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Crack openings in concrete lead to a reduction in its lifespan. Many authors have analysed different techniques
that could repair cracks autonomously, being the use of bacteria one of the most promising approaches. Bacteria
are often introduced with nutrients in the concrete mixes, and they may alter the cement hydration.

In this study, the effects that calcium lactate, calcium nitrate, and yeast extract have on cement pastes during
the early hours of hydration were analysed. To accomplish this, calorimetry, in situ X-ray diffraction (XRD),

Fourier Transform Infrared Spectroscopy (FTIR), Vicat and rheology techniques were employed. The results
demonstrated that the addition of calcium lactate led to higher values of ettringite, which altered the rheological
behaviour of the pastes. Moreover, when added at 4%, calcium lactate also delayed the setting time by inhibiting
the reaction of silicates, a similar effect was observed when yeast extract was added. Lastly, the incorporation of
nitrate accelerated the setting time.

1. Introduction and objectives
1.1. Introduction

Concrete is the most widely used construction material as it can be
made with local resources, be adapted to different shapes, and achieve
high compressive strength while maintaining a low production cost.
However, its low tensile strength leads to the formation of cracks on its
surface, exposing its matrix to harmful elements that can penetrate and
damage the concrete or the steel rebars.

The repair of these cracks is usually limited to the largest visible ones
employing techniques such as covering them with a new layer of mortar.
However, this approach merely seals the surface externally without
actually filling the crack [1]. Additionally, it is not uncommon for this
process to entail numerous difficulties owing to the location or
morphology of the structure resulting in an increase of the final cost of
the maintenance [2]. A clear example is the repair of submerged or
underground structures [3]. In addition, most of these repairs are only
effective for 10 to 15 years, and 20% show defects after five years [4].

According to Mahmoodi et al [5], 50% of the annual construction
budget in Europe is allocated to maintenance and repair projects. In the
United Kingdom, these operations amount to a cost of 40 billion pounds
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a year [4]. In 2019, the British government committed to spending
500.000 million pounds during the years 2020 and 2021, trying to repair
several infrastructures in the country, mainly made of concrete [4]. USA
expended between US$300-400 million per year in the renovations of
bridges and car parks alone in the late 2000s [6].

The combination of these factors has driven the research and
development of new techniques that enable concrete to repair itself, also
known as self-healing, to extend the useful life of structures and reduce
the high maintenance costs. These processes can be classified as either
autogenous or autonomous [7]. The first refers to the concrete’s ability
to repair itself owing to the hydration of cement particles that remain
unreacted or to calcium hydroxide carbonation processes [8]. In
contrast, autonomous self-healing refers to the repair processes induced
by the incorporation of an external agent. These agents can be derived
from electrodeposition technologies such as shape memory polymers
[9], microcapsules [10], vascular technologies [11] or even microor-
ganisms such as fungi or bacteria.

In the case of bacteria, the repair process occurs due to the precipi-
tation of calcium carbonate induced by these microorganisms and their
negatively charged cell walls. These cell membranes attract calcium
cations that cluster on their surface, serving as nucleation sites and
promoting their reaction with carbonates. In addition to crack sealing,
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the addition of these microorganisms and their nutrients impacts on
other properties of the cement-based materials, enhancing values such
as compressive strength [12], shrinkage [13], or water absorption [14].

Bacteria employed in self-healing concrete can be classified based on
their metabolic path as ureolytic, denitrifying, and aerobic heterotro-
phic bacteria [15,16].

Ureolytic bacteria precipitate calcium carbonate due to urease, an
enzyme produced by this type of bacteria capable of breaking down urea
into ammonium and carbonate ions. This process facilitates the gener-
ation of a large amount of CaCO3 [17]. However, for each carbonate ion
generated, two ammonium ions are generated as well [18], resulting in
nitrogen oxide emission into the atmosphere and an increase in armour
corrosion [16]. As a result, this type of bacteria has raised some con-
cerns, and many researchers avoid using it.

The bacteria that follow the second mentioned metabolic pathway,
denitrifying bacteria, produce less calcium carbonate than other meta-
bolic pathways [19], but they can function even in low-oxygen envi-
ronments. As their name suggests, they use nitrate ions as alternative
electron receptors in organic carbon oxidation, generating carbonate
ions that react with calcium cations to form calcium carbonate.

Finally, heterotrophic aerobic bacteria convert organic compounds
into carbonate ions, which are necessary for the self-healing process. In
addition, carbon dioxide and water are generated during the decom-
position process. These materials react with the calcium hydroxide
present in the cracks, thereby improving the repair process [20].

Depending on the metabolic pathway followed by the type of bac-
teria employed, certain nutrients need to be incorporated into the
mixture [17]. These nutrients, required either to enhance the survival of
the bacteria or to improve the amount of calcium carbonate produced,
are usually sources of carbon, nitrogen, and calcium salts to increase the
number of calcium ions within the concrete.

In this regard, there is a wide variety of nutrients that can be
employed in self-healing of cement based materials, including, for
example peptone [21], calcium acetate [20], sodium citrate [22], cal-
cium formate [23], and other calcium acid salts such as succinate, ox-
alate, malate, and glyoxylate [24].

The use of any of these nutrients entails a significant increase in the
cost compared to other raw materials commonly used in cement-based
mixes. Reducing the cost of this technology should be a priority with
the aim of maintaining the price increase below 15-20€ per m® [22].

1.2. Objectives and research significance

The main hypothesis of this study is that nutrients, when they are not
encapsulated, or the capsules break during the mixing or installation
process, may induce changes in the behaviour of the cement-based
materials in terms of their fresh and hardened properties. These
changes, that have not been thoroughly investigated, might occur at
early stages and in the fresh state.

According to the hypothesis established, the main objective of this
research is the assessment of the hydration process and the rheological
performance of the cement-based materials in the presence of different
nutrients, especially at early ages. Moreover, there is a wide variety of
nutrients and their quantity in the mixes moves in a large range. Both
these issues make difficult to understand their effects on the perfor-
mance of the cement-based materials. In addition, some previous
research [25-30] investigate the effect of bacteria-nutrients systems in
the cement hydration process, but they hardly focus on chemical
changes that take place during the first hours of hydration.

