Clear [3.19] on cracked concrete cubes showed no
influence of type of cement. He found that the smaller the initial flow was, the
better the self-healing effect was. He found also that a slow increase of the
pressure gradient during water exposure has a positive effect. As cause of self-
healing, blocking of the crack by fine particles and the precipitation of calcium
carbonate are assumed. Ripphausen [3.20] performed tests on reinforced concrete
blocks. A main result was that the initial flow could be reduced to 1 to 10 % after
3 days. The most important parameters were found to be crack width and water
pressure gradient. Meichsner [3.21] postulated two sources of self-healing. The
first is the quick blocking of the crack by fine particles and the subsequent cause is
the forming of calcium carbonate on the crack faces. Coarse aggregates in
concrete yield a rougher crack surface and therefore a better self-healing effect.
With increasing pressure gradient, the time until complete sealing becomes longer.
Edvardsen [3.1] performed systematic water permeability tests on small
specimens with a single tensile through-crack. A typical result is shown in Fig. 3.5.
The striking result is that the flow of water comes to standstill after 300 to 700 h.
The type of cement had a marginal influence. Several test series have been
carried out with variation of water source (hardness), type of addition in the
concrete, type of aggregate, pressure gradient, and crack width. It turned out that
the first three parameters had hardly an effect on the results. The influence of the
crack width is illustrated by Fig. 3.6. A 0.1 mm crack shows a flow reduction by
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Fig. 3.5 Flow relative to initial flow vs. duration of exposure to water [3.1]. CEM I = OPC,
CEM III = BFSC.
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Fig. 3.6 Influence of crack width on flow relative to initial flow [3.1]

about 90 % after 100 h, the 0.2 mm crack a reduction by 60 % and the 0.3 mm
crack a reduction by 40 %. After 300 h, the 0.1 mm crack is blocked whereas the
0.2 mm crack has a leakage rate of 10 % and the 0.3 mm crack of a little less than
40 %. After 700 h, the leakage rate of the 0.2 mm crack is almost zero whereas the
0.3 mm crack has still a leakage rate of about 20 %. However, one should also
look to the initial flow which is given in Fig. 3.7. The initial flow can be
approximated by Poiseuille’s third power law and it depends on the pressure
gradient. Evaluating Fig. 3.6 and Fig. 3.7 together one can postulate that the
reduction of flow in absolute sense is strongest for the larger crack width.

Edvardsen explains the self-healing effect by crystallisation of CaCOj; in the
cracks. X-ray diffraction experiments from crack faces show CaCOj; as the main
element. The author presents also a model governing the nucleation of calcium
carbonate based on two different crystal growth processes. In the initial phase of
water exposure, the kinetics of crystal growth is surface controlled (reactions with
crystals on the crack surfaces) and later it is diffusion controlled (reactions with
ion diffusing through the calcium carbonate layer already crystallized). The author
shows that blocking of flow path by broken concrete particles is of less
importance [3.22].

The influence of temperature between 20 and 80 'C and crack width between
0.05 and 0.15 mm on self-healing has been investigated by Reinhardt and Jooss
[3.23]. Fig. 3.8 shows the results for high-strength concrete (fc = 93 MPa) with a
constant crack width of 0.05 mm. The pressure gradient was 1 MPa/m over a
specimen which was 50 mm thick. It is clearly visible that those specimens which
were installed at 80 "C show the most efficient self-healing behaviour. After 75 h,
the 20 °C specimen had a flow rate of 30 % of the initial flow rate, the 50 ‘C
specimen about 10 % and the 80 'C specimen merely 3 %. After 330 h, the flow
rate in all specimens went asymptotically to zero, i.e. complete sealing. Similar



3 Recovery against Environmental Action

Initial flow qo [L/(h m)])

400 7
[ = f(w)

350 1

300 7
250 1
200 1
150 -
100 1

50 1

71

p=0.25 bar

0 E
0 0,05 01

02 025 03 035

Crack width [mm]

Fig. 3.7 Initial flow through cracks of various widths for 1 m length [3.1]
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Fig. 3.8 Decrease of normalized flow rate of high-strength concrete at various temperatures

[3.23]

graphs could also be drawn for 0.10 and 0.15 mm crack width. However, it should
be kept in mind that the absolute flow is about 3 times higher for the 80 C water

than for the 20 'C water since the viscosity of water drops from 1.00 mPa s to 0.35
mPa s at the same time.
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The following two paragraphs are partly literally taken from [3.22]. Hearn
[3.24, 3.25] carried out water permeability tests on mortar with 78 % hydrated
clinker and 26 years old water-cured concrete with insignificant amount of
unhydrated clinker. The author shows that without drying, especially on virgin
never dried old concrete, there is no self-healing of cracks whereas drying results
in an increasing initial permeability followed by self-healing. The author carried
out chemical analyses and could find a phenomenon of dissolution-deposition,
especially of CaCOj;. Moreover, self-healing was completely absent where water
was replaced by propan-2-ol as a permeant. That is the most convincing evidence
that physical clogging is not responsible for the phenomenon since its viscosity is
close to that of water. Flow reversal tests show that self-healing is permanent.
Concerning continued hydration, it is important for early-age concrete but not for
mature one.

Another type of experiments was carried out by Jacobsen et al. [3.26, 3.27]. It
consisted of damaging concrete cubes by rapid freeze-thaw cycles, and then
storing them in 20 °C warm water for 3 months. Two types of concrete at water-
cement ratio of 0.4, one with silica fume and the other without silica fume, were
tested. Deterioration and healing was measured by resonance frequency
(converted to dynamic modulus of elasticity) and compressive strength. Freeze-
thaw cycles led to loss in both properties. Self-healing gave a substantial recovery
of the frequency, but only a small recovery in compressive strength. It was
explained by SEM observations that the cracks were only partly filled with new
products. Most of the crystals seen in the cracks were newly formed CSH.
Portlandite (Ca(OH),) was also observed locally. The study demonstrates that self-
healing is less apparent in concrete containing silica fume than in concrete without
silica fume.

Tests on Portland limestone composite cement (PLC) in comparison to OPC
have been performed in order to study the self-healing properties of cracks which
were 0.07 to 0.14 mm wide [3.28]. The authors did not find a difference between
OPC and PLC. The results showed that the sealing time varied between 20 h for
crack width of 0.10 mm and 70 h for crack width of 0.13 mm. However, this is
only a rough indication since the scatter was rather large.

Some researchers [3.29-3.41] try to stimulate the self-closing potential of
cementitious materials by replacing part of the cement by fly ash or blast furnace
slag. In their study, Van Tittelboom et al. [3.41] prepared mortar specimens, with
8 different mix compositions. Three different cement types were used: CEM I or
Portland cement, containing 100% Portland clinker; CEM II/B-M or also called
Portland composite cement, containing 65-80% Portland clinker and 20-35% of a
mixture of blast furnace slag, fly ash and limestone; and CEM III/B or blast
furnace cement, containing 20-35% Portland clinker and 65-80% blast furnace
slag. For some of the mixtures made with ordinary Portland cement (CEM 1),
respectively 30 and 50% of cement weight was replaced by fly ash and in two
other mixes 50 and 70% of cement weight was substituted by blast furnace slag.
All mortar mixtures were made with a water-to-binder ratio of 0.4, except for one
mixture where a water-to-binder ratio of 0.5 was used. In Table 3.2, the
composition of each mix is shown.
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Table 3.2 Composition of the mortar mixes giving weight of each constituent in gram [3.40]

Composition
Blast
Sand Cement Fly ash furnace Water
slag
DIN CEM I CEM 1I/ CEM I/
B 325
196-1 525N B-M 325N HSR/LA
CEMI-0.4 1350 450 180
CEMI-0.4-
30FA 1350 315 135 180
CEMI-0.4-
SOFA 1350 225 225 180
CEMI-0.4-
SOBFS 1350 225 225 180
CEMI-0.4-
70BFS 1350 135 315 180
CEMII-0.4 1350 450 180
CEMIII-0.4 1350 450 180
CEMI-0.5 1350 450 225

When specimens were cured for 1 month and a half, they were fractured in a
crack opening controlled splitting test. Subsequently, the crack width of each
sample was measured at different locations, equally divided along the crack
length. The average value was used to characterize the crack width of each
specimen. The effect of the mortar composition on the self-healing potential was
investigated by measuring the evolution in water permeability of the cracked
specimens. A low pressure water permeability test setup was used. The drop in
water level, due to water flow through the cracked specimen, was measured once a
day and water was restored each time to the original level. Darcy’s law was used
to calculate the water permeability coefficient k.

