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Abstract: A greener and more sustainable option is proposed to shift the construction paradigm

of high embedded carbon values in concrete and the frequency of repairs when it cracks. Using

low-carbon concrete with a bacterial self-healing agent can reduce the embedded carbon value while

adding value to the structure. This paper aims to evaluate the interaction of a bacterial self-healing

agent on the mechanical properties of low-carbon concrete, specifically 50% Ground Granulated

Blast-furnace Slag (GGBS) as an Ordinary Portland Cement (OPC) replacement. A range of tests

is conducted to test the evolution of mechanical properties throughout the early stages of curing

for 7, 14, and 28 days. Such tests included the evaluation of compression, flexural, tensile splitting

strength and dynamic elastic modulus. The results of the experiments demonstrate that early stages

of GGBS mixes exhibit lower compressive capacity throughout the 28-day mark but also indicate

their potential to increase sharply and surpass the control mix values after 28 days. The self-healing

agent interacts slightly with the GGBS mixes, further reducing the mechanical properties in the early

curing stages. However, GGBS mixes increase sharply after the 28-day mark, with the added benefit

of further reducing carbon emissions by extending design life and durability. In theory, the newly

developed concrete can seal cracks up to 0.3 mm (up to 0.8 mm if using the maximum dosage) but

seal wider cracks from laboratory results. These changes imply that using GGBS as a replacement for

OPC is viable for structures that do not require high compressive values in the early curing stages

but after the 28-day mark while reducing the carbon emission values substantially, in this case, 40%,

or up to 50% if using a self-healing agent. This low-carbon concrete is thus a sustainable and resilient

material, especially for retrofitting existing reinforced concrete infrastructure.

Keywords: low-carbon concrete; GGBS; self-healing agent; early mechanical properties; compression

test; tensile splitting test; flexural test; dynamic elastic modulus; surface crack sealing

1. Introduction

With the new awareness of carbon emissions, the scientific community is making an
effort to reduce the use of most pollutant construction materials, including concrete, the
most consumed material, with three tonnes per year used by every person in the world [1].

Ordinary Portland cement (OPC) has the highest embedded carbon value in a concrete
mix. Hence, cementitious replacements with a low carbon embedded [2–4] are needed.
Some materials such as fly ash (also called Pulverized Fly Ash, PFA) and Ground Gran-
ulated Blast-furnace Slag (GGBS) are currently being used for cement replacement. In
the case of PFA, the material is being phased out since it is a sub-product of coal-burning
industries; GGBS is a by-product of steel and iron industries, making it still available in the
years to come. Based on the large quantities of the latter by-product, GGBS was the OPC
replacement chosen for this study [5,6].

GGBS, like PFA, have low embedded carbon values with some cementitious prop-
erties, making these desirable materials to replace OPC. GGBS has been used as an OPC
replacement in several ratios, from 5 to 95% [7]. Values between 5 to 20% grant concrete
high values of early strength, but for a low-carbon concrete to be made, values higher than
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50% are more appealing, allowing the branding of “green concrete”, with a sharp reduction
of 50% of embedded carbon (e.g., [8,9]).

With GGBS ratios higher than 50% in the early stages, concrete compression appears
to be lower than the control mix, but only for a time frame between 7 and 28 days. Above
the 28-day mark, concrete high in GGBS will surpass the values of 100% OPC control
mixes [6,8,10,11]. However, the existing studies do not account for the effects of self-healing
concrete on mechanical properties.

Another approach being used to grant a lower embedded carbon is by extending
the serviceability life of the concrete by adding, for example, a self-healing agent that
allows micro-cracks to be healed [12–16]. The use of the latter agent is not just for aes-
thetic purposes but also for structural purposes, such as steel reinforcement protection in
reinforced concrete (RC) structures and infrastructure. Several agents were tested, from
organic (bacteria, fungi and enzymes) to inorganic (polyurethane-based polymers) [17,18],
with different methods of application. One of the most promising results is obtained with
bacterial agents. The latter is mixed with fresh concrete, ranging from a varied group of
alkali-resistant bacteria in a spore form with a feed of calcium lactate that stays embedded
in the concrete and only matures to fully developed bacteria when cracks are made and
exposed to atmospheric air and moisture. As a result, this will allow bacteria to populate
cracks and create calcium carbonate crystals, closing cracks and preventing further moisture
damage into possible rebars in RC structures [19].