In this study it was decided to study each nutrient separately, so that
the changes that they generate can be clearly identified. The analysis is
focused on the early age performance measuring calorimetry during the
first 48 h and in-situ XRD to know the evolution of each crystalline phase.
The rheological performance was also assessed using a continuous flow
test for the first 60 min. These parameters have not been thoroughly
analysed yet, and they are highly valuable in practical applications for
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understanding workability and field placement conditions.

Results about chemical changes at early ages due to the introduction
of nutrients will help to identify the different hydration phases, to obtain
their quantifications and to determine the time frames at which they
occur. All of these will explain the rheological behaviour in the fresh
state, which is crucial for understanding the workability aspects of
cement-based materials during construction. Furthermore, the knowl-
edge about chemical composition, will contribute to a better under-
standing of the self-healing process using microorganisms that require
the inclusion of these specific nutrients.

The selected nutrients were yeast extract, calcium lactate, and cal-
cium nitrate due to their high use in self-healing with bacteria, high
availability and low cost. Yeast extract is a nutrient that provides ni-
trogen, vitamins, amino acids, and carbon [31]. Calcium lactate is a
calcium salt that introduces calcium ions to the mixture [32], improving
the precipitation of calcium carbonate [32] which is the main compo-
nent of the self-healing process [33]. Calcium nitrate is another calcium
salt mainly used along with denitrifying bacteria, as well as with other
types of bacteria [34-36], as it enriches the mixture with calcium ions.

2. Materials and methods
2.1. Materials and cement pastes

Commercial CEM I 52.5 SR-5 ordinary Portland cement was used in
this study. Its chemical composition, measured by X-ray fluorescence, is
presented in Table 1. Loss of ignition (LOI) was also measured. Its
mineralogical composition, identified by X-ray diffraction and quanti-
fied by Rietveld refinement, includes alite (67.3%), belite (6.9%), CsA
(2.5 %), C4AF (12.7 %), gypsum (4.7 %), calcite (3.8%), arcanite (2.0
%), and traces of anhydrite, bassanite, and syngenite.

A commercial limestone filler (LF), the chemical composition of
which is listed in Table 1, was used. Mineralogically, the filler consists
mainly of calcite (97.1%), although it also contains minor amounts of
dolomite (1.3%) and quartz (1.6%).

The water used was local tap water. The filler/cement ratio and
water/cement ratio in the control cement paste were 0.43 and 0.5,
respectively.

The nutrients chosen for the test were yeast extract, as a base nutrient
for the growth of bacteria, and calcium lactate and calcium nitrate to
provide the extra amount of calcium required to obtain Microbially
Induced calcium carbonate precipitation (MICP). The percentages cho-
sen for their study were selected based on previous trials and informa-
tion obtained from the literature [12,35,37-42]. The designation of each
paste, representing the concentrations of nutrients relative to the cement
mass (in percentage), followed by the initial letters of the corresponding
nutrient, is listed in Table 2.

Table 1
Chemical composition of CEM I and limestone filler used.
CEM I 52.5 SR-5 LF

CaO 61.8 55.0
SiO, 18.5 1.5
Al,O3 4.6 0.5
Fey03 3.7 0.2
SO; 3.1 0.2
MgO 1.7 0.5
K,0 1.0 0.1
TiOy 0.2 -
MnO 0.1 -
P,0s 0.1 _
LOI 41.9
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Table 2
Nutrient content per paste measured by % over cement by mass.

Paste Nutrient Nutrient content (% over cement by mass)
REF - -
1LAC Lactate 1
4LAC Lactate 4
2NIT Nitrate 2
2NIT1LAC Nitrate 2
Lactate 1
0.75YE Yeast extract 0.75

2.2. Methodology

2.2.1. Isothermal calorimetry

A TAM Air 8-channel isothermal calorimeter was utilized te for
measuring the heat flow in the pastes and to assess the kinetics of hy-
dration of the different mixes. We chose water as the reference material,
and the heat capacity of each sample was matched to each reference.

The accessory for internal mixing, Admix Ampoule, was used for
analysing the first 45 min of hydration. In this case, the powder was
placed inside the glass ampoule, and the liquid phase was introduced
throughout the syringes to avoid mixing before the calorimeter was
ready.

The nutrients were dissolved and introduced with the corresponding
mixing water in the syringes. The mixing process of the paste lasted for 1
min 30 s.

The heat flow curve up to 48 h was measured by applying an external
stirring method. This guarantees better mixing and higher repeatability
of the results compared to internal mixing [43]. The mixing time of 1
min and 30 s was chosen trying to minimize the elapsed time between
water-cement contact and the beginning of the tests, while ensuring the
homogeneity of the mixture. The first 30 s were used to homogenize the
powder materials, mixing the limestone filler and the cement together in
dry conditions. After that, the wet mixing process (powder material plus
water with nutrients dissolved) starts, lasting 60 s. This is a common
time used by other researchers [44-46]. This process ensures a uniform
blend without enlarging the period between the powder — water contact
and the initial testing too much. When the mixing process was complete,
the pastes were transferred into plastic ampoules and inserted into the
calorimeter.

Both procedures were performed using a calorimeter set to 25 °C,
and the signal was normalised according to the cement mass.

Two samples were tested for each paste.

2.2.2. In-situ X-ray diffraction and Rietveld refinement

The phase development during paste hydration was examined during
the first 48 h using in situ XRD. The mixing process used was the same
employed in the calorimetry external stirring method, mixing the
cement and limestone filler by 30 s, then adding the water with the
nutrient dissolved, and mixing again for 60 s. After mixing, the sample
was covered with a 7.5 um thick Kapton ® polyimide film to avoid water
evaporation and finally placed inside the D4 Endevour diffractometer by
Bruker. A step width of 0.035 ° with 1.3 s/step was employed to map the
region from 7° to 40° 26, resulting in a measurement roughly every 20
min during the first 24 h. After that, the conditions were changed to
0.035° and 3.9 s/step to gain accuracy and measurements were taken for
the next 24 h. It is worth noting that, one of the limitations of using in
situ XRD lies in the trade-off between covering a wide range of diffrac-
tion angles within a limited time frame and maintaining a good sig-
nal-noise balance in the measurements.