During the test it was seen that the water flow through the specimens
decreased. Van Tittelboom and De Belie [3.40] attributed the decrease during the
first days of the test to disappearance of air bubbles present in the specimens. The
ongoing decrease in water flow after 5 days from the beginning of the test was
ascribed to crack-closing. For each specimen, the difference in the water
permeability coefficient calculated at day 5 of the test and at the end of the test,
being 14 days later, was calculated. In Fig. 3.9, the result is displayed.
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Fig. 3.9 Decrease in water permeability coefficient k [m/s] due to autogenous closing of the
crack in specimens with different crack widths [mm] and with different mix compositions;
the grey line indicates the mean change in water permeability [3.40]

Van Tittelboom and De Belie [3.40] determined that for increasing crack
widths, the difference in water permeability coefficient and consequently also the
self-healing potential increased. It was supposed that mixes with a higher amount
of cement particles or a lower water-to-binder ratio would contain more
unhydrated particles and thus result in a higher degree of self-healing. However,
this was not clear in the results. No big difference in self-healing potential was
found between samples with a water-to-binder ratio of 0.4 and 0.5. By contrast a
clear difference in self-healing potential was noticed depending on the mix
composition. The degree of self-healing was higher when a higher amount of slag
was used. It was supposed that part of the slag had not yet been hydrated during
curing of the mortar and that unhydrated particles reacted during the water
permeability test. As blast furnace slag is a latent hydraulic component, it may
have been activated upon contact with water and quicker in the presence of free
lime. In the case Portland clinker was replaced by fly ash, no big decrease in water
permeability was detected. It seemed that the alkalinity in the crack environment
was high enough to cause a fast hydration of blast furnace slag in the presence of
water. However, this was not the case for fly ash. Van Tittelboom and De Belie
stated that this difference could also be caused by the fact that the reaction of fly
ash is slower than the reaction of blast furnace slag. From these experiments
Van Tittelboom and De Belie concluded that the self-healing potential of
cementitious materials may be altered by changing the mix composition.
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3.1.3 Limiting Crack Width for Autogenic Self-Healing

There are several hypotheses as the maximum crack width is concerned which can
heal. Self-healing of bending cracks is more likely than of through-cracks. Ter
Heide [3.38] postulated that a through-crack can never heal completely because of
lack-of-fit of the crack faces. However, several other investigators have performed
experiments on tensile cracks which were made by uniaxial pre-cracking or
splitting. In these cases, a through-crack develops. They have found that such
cracks can heal completely. However, one should consider the age and the
composition of the concrete, the ambient environment, and the water supply. It
turned out that young concrete heals faster, and that concrete with silica fume
shows minor self-healing. There must always be water available and carbon
dioxide because the main cause of self-healing seems to be the formation and
precipitation of calcium carbonate.

Jacobsen et al. [3.42] made a survey and came to the conclusion that a through-
crack, which is the most dangerous in water-retaining structures, of 0.2 mm can
heal completely. The same value is supported by Meichsner [3.43]. Edvardsen
[3.1] found that a crack of 0.3 mm can still heal. In her design proposal, she
differentiates between water head (hydraulic gradient), crack width, and occurring
movement of the crack [3.5, 3.44]. The proposal is shown in Table 3.3.

Table 3.3 Permissible crack width for self-healing [3.5, 3.44]

Hydraulic gradient, m/m  Design crack width, mm

With 10 % movement With 10 to 20 % movement
40 0.10to 0.15 0.10
25 0.15t0 0.20 0.10to 0.15
15 0.20 to 0.25 0.15 t0 0.20

A crack movement of 10 % means that the crack may change its width by 10
% due to alternate loading, temperature, creep, or shrinkage/swelling of the
structural element. Design crack width is a terminus technicus from DIN 1045-1
[3.45] and means the crack width which is calculated in the structural analysis. It
is a probabilistic value with a certain distribution function. This value can be
smaller or greater in real structures.

3.2 Autonomic Self-Healing

Autonomic self-healing has been defined in chapter 1 as a self-healing process
where the the recovery process uses materials components that would otherwise
not be found in the material (engineered additions).
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3.2.1 Superabsorbent Polymers

Crack sealing can also be enhanced by using superabsorbent polymers (SAPs).
These cross-linked polymers have the ability to absorb a significant amount of
liquid from the surrounding environment (up to 500 times their own weight) and
to retain the liquid within their structure without dissolving (Fig. 3.10).

Fig. 3.10 Absorption of water by a SAP particle. The scale bars on the bottom right have a
lenght of 500 pm. [3.46]

Lee et al. [3.47] used superabsorbent polymers to obtain self-sealing properties.
In his research, Lee used SAPs based on partially neutralized acrylates and
acrylate/acrylamide copolymers and proved the sealing potential in different
solutions between glass plates [3.47]. Cement pastes were also studied and the
flow rate of a dilute sodium chloride solution through cracked specimens was
measured (Fig. 3.11) [3.48]. The cumulative flow through specimens containing
SAPs (xSy: x m% of cement weight of SAP y) was lower than for control
specimens and specimens with 4-5 m% of SAPs by weight of cement (specimens
5S2 and 4S3) showed even a reduction up to 80% of the cumulative flow. When
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cracking thus occurs, superabsorbent polymers are exposed to the humid

environment and swell. In this way, the crack is blocked and the permeability is

reduced.

Tsuji et al. [3.49] also investigated the effect of SAPs on the leakage of water
through cracks. They found a decrease of the amount of water leaked through a

crack in a mortar specimen containing 0.5 m% of cement weight of SAPs.

Time (mns)

ing)

Time

Fig. 3.11 Flow rate (a) and cumulative flow (b) for specimens with a crack width of

200 pm [3.48]

Snoeck et al. [3.50] visualized water permeation by means of neutron
radiography. Small specimens, 10 mm in diameter and 20 mm high with a crack

width of 150 um, were subjected to permeability tests and the change in water

head was monitored in time. Fig. 3.12 shows the water permeability in time of the

cracked samples without SAPs (0-CRA) and the cracked samples containing

1 m% of SAP B (1B-CRA) and 1 m% of SAP C (1C-CRA). It is clearly visible

that all fluid has permeated through the samples containing no SAPs after 40 s.

Samples containing SAPs are able to block the crack due to swelling of the SAP

particles at the crack faces.

The water head on specimens without SAPs decreases rapidly. The water head

on specimens with SAPs, however, did barely change in time. This proves the

self-sealing effect of SAPs in cementitious materials.

The ability of three types of superabsorbent polymers (Table 3.4) to promote
self-sealing and self-healing was investigated in water permeability tests by

Snoeck et al. [3.46] (Fig. 3.13). Cracked specimens without SAP have a final k

value of 1-107 m/s. Specimens containing SAPs, however, show a decrease in
permeability. This is mainly due to the swelling effect of SAPs and the blockage

of the crack by SAPs. The SAP B particles are able to seal the crack more

effectively in comparison to SAP A and SAP C. The difference noticed between
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Fig. 3.12 Water permeability of the samples without SAP and samples containing 1 m%
SAP B and SAP C. In the upper right corner, the time is mentioned in seconds. [3.50]

SAP A and SAP B is due to the smaller particle size of SAP A. The small size is
inappropriate for sealing as the small particles cannot bridge the crack as their
expanding diameter does not reach over the total crack and water may flow in
between the swollen particles. The difference noticed between SAP B and SAP C
is due to a lower absorption capacity of SAP C (Table 3.4). As the particles swell
less, they result in less crack sealing. SAP B in an amount of 1 m% relative to the
cement weight provided the highest decrease in permeability over time. A higher
amount of SAP B caused a coarser matrix (due to the formation of macro pores)
and lower strength and thus more pathways for water to migrate.
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Table 3.4 Mean diameter of SAP A, SAP B and SAP C particles [um] (n=50), absorption
capacity of SAP [g fluid/g SAP] (n=3) in de-ionised water; tap water and cement slurry
with standard deviations. [3.46, 3.50]

Method SAP A SAP B SAP C
Diameter 100£22 477 £53 420 + 148
de-ionised water 305.0+3.7 2832+24 10.86+0.16
(pH=6.5)

tap water (pH=6.8) 163.9+1.2 1489+09 9.27+0.22
cement slurry 61.0+1.0 584=+17 742+0.15
(pH=12.8)

1A 1B 1C

Water
permeability

km/s] ¢

1.E-08

1.E-10

1.E-12 & T Y b |

Fig. 3.13 Water permeability k [m/s] at 30 days of the cracked (CRA) and un-cracked
(UNC) specimens in the low-pressure water permeability test set-up (age of 37 days). The

used code is xy (x m% of SAP y). The error bars show the standard deviation. (redrawn
after [3.46, 3.51])

The swelling reaction not only seals the crack from intruding substances at first,
but can also stimulate and enhance autogenic self-healing due to the release of
their absorbed water into the cementitious matrix. Kim and Schlangen [3.52] and
Snoeck et al. [3.46, 3.51] showed that superabsorbent polymers can contribute to
the internal healing of a crack. The latter researchers conducted a thermo
gravimetric analysis (TGA) to determine the composition of the white
crystallization found in a crack after conducting permeability tests [3.46]. TGA
showed that the crystals consisted of CaCO; and washed out hydration products.
SAP particles were not found in the TGA analysis, supporting the conclusion that
SAPs effectively seal the crack without dissolving or degrading.
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3.2.2 Protection against Carbonation of Blast Furnace Slag
Mortar

Sisomphon et al. [3.53, 3.54] made use of expanded clay particles impregnated
with a sodium monofluorophosphate (Na,FPO;, Na-MFP) solution and coated
with a slag containing cement paste layer to protect blast furnace slag mortar
against carbonation (Fig. 3.14 I and II). When gaseous CO, diffuses into the
matrix, carbonation attack will damage the microstructure and increase the

5

Fig. 3.14 (I) LWAs impregnated with Na-MFP solution is prepared under vacuum. Then,
the particles are encapsulated in a cement paste layer. (II) Encapsulated LWA embedded in
the matrix. (II) Carbonation coarsens the matrix porosity. (IV) Carbonation damages the
coating layer. Na-MFP is released to the matrix. (V) Healing takes place. The
microstructure of the matrix is improved. [3.53]
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porosity of both the matrix and the coating of the expanded clay particles (Fig.
3.14 III). With the presence of moisture, the Na,FPO; solution diffuses into the
degraded matrix to form phosphate and fluoride ions (Fig. 3.14 IV). These ions
react with hydration and carbonation products to stable amorphous formations
analogous to apatite resulting in a stronger and denser matrix and an improved
frost scaling durability of the carbonated blast furnace slag matrix (Fig. 3.14 V).