A total of 88 diffractograms were taken for each sample. The
diffraction patterns were then refined using the open-source software
PROFEX [47] and the external standard method [48-50] to obtain the
composition of the paste in term of % of crystalline phases. Anhydrous
cement data were used as the starting point for refinement and the
standard material used was Corundum 674a from Nist.
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By combining the data from both calorimetric measurements and
XRD quantification, a comprehensive understanding of the hydration
process and its physical changes can be achieved, providing valuable
insights into the chemical reactions and kinetics of the cementitious
materials [44,48,51].

2.2.3. Setting time

The setting time was measured using an automatic Vicat device
following the UNE-EN 480-2:2006 standard. This time was used to know
the time required to set and harden the cement mix which is related to
phase formation.

To perform this test, a conical mould of the dimensions set by the
regulations was filled and inserted into the Vicat apparatus. The appa-
ratus has a previously calibrated needle that falls freely and enters the
paste. The start of the setting time was confirmed when the needle could
no longer reach the bottom and stopped 4 mm from it. The final setting
time was measured when the needle could only be inserted 2.5 mm from
the surface. The mixing method was the same as the one used for the
rheological tests (Fig. 1).

2.2.4. Rheology

Rheological performance is an important issue directly linked to the
workability of the cement-based materials. To examine the influence of
nutrients on the rheological properties of the paste, a continuous flow
test for 60 min and a Flow Curve Test (FCT) were carried out in separate
batches. Both rheological tests were performed at 25 °C in a Viskomat
NT rheometer equipped with a fishbone probe. The measurement setup
consists in a stationary paddle positioned at the centre of a rotating
cylindrical container. The movement of the sample around the station-
ary paddle produces a consistent torque, which is recorded. The powder
materials were mixed by placing them in a 1-liter mixer for 30 s and
then, water with dissolved nutrients was added and mixed for another
minute. After mixing, the sample was placed in the rheometer to
perform the continuous flow test. The test involves inserting the probe
into the paste and hold still. Following that, the rotation began at 6 rpm
until the 60 min mark was reached.

In the FCT, the sample was placed in the container immediately after
mixing. Then, the mixture was accelerated over the next 5 s of the test
until it reached the target speed of 168 rpm, which was maintained for
another 30 s. Subsequently, 7 steps of 10 s each were performed, during
which the speed gradually decreased until it reached 0 rpm after the
final step. To determine the dynamic yield stress and plastic viscosity,
the Bingham fitting model was applied using Equation 1 [52-54].

t=10+py )

where 7 is the shear stress (Pa), 7 is the dynamic yield stress (Pa), j is the
plastic viscosity (Pas), and y is the shear rate (1/s). This test was also
performed 10 min and 1 h after the contact of cement and water, but the
results for some of the samples exceeded the machine reading limit.
Therefore, only the results of the initial measurement are shown.

Fig. 1 shows the mixing procedure and test protocol.

2.2.5. Fourier transform infrared spectroscopy (FTIR)

Fourier-transform infrared technique is a spectroscopy method used
to characterize composition of cementitious materials in combination
with other methodologies as XRD. Infrared spectroscopy was utilised
with 4LAC and 0.75YE to elucidate some results seen in the rheological
and X-ray diffraction test. These pastes were prepared using the same
procedure described for the external stirring method in the calorimetry
section.

The hydration process was stopped at 15 min and 4 h, and the paste
was dried using the solvent exchange method. In this method, the water
of the sample was replaced by a solvent, and then the solvent was
removed by ambient or vacuum drying [55]. After 24 h in acetone, the 4
h samples were subjected to vacuum drying at 40 mBar for 1 h. The
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Rest period

Start rotation
6rpm

Testends

1 min 30 sec 58 min 30 sec

Mixing
[IEEEEEE Rheometerstarts
30 sec 1 min 1 min

Fig. 1. Mixing procedure and protocol for the rheological tests.

samples that were hydrated for 15 min, were immersed in acetone for
30 min and then dried at 60 °C on a conventional stove. Both samples
were ground into fine powders to perform the test. Measurements were
taken in the range of 400-4000 cm'.

3. Results and analysis
3.1. Isothermal calorimetry

The isothermal calorimetry results are shown in Fig. 2, which shows
the evolution of the heat flow in the pastes during the first 48 h.

The reference (REF) mix exhibited the behaviour of a conventional
cement paste during hydration. After the initial heat release, a period of
minimal activity, associated with the induction period, started.
Following that period, the hydration heat increased abruptly due to
silicate hydration and the growth of calcium silicate hydrate (C-S-H).
This acceleration phase extended until the maximum (1st peak) was
reached, at approximately 6.4 h for the REF mix, indicating the begin-
ning of the deceleration period. Following the start of this deceleration
phase, the increase in the C3A reaction caused by the consumption of
sulphates, which usually results either in the rapid precipitation of
additional ettringite or in the formation of AFm phases, was marked by
the formation of a smaller peak (2nd peak). This “shoulder” appeared
9.5 h after hydration started in the REF paste. After this, the decline in
the heat flow continued undisturbed until approximately 22 h, when
another slight shoulder was observed (3rd peak). This lasted nearly 40 h
and was associated with the formation of hydrated calcium mono-
carbonate and the AFm phase in general due to ettringite destabilisation
[56].

All pastes reflected the same behaviour as REF in terms of periods:
pre-induction, induction, acceleration, and deceleration were visible for
the six pastes analysed. However, adding nutrients altered the length
and shape and even eliminated some peaks.

Regarding the addition of calcium nitrate, the 2NIT paste showed a
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—1LAC
6 —4LAC
= 1 —2NIT
Q 54 — 2NIT1LAC
o 0.75YE
3
=)
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©
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0 10 20 30 40 50
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Fig. 2. Heat-flow evolution during the first 48 h of hydration

calorimetric curve that was almost superimposable on that of the REF
paste during the acceleration phase, with only a slight decrease in the
duration of the induction period and a slight decrease in intensity and
time at the maximum. This was consistent with the accelerating prop-
erties of calcium nitrate. The intensity of the “sulphate depletion” peak
of the 2NIT heat flow curve decreased, and there appeared to be no 3rd
peak at the end of the curve.

The addition of calcium lactate slowed the reaction of C3S, resulting
in a smaller slope owing to the retardation of cement hydration by some
hydroxycarboxylic acid salts [57]. Although the curve for 1LAC was less
steep than for the REF, adding lactate at 1% did not significantly modify
the behaviour of the acceleration paste. 1LAC and REF mainly differed in
terms of their maximum and the 2nd peak. The silicate reaction
appeared to terminate almost at the same level in both curves. However,
instead of starting the deceleration period, 1LAC kept increasing its heat
flow values until 6.16 yW/g-cement and then began to decline without
showing that 2nd characteristic peak for the sulphate depletion. The 3rd
peak was also not visible in this paste.

The addition of 4% calcium lactate, also modified the behaviour. The
induction period was extended from 1 h (REF and 1LAC mix) to 3.5 h.
The slope of the acceleration phase is even lower than that of 1LAC.
Additionally, it reached a considerably lower maximum at 4.4 pyW/g
cement at 13.5 h without any distinguishable variation in the slope. This
made it difficult to identify the end of the reaction of the silicates or
whether there was also formation of AFm phases at that point. During
the deceleration period, no 2nd or 3rd peak was observed.

The combined addition of calcium lactate at 1% and calcium nitrate
at 2% (2NIT1LAC) showed a calorimetric curve similar to that of 1LAC,
as expected considering the low effect observed on the 2NIT heat flow
curve. 2NIT1LAC also had an acceleration period that did not end at the
1st peak. As in 1LAC, after an inflection point, the heat flow continued
increasing until it reached a new maximum that was slightly lower than
that achieved with 1LAC. There were no signs of the sulphate depletion
“shoulder” after this 2nd peak, nor was there a 3rd peak.

Finally, the addition of yeast extract caused a partially inhibited
reactivity. As a result, there was a delay and decrease in the general
intensity of the calorimetric curve compared to the REF mix, particularly
regarding the induction period extending past 7 h of hydration. Yeast
extract is rich in carbohydrates, which are known for their retarding
effect on silicate reactions [58]. The maximum reached after the ac-
celeration period is quite similar to that of the control paste. Following
that, the curve presented the same shape as the ones observed for
samples with 1% lactate. In this case, there was no excess ettringite that
could be destabilised to form AFm-type phases. Additionally, although
there is no 2nd peak visible in the deceleration period, a small pertur-
bation where the 3rd peak should be, was observed. This indicates that
the peak reached at the end of the acceleration phase has a different
underlying source from those of 1LAC and 2NIT1LAC.

The heat flow measured during the first few minutes of hydration
using the internal stirring method, is shown in Fig. 3. This figure depicts
the initial peak recorded at the beginning of hydration, which is char-
acterised by a rapid exothermic reaction. This reaction is usually related
to the dissolution of mineral phases that liberate calcium ions into the
solution, the reaction of C3A with gypsum and other sulphates, the
formation of ettringite, and lastly, the formation of a small C-S-H gel as a
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Fig. 3. Heat-flow evolution during the first minutes of hydration measured by
the internal stirring method.

protective layer that causes the induction period [59].

The addition of nitrate did not have a significant effect compared to
the control. This lack of variation was also reported by Dorn et al. [60].

With the addition of lactate at 1% (1LAC), the initial heat-flow rose
by 50% compared to REF. However, when the two calcium salts were
added (2NIT1LAC), the initial peak was higher than that of both nutri-
ents separately. Moreover, as in the case of the acceleration period, the
2NIT1LAC curve was more similar to that of 1LAC than to that of 2NIT in
terms of the peak location. For 2NIT, there was no time increase, and it
reached the maximum almost at the same time as the REF.

The maximum increase in heat flow was observed in 4LAC, where the
peak was almost 150% higher than that of the REF mix.

Yeast extract is the only nutrient inhibiting this phase. The calcium
nitrate and lactate used in the other pastes promoted the dissolution and
reaction of the aluminates, increasing the intensity of the initial heat

40 5
——REF
1 —1LAC
30 ——4LAC

Alite (%)
8
1

Portlandite (%)
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flow compared to the REF mix. The peak reached by 0.75YE was 12%
lower than the one reached by the REF paste, which took twice as long.

3.2. In situ XRD and Rietveld refinement

3.2.1. Effect of calcium lactate

Fig. 4 compares the behaviour of REF paste to those containing
calcium lactate as a nutrient. Regarding the phases related to the silicate
reaction (alite and portlandite), the initial alite content in REF paste was
slightly lower than the theoretical value for the anhydrous mixture
(34.3%) and remained approximately constant for up to 2 h. Thereafter,
alite was quickly consumed, and at the same time, portlandite formation
became detectable. Both processes proceeded simultaneously until they
stabilised after about 17 h of hydration. This process was consistent with
the acceleration period shown in the calorimetric curve, in which the
induction period ended shortly before the alite reaction became evident,
and where the maximum, signifying the end of the acceleration period,
was observed approximately at the inflection point of the curves
defining the consumption and formation of alite and portlandite.

The addition of 1% lactate resulted in an alite consumption rate
resembling that of REF paste during the first 5 h of hydration. However,
the behaviour of the 1LAC paste beyond that point differed from that of
REF, with faster dissolution of the alite being observed in the former.
This is in agreement with the calorimetric curves, as the REF heat flow
curve stabilised quickly after 5 h to give rise to the maximum acceler-
ation period. In contrast, the 1LAC curve required more time to reach
this stabilisation, exhibiting a greater slope up to approximately 7 h.
Although alite consumption was promoted in the 1LAC paste after 5 h of
hydration, once it stabilised, the achieved values of undissolved alite
were only slightly lower than those observed in the REF paste.