3.2.3 Corrosion Prevention

Dry and Corsaw [3.55] developed a technique to prevent corrosion of steel
reinforcement. Corrosion of steel reinforcement is usually caused by chloride ions
that penetrate in the concrete. Chloride sources include de-icing salts and marine
waters. Methods to protect the concrete reinforcing steel against corrosion include
the use of water repellent agents, such as silanes or siloxanes, additives such as
microsilica and corrosion inhibitors such as calcium nitrite. Water repellent agents
are sometimes unsuccessful because of their inability to protect the concrete if
cracking occurs after treatment. In some structures containing microsilica, full-
depth cracking has occurred due to high autogenous and drying shrinkage.
Concretes containing calcium nitrite have generally performed well, however the
set time of concrete may be affected [3.55].

The system proposed by Dry and Corsaw [3.55] involves the use of coated,
hollow, porous (40%) polypropylene fibers (400 um) filled with calcium nitrite.
The fibers were filled by placing them in a solution of calcium nitrite into a
vacuum flask and using vacuum saturation techniques to draw the calcium nitrite
into the fibers. Because the used fibers were porous, they were treated with a
coating to maintain the content. The coating controls the time-release of the
calcium nitrite, ideally by responding to the environment of the pore solution.
Polyol, one of the two types of coating used by Dry and Corsaw [3.55], breaks
down in the presence of chloride ions. At the moment chloride ions penetrate, the
steel reinforcement is endangered but at the same time the polyol coating will
dissolve and the released calcium nitrite will protect the reinforcement. The
second coating, paraffin wax, was applied to another set of fibers to simulate a
mechanical release response. In this case the rebar should be heated to melt the
wax and release the embedded calcium nitrite. After they were coated, the
polypropylene fibers were wound around the reinforcement bars of the test
samples. Both methods of response were investigated in this study. The efficiency
was compared with specimens without any corrosion inhibitor and specimens with
freely mixed calcium nitrite.

A plexiglass dam was built on each sample and sealed with silicone caulk to
allow salt water to be ponded as shown in Fig. 3.15. The samples were ponded 1
week with a salt water solution that contained 1.321% sodium chloride and then
allowed to dry 1 week. The voltage drop across a 100-ohm resistor, which was
connected externally between the anode and the cathode, was measured weekly.
Systems were compared by electrochemical measurements on the basis of the time
to initiation of corrosion and the amount of corrosion occurring over time.
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Fig. 3.15 Setup to subject samples to salt solution and measure rebar corrosion [3.55]
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The corrosion condition rating and expected time until the initiation of
corrosion show that the time-release method delayed the onset and severity of
corrosion, as shown in Fig. 3.16. Both the control group and the group with freely
mixed calcium nitrite had much higher ratings than the other groups. In
comparison both groups of fiber samples had almost less than half the rating of the
control and freely mixed group.

Corrosion Rating at End of Testing
160 -

1.40 -
120 -
1.00 -
0.80 -
0.60 -

' CONTROL FIBERS W/WAX
FREELY MIXED FIBERS W/POLYOL

Fig. 3.16 Corrosion rating measured for each of the different test series [3.55]

3.2.4 Textile-Reinforced Concrete

Textile-reinforced concrete (TRC) is a high-performance, cement-based composite
consisting of fine-grained concrete and textile reinforcement, the latter usually
consisting of glass or carbon multi-filament yarns. When subjected to tensile
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loading, TRC shows pronounced strain hardening behaviour accompanied by
multiple cracking. Mechtcherine and Lieboldt [3.56] investigated transport of
water and gases through cracked TRC at chosen strain levels under uniaxial tensile
loading and the subsequent self-healing behaviour of the TRC specimens.

The matrix composition was developed with an eye to the requirements of
workability, good bonding to the textile reinforcement, durability, and other
considerations [3.57]. Table 3.5 shows the composition of the matrix used for the
production of TRC specimens.

Table 3.5 Mix proportions of the TRC matrix

. Mass ratio ~ Mix proportion
Material

[ [Ke/m?]
CEM III B 32.5 N-NW/HS/NA 2.0 550
Fly ash 0.9 248
Micro silica suspension (solid:water = 1:1) 0.2 55
Fine sand 0/1 4.0 1101
Water 0.9 248
Super plasticizer 0.03 8

Four different types of biaxial textile reinforcements made of alkali-resistant
glass (AR glass) and one made of carbon were used as reinforcement for the
specimens in this investigation, see Table 3.6. Variable parameters were the
fineness of the yarns and the presence or absence of a coating. A polymer coating
composed of styrene-butadiene was used to improve the bond between the textile
and the surrounding finely grained concrete matrix as well as the bond between
the outer and inner filaments in the yarn.

Table 3.6 Textile reinforcements

Material Alkali-resistant glass (AR glass) Carbon
Yarn fineness [tex]' 1280 2400 1280 2400 800
Filament diameter [pm] 14 27 14 27 7
Number of filaments per  [-] 3200 1600 3200 1600 12000
yarn

Yarn spacing [mm] 7.2 7.2 7.2 7.2 7.2
Mass/area [g/m?] 364 676 374 707 257
Content of polymer [% by mass] - - 2.7 4.6 9.8
coating

'tex = g/km
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Rectangular plates 600 mm long, 100 mm wide, and 14 mm thick were
produced with four textile layers. The plates were removed from the mould at a
concrete age of two days and then stored in water up to an age of 7 days. Then the
plates were stored in a climate-controlled room at 20 °C and 65% RH until testing
or further preparation.

The in-situ permeation tests were performed at a specimen age of 56 days or
slightly higher. At this age the hydration of binder components was to a large
extent completed. A special permeation cell was developed which excluded any
significant hindrance of the longitudinal deformation of the enclosed TRC
specimens by the permeation cell, see Fig. 3.17.

Water supply

(a) (b)

Fig. 3.17 In-situ permeability measurements: a) schematic of the test set-up, b) testing under
tensile load [3.56]

During the test, the specimen was exposed to constant water pressure on one
surface, while the opposite surface was subjected to atmospheric pressure. The
water amount passing through the specimen was measured and recorded
automatically using a high precision balance. The effect of the strain on the
volume flow rate in the quasi-stationary state is shown in Fig. 3.18 for TRC made
of different textiles. The transport rates increased hyper-proportionally at strain
levels above 0.2%. As expected, the tests on the specimens with finer crack
patterns (large number of crack and accordingly smaller crack width for the same
stain level) exhibited lower flow rates.
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Fig. 3.18 Effect of the imposed strain level on the specific water flow rate for TRC with
different textile reinforcements, induced pressure 100 kPa [3.56]

Following the in-situ water permeation measurements, the samples were left in
the permeation cell. In order to investigate the effect of self-healing on the
transport properties of TRC, further water permeation measurements were carried
out in the unloaded, saturated state of specimens at time intervals of 7 days. Fig.
3.19 shows the time-dependent reduction of the transport rates of samples with
different reinforcement textiles. After storing the cracked specimens in water for
14 days, the flow rate was reduced to less than 50% of the value obtained on the
same specimen before the water storing. No measurable volume flow occurred
after continued water exposure of 21 to 35 days, the particular duration depending
on the type of the textile reinforcement used. The samples containing uncoated
AR glass yarns with low yarn fineness (1280 tex) needed a longer time until a
negligible volume flow was reached, which can be traced back to the initially
wider cracks in these specimens. The specimens containing coated carbon textile
layers showed the fastest self-healing, which could be expected since they had the
finest cracks.

The reduction in the flow rate resulted mainly from the formation of new
crystal structures in the fine cracks and additional hydration of the previously non-
reacted material as well as from the swelling of cement gel (primarily C-S-H) due
to additional water intake. In order to eliminate the influence of swelling, a further
oxygen permeability test was performed after water storage of up to 35 days.
Since the specimens were dried before the oxygen permeation test, the effect of
swelling of the cement matrix could be excluded. The verification should be
apparent from the comparison of the oxygen permeability measured before the
first loading cycle (crack-free samples) and after the second loading cycle
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(cracked samples) with the results of the additional tests on the dried specimens
after long-term water storage. Oxygen permeation was reduced to a minimum; the
flow rates were similar to the reference measurement data of the crack-free
samples before the first loading. Hence, the obvious explanations for the measured
decrease in the gas volume flow rate are the self-healing of fine cracks and further
hydration of the cement matrix.
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Fig. 3.19 Time-dependent reduction of the water transport trough cracked TRC in unloaded
state [3.56]
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Fig. 3.20 Self-healing effect: a) crack before and b) after water exposure [3.56]
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Using an ESEM (Environmental Scanning Electron Microscope), additional
investigations of cracks before and after exposure to water revealed the formation
of new crystal structures which closed the cracks to transport, cf. Fig. 3.20. Fig.
3.20a shows the original crack with a width of 20 pm before water contact. Fig.
3.20b illustrates the condition of a similar crack after the water permeability tests
with duration of 21 to 35 days, indeed largely closed by deposits of calcium
carbonate (calcite).

3.2.5 Microbially Induced Carbonate Precipitation

In the last decades, microbially induced carbonate precipitation (MICP) has been
investigated as an environment friendly method for surface consolidation and
protection of decayed ornamental stone and concrete. The method has been first
applied to form a compatible and highly coherent carbonate precipitate on
limestone. Later, this technique has been explored for the improvement of the
durability of cementitious materials. Furthermore, the same principle has also been
used for the generation of a biological binder. An in-depth overview on the use of
MICP has recently been published [3.56] and has been used as a basis for the first
part of this chapter, to provide a deeper insight into the principles and important
parameters of MICP. Recent advances indicate the potential use of this technique
for the remediation of cracks in building materials, strength improvement and self-
healing of cementitious materials.

3.2.5.1 The Principles of Microbially Induced Carbonate Precipitation
(MICP)

Like other biomineralization processes, calcium carbonate (CaCO;) precipitation
can occur by two different mechanisms: biologically controlled, or induced [3.59].
In biologically controlled mineralization, the organism controls the process, i.e.
nucleation and growth of the mineral particles, to a high degree. However,
calcium carbonate production by bacteria is generally regarded as “induced”, as
the type of mineral produced is largely dependent on the environmental conditions
[3.60] and no specialized structures or specific molecular mechanism are thought
to be involved [3.61]. Different types of bacteria, as well as abiotic factors
(salinity and composition of the medium) seem to contribute in a variety of ways
to calcium carbonate precipitation in a wide range of different environments [3.62,
3.63].

Calcium carbonate precipitation is a rather straightforward chemical process
governed mainly by four key factors [3.64]:

1) the calcium concentration,

2) the concentration of dissolved inorganic carbon (DIC),
3) the pH and

4) the availability of nucleation sites.
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CaCQ; precipitation requires sufficient calcium and carbonate ions so that the ion
activity product (IAP) exceeds the solubility constant (K,) (Eq. (3.1) and (3.2)).

Ca?* + CO2~ & CaCo, 3.1

_ (Ca?h).(cot)

Q
Kso

3.2)

with Ko catcie, 2500 = 4.8 x 107

The concentration of carbonate ions is related to the concentration of DIC and
the pH of a given aquatic system. In addition, the concentration of DIC depends
on several environmental parameters such as temperature, salinity and the partial
pressure of carbon dioxide (for systems exposed to the atmosphere). The
equilibrium reactions and constants governing the dissolution of CO, in aqueous
media (25°C and 1 atm) are given in equations (3.3) to (3.6) [3.65].

COygy © COpaqy (PKy = 1.468) (3.3)
COyaqy + Ha0 & H,COs % (DK =2.84) (3.4)
H,CO3 % & H* + HCO; (pK, = 6.352) (3.5)
HCO; o €02~ + H* (pK, = 10.329) (3.6)

With HyCO;3™ = COyyq) + HoCO;4

Microorganisms can influence precipitation by altering almost any of the
precipitation parameters described above, either separately or in various
combinations with one another [3.64]. However, the primary role has been
ascribed to their ability to create an alkaline environment through various
physiological activities. Both autotrophic and heterotrophic pathways are involved
in the creation of such an alkaline environment (for an extensive review, see
Castanier et al. [3.66]. A first heterotrophic pathway involves the sulphur cycle, in
particular the dissimilatory sulphate reduction, which is carried out by sulphate
reducing bacteria under anoxic conditions. A second heterotrophic pathway
involves the nitrogen cycle, and more specifically, (1) the oxidative deamination
of amino acids in aerobiosis, (2) the dissimilatory reduction of nitrate in
anaerobiosis or microaerophily and (3) the degradation of urea or uric acid in
aerobiosis. Another microbial process that leads to an increase of both the pH and
the concentration of dissolved inorganic carbon is the utilization of organic acids
[3.67], a process which has been commonly used in microbial carbonate
precipitation experiments. The precipitation pathways described above are general
in nature, which accounts for the common occurrence of microbial carbonate
precipitation and validates the statement by Boquet et al. [3.68]) that under
suitable conditions, most bacteria are capable of inducing carbonate precipitation.
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Besides changes induced in the macro-environment, bacteria have also been
reported to influence calcium carbonate precipitation by acting as sites of
nucleation or calcium enrichment [3.69]. Due to the presence of several negatively
charged groups on the cell wall, at a neutral pH, positively charged metal ions can
be bound on bacterial surfaces [3.70, 3.71]. Such bound metal ions (e.g. calcium)
may subsequently react with anions (e.g. carbonate) to form an insoluble salt (e.g.
calcium carbonate). The anion (e.g. carbonate) in this reaction may be a product of
the bacterial metabolism, or it may have an abiotic origin [3.71].

The evidence of microbial involvement in carbonate precipitation has
subsequently led to the exploration of this process in a variety of fields. A first
series of applications is situated in the field of bioremediation. In addition to
conventional bioremediation strategies which rely on the biodegradation of
organic pollutants [3.72, 3.73], the use of MICP has been proposed for the
removal of metal ions. Applications include the treatment of groundwater
contaminated with heavy metals [3.74] and radionucleotides [3.75], the removal of
calcium from wastewater [3.76, 3.77]. Another series of applications aims at
modifying the properties of soil, i.e. for the enhancement of oil recovery from oil
reservoirs [3.78], plugging [3.79] and strengthening of sand columns [3.80, 3.81].
Moreover, microbially induced precipitation has been investigated for its potential
to improve the durability of construction materials such as limestone and
cementitious materials. The latter can be divided into processes for the deposition
of a protective surface layer with consolidating and/or waterproofing properties
i.e. biodeposition, and processes for the generation of a biologically induced
binder, i.e. biocementation.

3.2.5.2 Biodeposition

Boquet et al. [3.68] were among the first to demonstrate the ability of soil bacteria
to precipitate calcium carbonate under laboratory conditions. Among the
organisms tested, several Bacillus strains (incl. Bacillus cereus) and Pseudomonas
aeruginosa were observed to form crystals. Adolphe et al. [3.82] were among the
first to consider the use of microbially induced carbonate precipitation (MICP) for
the protection of ornamental stone. They applied for a patent regarding the use of
calcinogenic bacteria on stone surfaces. Since the best performance was obtained
with B. cereus, which could also be easily produced on an industrial scale, this
organism was selected for in situ applications [3.83]. The nutritional medium was
designed to stimulate the production of carbonate through the nitrogen cycle
metabolic pathways. More specifically, the media contain a source of proteins for
the oxidative deamination of amino acids in aerobiosis and a source of nitrate for
the dissimilatory reduction of nitrate in anaerobiosis or microaerophily. In
addition, a fungicide was added to prevent the unwanted growth of fungi present
on the stone, or deposited from the air [3.84]. The proposed in situ treatment
consists of first spraying the entire surface to be protected with a suitable bacterial
suspension culture. Subsequently, the deposited culture is fed daily or every two
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days (about five applications in total) with the suitable medium in order to create a
surficial calcareous coating [3.85]. The first application in sifu was carried out in
1993 in Thouars on the tower of the Saint Médard Church, consisting of Tuffeau
limestone. The presence of the biocalcin decreased the water absorption rate to a
significant extent (5 times) while retaining the permeability for gas. Furthermore,
no influence on the aesthetic appearance could be observed [3.85].

The promising results of this so called Calcite Bioconcept technique
encouraged different research groups to evaluate alternative approaches for the
biomediated carbonate precipitation on limestone. These approaches can be
mainly divided into those falling within and those falling outside the specifications
of the patent by Adolphe et al. [3.82], i.e. the application of calcinogenic bacteria
to a stone surface. The first series of approaches, those falling within the patent
specifications, are characterized by the use of different microorganisms, metabolic
pathways or delivery systems to overcome some of the potential limitations of the
Calcite Bioconcept technique. In the second series of approaches, no
microorganisms are applied to the surface. These approaches can be divided into
studies where inducing macromolecules are supplied to the stone together with a
supersaturated solution of calcium carbonate and studies which obtain carbonate
precipitation by the microbiota inhabiting the stone. In the latter, only nutrients are
added to the stone.