Regarding the 4LAC paste, no alite consumption was observed until
4-5 h of reaction, as expected, considering that the induction period
displayed in the calorimetric curve was extended until approximately
this point. Following this, the curve defining the dissolution of alite
evolved in parallel to that corresponding to 1LAC, tending to stabilise
with alite concentrations higher than those of 1LAC and REF pastes.
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- ——A4LAC
£ 34
£
2
2 2
>
O
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O'III'II'III'I
2 -
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o
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Fig. 4. Evolution of the different crystalline phases analysed in the pastes containing just lactate.
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The evolution of the portlandite curve qualitatively agreed with the
behaviour observed for alite in pastes containing calcium lactate,
meaning that the onset of its precipitation coincided with the initiation
of the alite reaction and that they stabilised synchronously. However,
there were significant quantitative discrepancies with the expected
values, particularly after 5 h of reaction. At this point, neither the
increased amounts of portlandite anticipated from the acceleration of
the silicate reaction in 1LAC nor those reduced by its inhibition in 4LAC
were detected. This was attributed to the strong preferential orientation
of portlandite observed in the XRD tests. This common phenomenon
occurs during in-situ XRD tests, where the growth of a small number of
large portlandite crystals may be observed [46,61]. Consequently, the
diffractograms displayed an excessive intensity of the peak corre-
sponding to the (001) plane of portlandite, which greatly hindered
adequate quantification. This effect was particularly exaggerated in the
4LAC sample, especially after 10 h. Therefore, no results corresponding
to longer reaction times are shown in Fig. 4.

As for the aluminate reaction, the REF paste exhibited an initial C3A
value slightly below the theoretical value at zero hydration time (1.3%),
which gradually decreased over a period of approximately 15 h. At this
stage, C3A could be considered to be totally consumed, given the
inherent error in the quantification method. Ettringite precipitated
synchronously, reaching a maximum at 15 h, coinciding with the total
consumption of CsA. The maximum value of ettringite reached is
approximately 6%, matching the theoretically achievable amount of
ettringite resulting from complete C3A dissolution. In parallel, gypsum
dissolution occurred during the first 5 h of the reaction. Ettringite for-
mation is expected to continue after gypsum consumption, as the total
consumption of the sulphate ions in the solution tends to cause
desorption of the sulphate ions located on the surface of C3A particles to
restore chemical equilibrium. This leads to a sudden increase in the
ettringite formation, which is one of the most common causes for the
development of the sulphate depletion peak in the heat flow curves. In
this case, the sulphate depletion peak appeared at approximately 10 h,
that is, at the same time as the extra precipitation of ettringite takes
place [62]. Additionally, no initial gypsum consumption was observed,
and gypsum levels at the beginning of the reaction were even higher
than the theoretical values for a zero reaction rate (2.4%). Gypsum was
not the only source of sulphates in the system since there was a sub-
stantial amount of arcanite in the starting cement, as described in Sec-
tion 2.1. As arcanite is easily dissolved, especially compared to gypsum,
it was the primary source of sulphate ions at the beginning of the re-
action. As seen in this case, excess calcium in the system could easily
lead to the precipitation of additional gypsum. Finally, the concentra-
tion of ettringite slowly decreased after 15 h. This can possibly be
attributed to its destabilisation due to the scarcity of sulphates in the
solution and the subsequent formation of AFm phases. These phases are
typically in the form of monosulphoaluminates, given that they present a
lower sulphate-to-alumina ratio than ettringite. However, AFm phases
were not detected by XRD, which is common due to the low crystalline
character of this type of compounds.

The addition of calcium lactate had an important impact on the
aluminate reaction. Both the 1LAC and 4LAC pastes exhibited a higher
initial consumption of gypsum and C3A compared to the REF paste,
which also resulted in increased ettringite precipitation at the beginning
of the reaction. This effect was more prominent in the 4LAC paste, which
exhibited a two-fold increase in ettringite content in the early stages of
the reaction compared to the 1LAC paste. Such an initial enhancement of
the aluminate reaction could account for the differences observed in the
pre-induction period of the calorimetric curves in Fig. 3, in which the
associated cumulative heat is approximately twice as high at 4LAC
compared to 1LAC. Regardless of the differences observed at the
beginning of the reaction, the ettringite formation in the 1LAC and 4LAC
pastes progressed according to that observed in the REF paste. Never-
theless, the maximum concentration was reached earlier than in the REF
paste, at approximately 8 h in both cases. This period corresponded to
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the gypsum consumption time, which is the limiting factor in ettringite
formation. This suggests that lactate inhibited the adsorption of sulphate
ions on the surface of C3A particles. The maxima observed near 9 and 13
h for the heat flow curves of the 1LAC and 4LAC pastes, respectively, did
not correspond to the typical sulphate depletion peak caused by the
desorption of sulphate ions into the solution, given that these peaks are
not accompanied by an increase in ettringite concentration. These peaks
likely originated from the destabilisation of ettringite and the formation
of AFm phases. Furthermore, the calorimetric curves of the pastes con-
taining calcium lactate did not exhibit the typical broad maximum of
AFm phase formation towards the end of the deceleration period that
was observed in the control paste at 25 h. This supports the idea of the
development of this type of compound at earlier ages.

The maximum amount of ettringite produced was another factor to
consider regarding the influence of calcium lactate on the aluminate
reaction. The addition of 1% calcium lactate had no significant effect on
the amount of ettringite formed, but on its precipitation rate. However,
its use at concentrations of 4% enhanced this acceleration and promoted
the development of larger amounts of ettringite. Additionally, the
highest ettringite content in 4LAC amounts to nearly 8%, which was
approximately 30% higher than the theoretical quantity achievable
from the complete dissolution of C3A, indicating that the dissolution of
ferrite is also being promoted. This might be attributed to the ability of
lactate ions to form metal complexes. Its hydroxyl and carboxyl groups
enable lactate to behave as a chelating ligand capable of forming stable
coordination compounds in solution with metal ions such as APt and
Fe®t [63-65]. Consequently, lactate could facilitate the dissolution of
phases such as CsA and ferrite, thus enhancing the aluminate reaction.
However, the stability of these coordination compounds in the complex
pore dissolution environment of cement-based materials is uncertain,
and further studies are required.

3.2.2. Effect of calcium nitrate

The evolution of the crystalline phases during hydration in nitrate-
containing pastes is shown in Fig. 5. Although calcium nitrate is
known for its accelerating properties, the alite consumption in the 2NIT
paste did not show a clear trend of acceleration compared to the REF
paste. During the first 9 h of hydration, the reaction of the silicates was
distinctly slowed down, exhibiting lower rates of alite dissolution and
portlandite precipitation than the REF paste. This is in agreement with
the form of the 2NIT calorimetric curve during the acceleration period.
Despite starting earlier than that of REF, the curve exhibited a slightly
lower slope and stabilises at a less intense and slightly earlier acceler-
ation maximum. However, the trend changed after 9 h, when the rate of
alite consumption started to increase, and the amount of portlandite
precipitated exceeded that of the REF paste.