3.2.5.2.1 Biodeposition through the Application of Calcinogenic Bacteria to a
Stone Surface

At the University of Granada, Rodriguez-Navarro et al. [3.86] proposed the use of
Myxococcus xanthus for the creation of a consolidating carbonate matrix in the
porous system of limestone. For the production of carbonate ions, the authors
proposed a medium containing a pancreatic digest of casein as the nitrogen source.
Also, the effect of a phosphate buffer on the carbonate production was
investigated. The authors observed carbonate cementation to a depth of several
hundred micrometers (> 500 um) without the occurrence of any plugging or
blocking of the pores.

At Ghent University, Dick e al. [3.87] proposed the microbial hydrolysis of
urea as a strategy to obtain a restoring and protective calcite layer on degraded
limestone. The hydrolysis of urea presents several advantages over the other
carbonate generating pathways, as it can be easily controlled and it has the
potential to produce high amounts of carbonate within a short period of time. The
hydrolysis of urea is catalyzed by means of urease. As a consequence, urea is
degraded to carbonate and ammonium, resulting in an increase of the pH and
carbonate concentration in the bacterial environment [3.88]. As calcium ions are
bound to the cell wall as a result of the negative charge of the latter, this can result
in the formation of crystals on the bacterial cell. A schematic overview, of the
ureolytic carbonate precipitation occurring at the microbial cell wall is given in
Fig. 3.21.
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UREA

Fig. 3.21 Principle of CaCO; precipitation by ureolytic bacteria (after 3.64)

First, Dick et al. [3.87] identified the microbial key factors which contribute to
the performance of the biodeposition treatment. For the evaluation of the
performance, the authors investigated the water absorption rate of treated and
untreated Euville limestone. Of the parameters that were screened (calcite
deposition on limestone cubes, pH increase, urea degrading capacity, EPS
production, biofilm formation, {-potential and deposition of dense crystal layers),
the C-potential proved to be the factor with the greatest predictive power for good
limestone restoration, reflecting the effect on the initial water absorption rate. The
C-potential is a measure of the potential of the electric layer at the surface of the
cells, and is therefore an important parameter in the adhesion and surface
colonization by bacteria. Due to the positive (-potential of the limestone, bacteria
with a highly negative {-potential will be more easily retained. The second
important key factor was the specific urea degradation rate. Bacteria with a high
initial specific urea degradation rate show a high affinity for urea. This allows for
a high substrate turnover for a limited amount of cells.

Although wurease activity is widespread among different groups of
microorganisms, it was mainly microorganisms closely related to the Bacillus
sphaericus group which were shown to proliferate and express the urease gene
under the given cultivation conditions [3.77]. From the screening procedure
described above, 2 strains of B. sphaericus were selected for further experiments.
These strains were shown to decrease the initial water absorption rate by
approximately 50%.
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As an extension to the above mentioned study, De Muynck et al. [3.89, 3.90]
investigated the biodeposition with B. sphaericus as a surface treatment for
cementitious materials (Portland cement mortar) with different porosities. All
experiments were performed at 28°C under non-sterile conditions. The mortar
specimens were immersed for 24 hours in a one day old culture of B. sphaericus
containing ca. 107 cells.mL™, after which they were transferred to fresh medium
containing a calcium source. The specimens were removed from the solution after
three days. The authors demonstrated that the biodeposition treatment resulted in
an increased resistance of mortar specimens towards carbonation, chloride
penetration and freezing and thawing, especially for more porous mortars with
higher water to cement ratios (w/c). Moreover, the biodeposition treatment
showed a similar protection towards degradation processes as some of the
conventional surface treatments under investigation (silanes, siloxanes, silicates
and acrylates). The biodeposition treatment on cementitious materials can be
regarded as a coating system, since carbonate precipitation is mainly a surface
phenomenon due to the limited penetration of the bacteria in the porous matrix.
From thin section analyses, it was observed that the majority of the surface was
covered with a layer of crystals with thicknesses within the range of 10-40 um, in
which often larger crystals (up to 110 pm) could be found. The morphology of the
crystals was observed to be highly dependent on the medium composition. In the
event calcium chloride was used as the calcium source, rhombohedral carbonate
crystals were obtained (Fig. 3.22). In the presence of calcium acetate, spherulitic
crystals were observed. However, no differences in the protective effect were
observed between biodeposition treatments with a different calcium source.

Fig. 3.22 Scanning electron micrographs of rhombohedral CaCOj; crystals on the surface of
mortar specimens treated with Bacillus sphaericus and a nutrient medium consisting of urea
and calcium chloride
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The Biobrush (BIOremediation for Building Restoration of the Urban Stone
Heritage) project consortium introduced the use of Carbogel into the field of
biodeposition. According to the consortium, these delivery systems could be used
to control the possible harmful side effects of bacteria to stone. Within the
framework of the Biobrush project regarding biodeposition, bacteria isolated from
a stream in Somerset (UK), and bacteria from culture collections that had been
reported to have calcifying activity, were screened for their ability to deposit
calcite. From the 10 isolates that were retained and assessed for their ability to
deposit calcite on stone surfaces, Pseudomonas putida was chosen for further
study in field trials. In these field trials, bacteria were applied to the stone by
brushing. Subsequently, the bacteria were covered with moistened Japanese paper,
above which a 1-1.5 cm thick layer of Carbogel prepared with modified B4
medium was applied. Tris-HCI buffer was added to the Carbogel to adjust the low
pH of this carrier. Finally, the gel was covered with a polyethylene sheet. As a
result of this treatment a decrease of the water absorption and open porosity by 1%
and 5% respectively was obtained. In order for this treatment to be effective as a
consolidant, a 2 week treatment was observed to be necessary.

3.2.5.2.2 Biodeposition without the External Application of Micro-Organisms
Tiano et al. [3.91] proposed the use of natural and synthetic polypeptides to
control the growth of calcite crystals in the pores. The first suggestions in this
direction already date from the time at which the Calcite Bioconcept treatment
was developed. Tiano et al. [3.92, 3.93] proposed the use of organic matrix
macromolecules (OMM) extracted from Mytilus californianus shells to induce the
precipitation of calcium carbonate within the pores of the stone. The organic
matrix was shown to produce a more relevant and durable carbonate precipitation
compared to the single use of calcium chloride or hydroxide. This precipitation
resulted in a slight decrease in porosity and water absorption by capillarity [3.93].
Tiano et al. [3.94] proposed the alternative use of acid functionalized proteins
such as polyaspartic acid. Calcium and carbonate ions for crystal growth were
supplied by means of an ammonium carbonate and calcium chloride solution or a
saturated solution of bicarbonate, and were supplemented in some cases by calcite
nanoparticles, in order to maintain a saturated carbonate solution in the pore over a
prolonged period. Proteins, calcium ions and nanoparticles were introduced in the
stone by means of spraying. According to the authors, the method is most suitable
for the use on marble statues and objects of high aesthetic value where
conservation is required with the minimum change in the chemistry of the object.
Field test results, however, indicate that the effects of the treatment with bio-
inducing macromolecules (BIM) were rather small [3.94].

The European Bioreinforce (BIOmediated calcite precipitation for monumental
stones REINFORCEment) project consortium demonstrated the ability of
autoclaved cells and cell fragments to induce calcite crystallization in liquid
media. After application of dead cells and Bacillus cell fragments (BCF) to stone
surfaces, a slight decrease in the water absorption was noticed; the effect was
more pronounced on high porosity stones such as Tuffeau. Again, this method
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only appeared to be useful for very delicate small calcareous stone objects, rather
than for a monumental fagade [3.95].

Jimenez-Lopez et al. [3.96] proposed the application of a culture medium, able
to activate the calcinogenic bacteria from the microbial community of the stone, as
a more user friendly method for the in sifu consolidation of ornamental stone. In
addition to their work on decayed limestone fragments [3.96, 3.97], this technique
was recently proposed for the treatment of new stones used for replacement
purposes [3.98]. Some of the identified bacteria in the stone, Pseudomonas and
Bacillus, had already been reported to produce calcium carbonate both in
laboratory conditions and in nature. From these findings, the authors proposed the
use of bacto-casitone as a way to activate the calcinogenic bacteria from the stone
microbial community. Bacto-casitone is a source of carbon and nitrogen, which
favours alkalinisation due to the oxidative deamination of amino acids. Gonzalez
Muiloz et al. [3.99] applied for a new patent for the protection and reinforcement
of construction and ornamental materials by means of the application of an
activator medium able to induce the formation of calcium carbonate. Due to the
time required for the activation of the microbial community, Jimenez-Lopez et al.
[3.96] proposed the additional use of M. xanthus for those restoration
interventions in which time is an issue and fast formation of calcium carbonate is
required. Very recently, the application of an activator medium has been
successfully applied in situ on calcarenite stone (Monasterio de San Jeronimo and
Hospital Real, Granada) [3.100]. Results showed surface strengthening of the
stone without alteration of its appearance.

3.2.5.3 Biocementation: Biological Mortar

Besides the deposition of a layer of carbonate on the surface of building materials,
MICP has also been used for the generation of binder-based materials. Initial
developments were mainly situated in the field of geotechnical engineering, i.e.
plugging, strengthening and improvement of soils [3.78, 3.79, 3.81, 3.101]. Recent
advances, however, indicate the potential use of this technique for the remediation
of cracks in building materials, strength improvement and self-healing of
cementitious materials.

A biological mortar refers to a mixture of bacteria, finely ground aggregates
(limestone) and a nutritional medium containing a calcium salt. The term
biological refers to the microbial origin of the binder, i.e. microbiologically
produced calcium carbonate, which cements the aggregates together. The aim of
the biological mortars is to avoid some of the problems related to chemical and
physical incompatibilities of commonly used repair mortars with the underlying
material, especially in the case of brittle materials [3.84, 3.85, 3.102]. The
optimization of the mortar composition encompassed the dosage and composition
of the three main components, i.e. limestone powder, nutrients and bacterial paste.
The biological mortars necessitated the use of larger amounts of bacteria and as a
result the composition of the nutrient medium had to be altered. Best results were
obtained with one part of bacterial paste (containing 10° cells.mL™), one part of
nutritional medium and two parts of limestone powder. Limestone powder with a



3 Recovery against Environmental Action 95

granulometry between 40 and 160 pm was observed to be the most suited. The
technique has already been successfully tested on a small scale on sculptures of
the Amiens Cathedral and on a portal of the church of Argenton-Chateau (France).
Visual observations two years after the treatment indicated a satisfactory
appearance of the repaired zones [3.84, 3.85].

3.2.5.4 Microbiological Remediation of Cracks in Concrete

In the recovery of heavy oil from oil fields, where water is more readily removed
than the viscous oil, the ability to selectively plug porous rock to focus pumping
energy in oil rich zones is highly desirable. For this purpose, the use of a microbial
mineral plugging system based on the precipitation of carbonates was suggested
and investigated by, amongst others, Ferris and Stehmeier [3.79], Zhong and
Islam [3.101], Whiffin [3.103], Kucharski ef al., [3.104]. Zhong and Islam [3.101]
used the consolidation of sand mixtures for the remediation of cracks in granite.
Cracks in granite were packed with a mixture of bacteria, nutrients and a filler
material. Among the different materials that were mixed with S. pasteurii, a silica
fume (10%) and sand (90%) mixture lead to the highest compressive strength and
lowest permeability. As a further extension to this research, Ramachandran ez al.
[3.105] investigated the microbiological remediation of cracks in concrete. The
authors proposed MICP as an effective way to seal cracks. The appearance of
cracks and fissures is an inevitable phenomenon during the ageing process of
concrete structures upon exposure to weather changes. If left untreated, cracks
tend to expand further and eventually lead to costly repair. Specimens with cracks
filled with bacteria, nutrients and sand demonstrated a significant increase in
compressive strength and stiffness values when compared with those without
cells. Similar conclusions were obtained by Achal [3.106] for crack remediation
with a mixture of sand and Bacillus sp. (strain CT-5 which they isolated from
cement). The presence of calcite was, however, limited to the surface areas of the
crack. The authors attributed this to the fact that S. pasteurii grows more actively
in the presence of oxygen. Still, the highly alkaline pH (12-13) of concrete was a
major hindering factor to the growth of the moderate alkaliphile S. pasteurii,
whose growth optimum is around a pH of nine. In order to protect the cells from
the high pH, Day et al. [3.107] investigated the effect of different filler materials
on the effectiveness of the crack remediation. Beams treated with bacteria and
polyurethane showed a higher improvement in stiffness compared to filler
materials such as lime, silica, fly ash and sand. According to the authors, the
porous nature of the polyurethane minimizes transfer limitations to substrates and
supports the growth of bacteria more efficiently than other filling materials,
enabling an accumulation of calcite in deeper areas of the crack. No differences
could be observed between the overall performances of free or polyurethane
immobilized cells in the precipitation of carbonate [3.108]. In addition to this
research, Bachmeier et al. [3.109] investigated the precipitation of calcium
carbonate with the wurease enzyme immobilized on polyurethane. The
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immobilization was shown to protect the enzyme from environmental changes, as
the immobilized urease retained higher enzymatic activities at high temperatures
and in the presence of high concentrations of pronase. While the rate of calcite
precipitation of the immobilized enzyme was slower compared to that of the free
enzyme, lower concentrations of the former where needed to obtain the theoretical
maximum precipitation in a period of 24 hours. Although the authors mentioned
ongoing research on the use of immobilized urease in the remediation of surface
cracks in concrete, to our knowledge no published results are available at the
moment.

As an extension to research of the Ghent University Group regarding
biodeposition on cementitious materials, the use of microbially induced carbonate
precipitation was further investigated for the repair of cracks in concrete [3.110,
3.111]. Both standardised cracks with a depth of 10 mm or 20 mm and a width of
0.3 mm, and realistic cracks were examined. For the biological crack healing, the
Bacillus sphaericus strain LMG 222 57 was chosen because of its optimal CaCOj;
precipitation capabilities [3.87]. To protect the bacteria from the strong alkaline
environment in concrete, the bacteria were, for some of the treatments,
immobilised in silica gel (Levasil®200/30% sol, with a specific surface area of 200
m?/g and a solids content of 30%). The bacteria were suspended in a salt solution
and then added to the silica sol. The obtained suspension was brought into the
cracks by means of a syringe where the salt triggered the transformation of the
silica sol into a silica gel. After treatment of the cracks, samples were placed in an
equimolar urea-calcium solution, which enhanced the formation of carbonate
crystals inside the pores of the silica gel and resulted in sealing of the crack.
Samples were removed from the solution after 3 days. Treatments with Bacillus
sphaericus in silica gel and provided with a calcium source appeared to be
effective in healing realistic cracks of 0.01 to 0.9 mm wide (Fig. 3.23). As a result,
a decrease of the water permeability, similar to that obtained with traditional
epoxy injections, was observed. However, it was seen that the decrease in water
flow was also obtained if autoclaved bacteria were used instead of active bacteria.
This corroborates that the greater part of the decrease in water permeability is
attributed to crack filling by the sol-gel matrix. TGA analysis on the crack repair
material indicated that only in the case of active bacteria CaCOj; crystals were
present (Fig. 3.24). Precipitation of these crystals inside the gel-matrix may
enhance the durability of this repair material. When only bacteria were used,
without immobilization in silica gel, no CaCOj precipitation could be observed.
Treatment with sol-gel, with or without successive immersion in BS + CaCl,,
resulted in cracking of the sol-gel matrix. Efficiency of the biological treatment
was also evaluated by means of ultrasonic transmission measurements and visual
examination [3.111]. Crack treatment with Bacillus sphaericus, immobilized in
silica gel, resulted in an increase in ultrasonic pulse velocity, indicating that crack
bridging was obtained.
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Fig. 3.23 Visual evaluation of crack repair by Bacillus sphaericus in sol-gel; left: surface,
right: cross section; the crack tip is encircled; arrows indicate the crack edges (Source:
[3.110])
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Fig. 3.24 TGA results for different crack repair materials containing active or autoclaved
Bacillus sphaericus (BS) bacteria, showing the reduction in weight versus temperature
increase (Source: [3.111])

3.2.5.5 Bacterial Concrete

Besides external application of bacteria in the case of remediation of cracks,
microorganisms have also been applied in the concrete mixture. Until now,
research has mainly focused on the consequences of this addition on the material
properties of concrete, i.e. strength and durability.

Ramachandran et al. [3.113] investigated the use of microbiologically induced
mineral precipitation for the improvement of the compressive strength of Portland
cement mortar cubes. This study identified the effect of the buffer solution and
type and amount of microorganisms, i.e. S. pasteurii and P. aeruginosa, used.
Furthermore, in order to study the effect of the biomass, the influence of both
living and dead cells was investigated. Before addition to the mortar mixture,
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bacteria were centrifuged and washed twice. The final pellets were then suspended
in either saline or phosphate buffer, which was subsequently added to the mixture.
After demolding, the mortar specimens were stored in a solution containing urea
and calcium chloride for seven days. Subsequently, the specimens were cured in
air until the measurement of the compressive strength.

At lower concentrations, the presence of S. pasteurii was shown to increase the
compressive strength of mortar cubes. While the 28-day compressive strength of
the control cubes amounted to about 55 = 1 MPa, specimens treated with 10°
cells.cm™ had a compressive strength of about 65 + 1 MPa. The contribution of P.
aeruginosa to the strength was found to be insignificant. From the X-Ray
diffraction (XRD) analysis, no significant increased amounts of calcite could be
found in mortar specimens treated with bacteria. This could be attributed to
the inhibition of the microorganisms by the high pH and the lack of oxygen inside
the mortar mixture. The overall increase of strength, therefore, resulted from the
presence of an adequate amount of organic substances in the matrix due to the
microbial biomass. However, an increase of the biomass, as dead cells in
particular, resulted in a decreased strength. According to the authors, this could be
attributed to the disintegration of the organic matter with time, making the matrix
more porous [3.113].