The simultaneous addition of calcium nitrate and calcium lactate did
not have a combined effect compared to the reaction of silicates. The
alite consumption curve was virtually identical to that observed for the
1LAC sample. Thus, it exhibited similar behaviour to that of the REF
paste during the first 5 h, followed by an acceleration of the alite
dissolution relative to the REF paste. The portlandite formation curve
likewise showed this acceleration of the silicate reaction after 5 h of
hydration.

In contrast, the addition of calcium nitrate significantly influenced
the evolution of the remaining phases. First, the initial amount of gyp-
sum in the 2NIT paste was above the theoretically expected initial
concentration and substantially higher than the amounts found in other
pastes. As explained in the previous section, the presence of readily
soluble arcanite might cause additional gypsum precipitation, as
observed in the REF paste. The highly soluble calcium nitrate provides
an additional supply of calcium ions into the solution at the start of the
hydration process. This further facilitates the saturation of the solution
with respect to gypsum and its subsequent precipitation by dissolving in
conjunction with the arcanite. This was not observed in the 2NIT1LAC
paste, even though calcium lactate served as an additional calcium
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Fig. 5. Evolution of the different crystalline phases analysed in the paste containing calcium nitrate.

supply in this paste. This is explained by the fact that the reaction of the
aluminates is promoted in the 2NIT1LAC paste, as seen in the calorim-
etry and confirmed by the initial quantities of ettringite observed in
Fig. 5, which were similar to those of 1LAC. Under these circumstances,
the additional calcium provided by Ca(NO3), was largely destined to
end up in the precipitation of ettringite, which is less soluble than
gypsum.

Another possible consequence of secondary gypsum precipitation in
the 2NIT paste could be the decrease in the hydration acceleration ca-
pacity of calcium nitrate. The accelerating properties of Ca(NOgs), are
often attributed to its ability to increase the saturation of the solution
compared to portlandite, thereby favouring its crystallisation [60,66].
Therefore, if the extra calcium ions provided by calcium nitrate result in
gypsum precipitation, the acceleration effect is likely to be reduced. This
viewpoint is supported by the fact that the accelerating effect of nitrate
is not clearly observed in the XRD results until gypsum is consumed, at
which point an increase in portlandite production was immediately
visible.

The development of the ettringite formation was also sensitive to the
addition of calcium nitrate. The progression of the 2NIT paste was
similar to that of the REF paste, with a gradual increase in ettringite
concentration up to approximately 15 h, when the ettringite started to
destabilise. Ettringite precipitation in the REF paste continued beyond
the total gypsum consumption, which took place after approximately 8 h
of reaction. As a result, the sulphate depletion peak was attributed to the
ettringite formation caused by the desorption of sulphate ions on other
particles (e.g., C3A). The main difference in ettringite formation be-
tween the REF and 2NIT pastes was its concentration, which was sub-
stantially higher in the 2NIT paste. This might result from the extra
calcium ions supplied by calcium nitrate, which facilitate the saturation
of the solution with respect to ettringite, whose saturation index is
highly determined by the concentration of calcium in the solution [67].
Conversely, the 2NIT1LAC paste showed a behaviour closer to that of
1LAC, where the maximum amount of ettringite was reached at the
moment of total gypsum consumption (approximately 8 h). Therefore,
the sulphate depletion peak was also related to the formation of AFm
phases, as observed for 1LAC. However, as illustrated in Fig. 2, the

intensity of the sulphate depletion peak was considerably lower in the
2NIT1LAC paste than in the 1LAC paste. This could be attributed to the
fact that in the current situation of high availability of nitrate ions in the
solution, nitroaluminate-type AFm phases can easily form, which exhibit
a less negative formation enthalpy than other AFm phases such as sul-
phoaluminates or carboaluminates [68,69]. Finally, the maximum
amount of ettringite reached in 2NIT1LAC was relatively higher than
that in 1LAC, possibly because of the effect of the calcium ions of Ca
(NO3); on the saturation of the solution.

3.2.3. Effect of yeast extract

Fig. 6 compares the quantitative XRD analysis of REF and 0.75YE
pastes. It was evident that yeast extract inhibited the silicate reaction.
First, this was apparent by the delay in the start of the alite reaction and
the concomitant formation of portlandite. The latter occurred after
approximately 8 h of reaction time and coincided with the end of the
induction period in the calorimetric curve. Second, the maximum re-
action rate point, which was easily distinguishable in the portlandite
precipitation curve, was shifted to about 12 h, matching the maximum
acceleration peak. In addition, yeast extract reduced the degree of hy-
dration attained, as the alite dissolution tends to stabilise at higher
concentration levels than the REF paste. Consequently, the precipitated
portlandite declined to lower levels.

The reaction of the aluminates was also suppressed. Gypsum disso-
lution slowed down, and gypsum was not being consumed until 6 h of
reaction time. However, the formation of ettringite was observed at this
stage, which probably resulted from the sulphate ions provided by the
dissolution of the arcanite derived from the anhydrous cement. Once
gypsum was depleted, ettringite precipitation accelerated. This occurred
significantly before the sulphate depletion peak of the calorimetric
curve, suggesting the existence of another source of sulphate ions.

Yeast extract is a multi-component mixture comprising several
organic compounds. Therefore, a complex effect on cement hydration is
expected when it is added as a nutrient. Although it is difficult to draw
definitive conclusions given its intricate composition, carbohydrates are
key ingredients in yeast extract and are known to delay cement hydra-
tion [58,70]. Although the effect of carbohydrates is usually associated
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Fig. 6. Evolution of the different crystalline phases analysed in the paste made with yeast extract.

with the reaction of silicates, sugars, such as glucose, have also been
reported to inhibit gypsum dissolution and ettringite formation [71,72].

3.3. Setting time in vicat test

The (Fig. 7) shows the setting time results of all mixes. Calcium ni-
trate acts as a setting accelerator when used with low-tricalcium
aluminate cement [73] such as the cement used in this study. The
addition of 2% of this salt combined with 1% of lactate (2NIT1LAC)
reduced the initial setting time by 5%, while the final setting time was
reduced by 15.5% compared to the REF mix. This effect in the final
setting time was preserved when the nitrate was introduced alone
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(2NIT), showing a reduction of 14.5% when compared to the REF mix.
However the initial setting time is lower in the 2NIT than in 2NIT1LAC,
showing a reduction of almost 18% when compared to the REF mix,
which makes it to present the fastest setting. These results are in
agreement with those presented in section 3.2.2, showing that the alite
consumption and portlandite precipitation were reduced during the first
hours of 2NIT. This was due to the presence of secondary gypsum, while
the additional calcium in 2NIT1LAC made the mixture behave more like
1LAC than 2NIT. The presence of secondary gypsum is the only expla-
nation we can deduct from the chemical analysis results, that can justify
the results of the initial setting time as was also stated by other authors
[74,75]. In further research we will try to confirm this secondary
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Fig. 7. Setting time results measured by an automatic Vicat device.



A. Pinto et al.

gypsum with SEM images.

When 1% calcium lactate was added alone (1LAC), the initial setting
time remained unaffected, and both the REF mix and the 1LAC mix
started setting at approximately 4 h. However, the final time in 1LAC
was reduced compared to the REF mix by 11%.

The 4LAC and 0.75YE mixtures generated the most significant
change in terms of setting time. Yeast extract composition based on
amino acids and carbohydrates inhibited alite consumption, delaying
the setting’s beginning and end by 174% and 206.5%, respectively. On
the other hand, the delay for 4LAC corresponded to an increase of 122%
in the initial setting time and 126% in the final setting time.

As demonstrated in Section 3.2.1, adding 4% calcium lactate to the
mix inhibited the consumption of the alite phase during the first hours of
hydration, resulting in a longer induction period, as observed in the
calorimetry curve (Fig. 2). This delay in the hydration process was
attributed to the effect of alpha-hydroxy acids, such as calcium lactate,
that were generated during the cement hydration processes.

3.4. Rheology

3.4.1. Continuous flow test

Fig. 8 shows the evolution of torque during the first 60 min after
hydration. The curve corresponding to the REF paste was characterised
by a rapid initial increase in torque until it reached a maximum, fol-
lowed by a rapid decrease from the peak (in a few seconds), and a slow,
asymptotic decrease. This is the typical behaviour for this type of ma-
terial, in which the application of shear force causes an increase in
torque until the start of the fluid movement is reached, due to the
thixotropy of the mixture and the destructuring forces exerted on it. This
behaviour was also observed in the 2NIT paste, but with slightly higher
torque values in the first few minutes. The formation of secondary
gypsum in 2NIT, observed in the XRD results, might have caused the loss
of workability in this mixture due to the loss of available water in the
solution and the interlocking of the formed gypsum crystals [76-79].

The pastes containing 1% lactate (1LAC and 2NIT1LAC) exhibited a
considerably higher value of the maximum peak associated with the
start of the fluid movement, reaching a value of about 3 times higher
than that of the REF paste. Subsequently, the torque decreased in a few
seconds, similar to that of the REF mix. The behaviour in the subsequent
destructuring phase differed from that of the control mix, in two distinct
stages: i) an initial slow decline in torque that stabilised at approxi-
mately 20 min and ii) a second stage in which torque decreased at higher
speed reaching the equilibrium at approximately 40 min. This behaviour
could be attributed to the amount of ettringite formed during the first
few minutes of hydration, as discussed in the previous section. This extra
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Fig. 8. Torque obtained in the continuous rheological test after a resting period
of 1.5 min (3.5 min age).
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ettringite reduced the amount of available water in the mixture,
increasing the measured torque in 1LAC and 2NIT1LAC.

The other two pastes, 4LAC and 0.75YE, behaved differently from the
previous pastes. At the beginning of the test, both exhibited an initial
peak considerably lower than the others (1LAC and 2NIT1LAC). The
peak in the 4LAC mix was higher than that in REF, while 0.75YE
exhibited the opposite. The torque then decreased for a few seconds,
followed by a stage where it increased again (this period lasted up to 10
min). At this stage, the peak reached was similar to the first peak and
was maintained for up to 20 min. Subsequently, a new stage of gradual
decline in torque was observed.

The results suggested that one or several processes during the hy-
dration of the pastes favoured their structuring during the first 20 min,
reaching the point of exceeding the shear stress applied to the 4LAC and
0.75YE pastes in certain phases of the experiment. Given the stage at
which these processes occur, it was reasonable to attribute the observed
increases in torque to the formation/reaction of products related to
aluminates and/or sulphates. Since the compositions of both pastes were
different and this behaviour change could not be explained by the XRD
results presented in Sections 3.2.1 and 3.2.3, we decided to employ
Fourier transform infrared spectroscopy at 15 min and 4 h of hydration
for both mixtures.

3.4.2. Flow curve test

The results of the Flow Curve Test (FCT) are shown in Fig. 9, where
the dynamic yield stress and viscosity of the mixtures, immediately after
the mixing process, are displayed.

The results agreed with those from the continuous flow test. The mix
with 2NIT had increased viscosity and yield stress compared to the REF
mix. Additionally, the viscosity was the parameter affected to a greater
extent, increasing by 34%.

Similarly, using lactate at low percentages (mix 1LAC and
2NIT1LAC) caused an increase in the rheological parameters. However,
when calcium lactate was employed in a high amount (4LAC), the vis-
cosity and the yield stress significantly decreased by 43% and 52%,
respectively. Calcium lactate particles tend to adhere to cement parti-
cles, causing a repulsion effect that reduces the viscosity and yield stress
[80]. In 1LAC, the amount of lactate added to the mix was not sufficient
to generate the same repulsion forces among particles that 4LAC had,
and the effects of lactate produced in the reactions of aluminates pre-
vailed. Finally, the use of yeast extract (0.75YE) also reduced both
rheological parameters, but to a lesser extent, 4% for the viscosity and
38% for the yield stress.
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Fig. 9. Viscosity and yield stress measured at 3 min after water to
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These results agreed with the trends obtained in the previous section,
as these pastes (4LAC and 0.75YE) reached the maximum torque mi-
nutes after hydration began rather than at the time the FCT was
developed.