Ramakrishnan er al. [3.113] investigated the effect of this technique on the
durability of concrete. The presence of bacteria was observed to increase the
resistance of concrete towards alkali, sulfate, freeze thaw attack and drying
shrinkage; the effect being more pronounced with increasing concentrations of
bacterial cells. The authors attributed this to the presence of a calcite layer on the
surface, as confirmed by XRD analysis, lowering the permeability of the
specimens. The best results were obtained with the phosphate buffer.

Achal et al. [3.114] added a grown culture of Sporosarcina pasteurii
(concentration corresponding to an optical density ODgq of 1.0) to cement mortar,
and cured in a medium containing lactose mother liquor, urea, CaCl, and NaCl.
They found an increase in 28 days compressive strength of 17% compared to a
control without bacteria or medium. When using Bacillus sp. (CT-5) and curing in
a medium containing corn steep liquor, they even obtained a 44% increase in 28
days compressive strength. Curing in the media without adding bacteria into the
mortar, did not result in strength enhancement [3.106].

Ghosh et al. [3.115] demonstrated the positive effect of the addition of
Shewanella on the compressive strength of mortar specimens. Contrary to the
aforementioned research, these authors did not intend mineral precipitation, as
these specimens were cured in air and not in a nutrient containing medium. An
increase of 25% of the 28 day compressive strength was obtained for a cell
concentration of about 10 cells.mL™" and a water-to-cement ratio of 0.4. For these
samples, the presence of a fibrous material inside the pores could be noticed. As a
result, a modification of the pore size distribution was observed. The positive
effect of the addition of Shewanella improved with increasing curing times. For a
concentration of 10° cells.mL", an increase of the compressive strength of 17%
and 25% was observed after 7 and 28 days, respectively. However, no increase of
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the compressive strength was observed with additions of Escherichia coli to the
mortar mixture. This led the authors to suggest that the choice of the
microorganism plays an important role in the improvement of the compressive
strength. More specifically, the production of EPS by the bacteria seemed to be of
importance. In a subsequent study Ghosh et al. [3.116] attributed strength
improvement of bacteria-amended mortar specimens to the formation of new
phases of silicates (Gehlenite) within the mortar matrix. This phenomenon was
apparently triggered by a novel protein released by mortar embedded bacteria.
Also the addition of only the protein to mortar mixtures was found to result in
substantial improvement of mortar strength.

3.2.5.6 Self-Healing Concrete Using Bacteria

3.2.5.6.1 Self-Healing Concrete with Bacteria in Porous Aggregates

As part of a larger research program at TUDelft on the development of novel self-
healing materials [3.117] the application of bacteria as self-healing agent in
concrete was considered. In preliminary studies Jonkers [3.118] and Jonkers and
Schlangen [3.119] added various species of alkali-resistant spore-forming bacteria
(Bacillus pseudofirmus DSM 8715 and B. cohnii DSM 6307) to mortar mixtures
and observed substantially higher production of mineral precipitates on crack
surfaces of bacteria-based specimens compared to control ones (Fig. 3.25).

I. s w1 - .Qt

A. Control (no bacteria) B. Concrete with immaobilized bacteria

Fig. 3.25 Cement stone samples, which were cured for 10 days and subsequently further
incubated in yeast extract- and peptone-containing medium. (A) Control (cement stone
without added bacteria) and (B) cement stone containing 10° em™ spores of B.
pseudofirmus. The inset in Figure 2B (x5000 magnification) shows a close up of the
massive calcite-like crystals formed on the specimen surface.

The formation of minerals was thought to be bacterially mediated due to
metabolic conversion of dissolved organic compounds present in crack-ingress
water to insoluble calcium carbonate-based minerals by embedded bacterial spores
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after activation (germination). In order to obtain a truly self-healing material, in a
follow-up study both bacterial spores and a suitable organic mineral precursor
compound (calcium lactate) were added to the mortar mixture [3.120]. Although
again profound mineral formation on crack surfaces was observed, the process
appeared to be limited to very young (7 - 10 days) mortar specimens only
(Fig. 3.26).

Fig. 3.26 Cement stone specimens with incorporated healing agent (B. cohnii spores plus
calcium lactate), cracked after 7 (panel A: 250x and B: 1000x magnification) or 28 days
curing (panel C: 500x and D: 2000x magnification). The relatively large (20-80 um sized)
mineral precipitates visible on crack surfaces of young specimens (A and B) are
presumably due to bacterial conversion of calcium lactate to calcium carbonate. The small
(2-5 pum sized) precipitates on crack surfaces of older specimens (C and D) resemble those
produced by abiotic specimens (see C and D), larger bacterial precipitates are not produced
here likely due to loss of viability of cement stone embedded bacterial spores.

This phenomenon was attributed in that study to the limited viability of
bacterial spores when directly (unprotected) added to the mortar mixture. In
currently running studies therefore, both bacteria and nutrients are immobilized in
porous expanded clay particles, acting as healing agent reservoir particles, prior to
addition to the concrete mixture (Fig. 3.27).
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Fig. 3.27 A: ESEM photomicrograph (5000x magnification) of alkali-resistant spore
forming bacterium (Bacillus strain B2-E2-1). Visible are active vegetative bacteria (rods)
and spores (spheres), showing that spore diameter sizes are in the order of one micrometer;
B: Self-healing admixture composed of expanded clay particles (left) loaded with bacterial
spores and organic bio-mineral precursor compound (calcium lactate). When embedded in
the concrete matrix (right) the loaded expanded clay particles represent internal reservoirs
containing the two-component healing agent consisting of bacterial spores and a suitable
bio-mineral precursor compound.

Results of these studies appear promising as viability of concrete embedded
bacterial spores increased due to this treatment from days to several months, while
compared to control specimens also significantly improved healing (plugging) of
cracks was observed [3.121, 3.122, 3.123] (Fig. 3.28).

A similar approach was also followed by Wang [3.124] and Standaert [3.125] at
Ghent University. Two kinds of porous aggregates, i.e. expanded clay (argex) and
lava, were used to immobilize Bacillus cohnii spores. The carriers used for
immobilizing or encapsulating should have a suitable strength, particle size and
surface pore size. The suitable surface pore size for encapsulating bacteria is 1.0 to
100 um, preferably between 1.0 and 25 pm [3.126]. Pore analysis indicated that the
fraction of the pores within this size range was larger for argex particles than for
lava particles, which means that argex is more suitable to immobilize bacteria.
However, lava was shown to have a positive effect on compressive strength and
tensile strength, whereas argex has a negative effect (Fig. 3.29). Furthermore, the
influence of a range of nutrients on the strength of the matrix was investigated (Fig.
3.30).
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Fig. 3.28 Light microscopic images (40 times magnification) of pre-cracked control (A)
and bacterial (B) concrete specimen before (left) and after (right) healing (2 weeks
submersion in water). Mineral precipitation occurred predominantly near the crack rim in
control but inside the crack in bacterial specimens. Efficient crack healing occurred in all
six bacterial and two out of six control specimens.

lava

argex

reference

0 10 20 30 40 50 60 70
Compressive strength (N/mmz)

Fig. 3.29 Compressive strength at 28 days of mortar prisms (160 x 40 x 40 mm®) with
different types of porous aggregates
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Fig. 3.30 Compressive strength at 28 days of mortar prisms (160 x 40 x 40 mm®) with
different types of nutrients

To investigate the self-healing efficiency, the sand fraction 2/4 of mortar
specimens was replaced by the same volume of porous aggregates. For each type
of aggregate, 3 test series were prepared. The first one was the reference with
aggregates that contained water, the second one was with aggregates that
contained a solution of water and nutrients. The final series consisted of
aggregates containing a spore suspension (Bacillus cohnii-spores) and nutrients.
The expanded clay and lava aggregates were vacuum saturated with the solutions.
For the third series, the spores and nutrients were added to separate aggregates.
After saturation, the lava aggregates were provided with a cement coating to
prevent leaching of the spores and nutrients. For each series, 4 cylinders (@: 76
mm, height: 20 mm) were made to investigate the evolution in water permeability.
After 28 days, the prisms were subjected to a crack width controlled splitting test.
The specimen was loaded until a crack-width of 0.4 mm was measured by an
Linear Variable Displacement Transducer (resulting in a residual crack width after
unloading of 0.1-0.2 mm). The cylinders were then positioned in a water
permeability test facility as described by Aldea et al. [3.127]. The time of water
flow through the cracked cylinders was measured daily and the water permeability
coefficient was calculated according to Darcy’s law.