3.5. Analysis of Fourier transform infrared spectroscopy (FTIR)

The flow behaviour evolution of the 4LAC and 0.75YE pastes
exhibited similarities, as shown in Fig. 8. Monitoring of their early hy-
dration in the rheometer showed an increase in torque after approxi-
mately 10 min, which was not observed for the remaining pastes. The
previous sections revealed that the rheological performance of the 4LAC
paste is likely related to the enhancement of ettringite precipitation at
the beginning of the reaction. However, insufficient information was
provided on the rheological performance of the 0.75YE paste. Therefore,
these pastes were investigated by performing infrared analysis after 15
min and 4 h of hydration, the results of which are shown in Fig. 10.

Both spectra were dominated by calcite peaks, primarily derived
from the limestone filler and, to a lesser extent, from the starting cement.
The peaks at 1405, 872, and 711 cm ™ ?, corresponding to the asymmetric
C-O bond stretching and out-of-plane and in-plane bending vibrations of
the O-C-O bonds, respectively, can be assigned to this compound
[81,82]. Another common aspect of the two samples was the vibrations
attributable to calcium silicates (alite and belite), associated with the
peaks at 922 and 515 cm ™! (arising from the asymmetric Si-O bond
stretching and v4 bending of the O-Si-O bonds, respectively). The weak
peak at 465 cm™! (v4 bending of the O-Si-O bonds) could also be
attributed to these compounds [81,83].

There were two main differences between the spectra of the 4LAC
and 0.75YE pastes. The first was the peak at 1578 cm™! in the 4LAC
paste spectrum arising from the asymmetric stretching vibration of the
C=O0 bond of the lactate carboxyl group [84]. However, the greatest
difference occurs in the regions related to the vibrations originating
from the sulphate groups, which were particularly noticeable in the area
associated with the S-O stretches, located in the 1000-1200 cm ™! range.
The 0.75YE paste featured multiple peaks in this region, but only the
ones at 1124 and 1137 cm ™! can be attributed to gypsum. In contrast,
the peak at 1195 cm ! and the shoulder at 1105 cm™! indicate the
presence of significant amounts of syngenite. The peaks at 1124 and
1137 em ™2, coincident with those of gypsum, could also be attributed to
syngenite [82]. In contrast, this zone of the 4LAC paste spectrum was
dominated by the signal at 1120 cm ™!, which is distinctive of the S-O
vibration of ettringite. However, syngenite peaks are also observed. The
evolution of the spectra after 4 h of hydration (Fig. 10) revealed that the
peaks attributed to syngenite became weaker as the reaction progressed
for the 4LAC paste, whereas for the 0.75YE paste, they intensified
considerably.

Syngenite formation in the pastes was expected due to the

0,94

0,8

0,74

Transmitance
922/942 .-~ 77

0.6 '

0,5+ i

872

0,44

---- 4LAC-15min
——4LAC-4h

0,3

T T T T T
1400 1200 1000 800 600

Wavenumber (cm-1)

) T T
2000 1800 1600

1
401

transmitancia

Construction and Building Materials 404 (2023) 133142

dissolution of readily soluble arcanite at the beginning of hydration,
which increased the dissolved content of potassium and sulphate ions.
This phenomenon is bound to be enhanced in pastes with lower reac-
tivity, such as 0.75YE, where an excess of calcium ions is available in the
solution, as they are not efficiently consumed to give rise to cement
hydration products. Therefore, syngenite in these pastes acted as a
secondary source of sulphate ions, which would explain the delay be-
tween gypsum consumption and the onset of the sulphate depletion peak
reported in section 3.2.3 for 0.75YE.

The development of syngenite in cements containing potassium
sulphate has been well-documented in the literature [74]. Moreover,
several researchers have linked syngenite crystallisation during the early
stages of hydration, in the form of long prismatic crystals, to the torque
increase and paste stiffening, as reported in Section 3.4 [74,75,85,86].

4. Conclusions

In this study, the influence of three commonly used nutrients in the
field of self-healing has been analysed. Throughout the combination of
XRD techniques alongside with calorimetry measurements, it was
possible to determine the chemical composition arising during the hy-
dration processes when these nutrients are incorporated. Additionally,
the research was complemented by a rheological study and by setting
time techniques, which contributes to a comprehensive understanding
of the overall effect of each nutrient at early ages.

The addition of lactate caused notable changes in the reaction of the
aluminates, generating a greater amount of ettringite at the beginning of
the reaction. This correlates with the rheological behaviour observed
during the fluidity test. The silicate reaction shows a notable delay when
4% lactate was added. Once the reaction of the silicates had elapsed, the
excess ettringite generated at the beginning of hydration was destabi-
lised leading to the formation of a greater quantity of AFm phases prior
to its formation in the control paste.

The addition of nitrate accelerated the hydration process, as verified
by the Vicat results. Nevertheless, the XRD results did not show a greater
or faster reaction of silicates. The main difference was the initial amount
of gypsum, which was increased owing to the dissolution of arcanite
present in the cement and the contribution of calcium ions introduced
into the solution. Unlike the case of lactate, where the extra calcium
promoted the formation of ettringite with nitrate, it favoured the for-
mation of secondary gypsum. The incorporation of both salts simulta-
neously generated a behaviour much more similar to that of 1LAC than
to the one of 2NIT, as determined by the XRD results and the heat-flow
curves.

As expected, the incorporation of yeast extract notably inhibited the
silicate reaction, even when it was added in small amounts, as the one
studied here. Similar to silicates, the reaction of aluminates was nega-
tively affected. This low reaction activity, in addition to the presence of
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arcanite in anhydrous cement, favoured the possible formation of syn-
genite in the mixture and explained the observed rheological behaviour.

The addition of these nutrients had notable effects on the rheological
properties and hydration processes, possibly limiting their use for
certain applications. This, along with long-term alterations and the
behaviour when nutrients and bacteria are added together, require
further research. Furthermore, the employment of another type of nu-
trients or another mix compositions would also be interesting, especially
to better understand the factor effect of lactate concentration.
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