A significant decline in the water permeability coefficient, in comparison with
the reference and the specimens with only nutrients, was observed for specimens
with spores and nutrients present in separate expanded clay particles. Precipitation
was observed in the cracks of the specimens with nutrients and the specimens with
nutrients and spores. This indicates that the precipitation might not be caused by
the incorporated bacteria. Moreover, SEM analysis did not reveal differences in
shape, size or degree of coverage of the precipitation noticed on the different
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series. Also, the amount of CaCOj; precipitation was not enough to completely
heal the created cracks. SEM images of the specimens with lava saturated with
nutrients and spores showed the presence of bacteria (Fig. 3.31). The bacteria
appeared to be part of the crystals. This proves that the spores survived the
immobilisation and germinated after crack formation.

Fig. 3.31 Bacteria within CaCOj crystals formed in cracked mortar specimens containing
B. cohnii in coated lava particles

3.2.5.6.2 Self-Healing Concrete with Bacteria in Diatomaceous Earth

The Ghent University group suggested the use of diatomaceous earth (DE) as the
carrier for the bacteria [3.128, 3.129]. Diatomaceous earth (DE) is a natural soft
siliceous sedimentary rock that is very easily crumbled into fine powders. It has a
particle size ranging from less than 1 pm to more than 1 mm, but typically 10 to
200 pm. The typical chemical composition of oven dried DE is 80% to 90% silica,
with 2 to 4% alumina and 0.5% to 2% iron oxide. DE consists of fossilized
remains of diatoms, which is a type of hard-shelled algae. Diatoms skeletons are
highly porous, light in weight and chemically stable and inert. DE has been used
in various fields. It is mainly used as filtration agent and functional fillers for
paints and plastics. Furthermore, DE has been used before as a bacterial carrier,
e.g. DE was used to incorporate non-pathogenic microbes inside a system for in-
situ bioremediation of contaminated soil and ground water [3.130]. The aim of
Wang et al. [3.128, 3.129] was to use DE as the protective carrier for the bacteria,
which were added into the high pH cement environment of concrete as a self-
healing agent.
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First the activity of Bacillus sphaericus LMG 22557 (Belgian coordinated
collection of microorganisms, Ghent) immobilized in DE, was tested in a cement
slurry to mimic the high pH environment inside concrete. The pH of the
suspension of Portland cement in water was about 12.5 after 1 day. Then a pre-
mixture together with nutrients was added to the cement suspension. The pre-
mixture was made of bacterial cells (concentration 10® cells/mL), water and DE.
The nutrients were composed of urea and yeast extract. The ureolytic activity of
the bacteria after immobilization into DE was evaluated by the decomposition of
urea in the cement slurry. The amount of urea decomposed was measured by the
determination of total ammonium nitrogen (TAN). TAN concentrations were
measured calorimetrically by the method of Nessler [3.131]. The results showed
that B. sphaericus bacteria immobilized in DE can decompose a significant
amount of urea (on average 25 g/L), whereas almost no urea was decomposed in
control slurries with DE but no bacteria, or with bacteria that were not
immobilized on DE.

Fig. 3.32 Porous DE

Subsequently, mortar specimens (60 mm x 60 mm x 220 mm) with DE
immobilized bacteria were prepared: half of the DE contained nutrients and the
other half contained bacterial cells. As shown in Fig. 3.33, the addition of
diatomaceous earth clearly improved the compressive strength of the mortar. It is
thought that DE may function as a filler, and probably also as an internal curing
aid. However, if the addition of DE is more than 5% of the cement by mass, the
mortar paste becomes very dry and the workability decreases a lot.
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Fig. 3.33 Compressive strength of mortar with or without diatomaceous earth (DE)

After 7 days, the mortar specimens were taken out of the curing room and
cracks were created by means of a crack width controlled three-point bending test.
After unloading, the remaining crack width ranged from 0.15 mm to 0.17 mm.
Afterwards, three of the cracked specimens were immersed into water and three
were immersed into the deposition medium (made of urea and Ca(NOs),, 0.2M)
for 40 days. It was found that the cracks were filled with white crystals. Samples
were taken from the crack wall for SEM and EDAX analysis. As shown in Fig.
3.34 (a) and (b), the particles appear in different shapes, with size ranging from 5
pm to 40 um. EDAX results indicated that the particles are CaCOs.

(a) 1000x (b) 5000x (c) EDAX

Fig. 3.34 CaCOs; precipitation by DE immobilized bacteria in the cracks

A capillary water absorption test was performed to measure the water
penetration resistance of the cracked mortar specimens with or without bacteria.
The specimens were dried at 40 °C in an oven until weight changes were lower
than 0.1% in 24 h intervals. Before the test, the specimens were coated with a
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waterproof paint at four sides adjacent to the bottom surface where the crack
existed. Also part of the bottom surface was coated with the paint except for an
area of 40 mm x 20 mm around the crack. The coated specimens were immersed
to a depth of 5+1 mm in tap water and were weighed regularly. It appeared that
the precipitation in the cracks profoundly decreased the water absorption of the
cracked specimens. It can be seen from Fig. 3.35 that the speed of water
absorption in the specimens without bacteria was much faster than in the ones
with bacteria.
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Fig. 3.35 Capillary water absorption of cracked (and self-healed) specimens as a function
of time; all specimens contained diatomaceous earth (DE); BS refers to the specimens with
bacteria; W refers to the previous incubation in water and M to incubation in urea and
Ca(NOj3), medium for 40 days (Source: [3.129])

3.2.5.6.3 Self-Healing Concrete with Bacteria in Tubular Capsules

The Ghent university team is also focussing on protection of the bacteria in
tubular carrier materials in order to introduce them in a concrete matrix to obtain
autonomous self-healing. As described in Wang et al. [3.132, 3.133] bacteria and
PU were encapsulated in glass tubes with three compartments which were
embedded inside mortar specimens. One compartment of the tubes contained the
first component of the PU (prepolymer of PU). The second compartment was
filled with the nutrients for bacterial growth, and a calcium source (this deposition
medium contained yeast extract 20 g/L, urea 20 g/L. and Ca(NOj3),.4H,0 79 g/L)
and the second component of the PU (accelerator). The last compartment was
filled with the bacterial cells (Bacillus sphaericus, 10® cells/mL). The glass tubes
were then placed in the tensile zone of mortar specimens (60 mm x 60 mm x 220
mm) and cracks were created in two weeks old specimens by means of a crack
width controlled three-point bending test. When a crack appears in the mortar
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matrix, the glass tubes break and all components mentioned above can flow into
the crack and mix together. For the tubes with PU carrier material, first,
polymerization of the filling agent (polyurethane) is initiated and through this
process strength regain is obtained. In a second step, the bacteria, which are
dispersed through the filling material can precipitate CaCO; crystals in the pores
of the PU and through this, an additional regain in strength may be obtained.
Different from the method of Bang ef al. [3.108] described higher, in which PU
foam with immobilized bacteria was pre-formed and placed into the cracks
manually, in this research, PU foam is formed in the crack automatically upon
crack appearance.

After performance of the bending test, all specimens were placed again into a
curing room at a temperature of 20°C and a relative humidity of more than 90%. One
week later, strength regain was measured by reloading the specimens. The self-
healing efficiency was evaluated by comparing the peak load obtained during the first
loading cycle and the reloading cycle. Considerable strength regain, on average 60%,
was obtained in the case of specimens with incorporated PU and bacteria. However,
there was no obvious difference in strength regain between specimens with living
bacteria and specimens with dead bacteria. Therefore, the healing effect was mostly
caused by the PU foam and not by the bacterially precipitated CaCO;. However,
water permeability tests showed that the water permeability coefficient of the
specimens with PU immobilized bacteria (10™ to 10™" m/s) was a little bit lower than
for those with PU only (about 107 to 10" mys).

TGA measurements indicated that CaCO; crystals were present in the cracks
but that the amount of precipitation was quite limited. The main reason might be
that there is insufficient water for microbial activity inside PU foam. This will
hinder the contact among bacteria, urea and Ca®". Current research focuses on
increasing the amount of bio-CaCOj; precipitation in PU foam and on selection of
other suitable carrier materials. First results indicate that increasing the amount
of bacteria inside PU, enhances the precipitation of more CaCO;. Immobilization
of the bacteria in PU did not lead to an obvious reduction in their ability to
degrade urea. B. sphaericus immobilized into silica gel showed a somewhat higher
activity than the same amount immobilized into PU.

Therefore as another alternative, the use of a two-component system was
studied, existing of a tube with the bacteria suspended in silica sol, and a second
tube with the deposition medium [3.124, 3.133]. The Ca(NOs3), in the deposition
medium also functions as activator for the silica gel formation. For the system
with silica gel, this gel itself does not contribute to mechanical strength regain and
only the precipitation of CaCO; crystals will allow regain in strength. For
autonomously healed specimens with silica gel with or without bacteria, the water
permeability coefficient of specimens was reduced much more in specimens with
bacteria due to the bacterially induced CaCOj; precipitation (10° m/s for
specimens with silica gel only, to 10 -10” m/s for specimens with silica gel and
bacteria).
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