The Basilisk bacterial agent was patented in the Netherlands and sold in the UK as an
additive capable of granting self-healing properties to concrete. Even though the bacteria
are commonly present in the environment, and other studies point to the types of bacteria
capable of self-healing, Basilisk was the first to make it commercially available.

Since this is a relatively innovative concept with concrete technology, there is a need
to create new standards that allow the effective test of self-healing concrete [17,20–24].

Several test procedures are currently being used to quantify these novel concrete
mixtures’ mechanical and chemical properties. Some include compressive, flexural, tensile
resistance and resonant frequency to achieve the dynamic elastic modulus. Additionally,
there is also a need to identify cracks and their evolution using X-ray tomography for
2D and 3D internal observation [25–27] and Digital Image Correlation (DIC) for surface
displacements [28,29].

Specimens with internal cracks are subjected to water tightness tests to determine
the efficiency of the bacterial self-healing agents, which will demonstrate if there is a
progressive closure of cracks [18,22,30].

In the case of visible mineral precipitation sealing the cracks, it is possible to use Scan-
ning Electron Microscopy (SEM) in combination with Energy Dispersive X-ray Spectrometer
(EDX) and X-Ray Diffraction (XRD) to identify the chemical and elemental composition of
the new crystalline formations [24,31–34].

This study will focus on the mechanical properties of three different concrete mixes,
a control mix containing 100% OPC, a second mix that replaces 50% of OPC with GGBS,
and a third mix similar to the second but adds a self-healing bacterial agent. The rationale
of such an approach is to evaluate the mechanical properties of all mixes under the same
materials and curing conditions. In the structural materials laboratory of the University of
Liverpool, all the specimens were created, cured and tested for compression, flexural and
splitting tensile strength. The dynamic elastic modulus was determined by resorting to a
non-destructive test to determine the resonant frequency of prismatic specimens [35,36].

This research is significant for structural, environmental, economic, and aesthetic pur-
poses where concrete plays the central role in RC structures and infrastructure, especially
those that, throughout their service lifetime, tend to crack and spall from internal rebar oxi-
dation, such as maritime constructions, flood-defence and motorways in extreme weather
conditions. The self-healing agent considered in the present comprehensive experimental
investigation will allow the slow autonomous closure of micro-cracks, which in normal
circumstances would be unperceivable by the naked eye, allowing the diminishment of
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rebar exposure and the progressive worsening of cracks. This agent will lead to the exten-
sion of the existing ageing infrastructure’s service life whilst reducing concrete’s embedded
carbon content with the partial usage of OPC replacements, in this case, GGBS.

2. Materials and Methods

The following concrete mixtures in Table 1 were created using the British method
described in “BR 331 Design of normal concrete mixes. 2nd edition” [37], where a control
mix was created with 100% OPC followed by the same mixture but with a replacement of
50% of the OPC with GGBS and finally by a mix that not only had 50% OPC replaced with
GGBS but an added bacterial self-healing agent, creating three different mixes based on
the control mix and maintaining the exact quantities of aggregate and water. The bacterial
self-healing agent is commercially available in the UK and patented by Basilisk [38].

Table 1. Mix quantities—kg per cubic meter.

Material (kg/m3) Control Mix 50% GGBS Mix 50% GGBS + Self-Healing Mix

Sand (0/4 mm) 990 990 990
Gravel (4/10 mm) 878 878 878

Cement CEM I 52.5R 380 190 190
Water 152 152 152
GGBS 0 190 190

SHA-Basilisk 0 0 6

Several specimens were created for each mix and prepared according to BS EN 12390-
1-2021 [39]. They include cubes (100 × 100 × 100 mm), prisms (100 × 100 × 500 mm) and
cylinders (300 mm high by 100 mm diameter).

For compressive strength tests, the cubic specimens were used according to BS EN 12390-3-
2019 [40], where a minimum of four cubes were used for each mix by the time of curing.

In the case of tensile splitting strength tests, the BS EN 12390-6-2009 [41] was used,
where a minimum of three or more cylinders was used. Although some of the specimens
were made invalid due to incorrect splitting fractures, the minimum of three specimens
was still guaranteed.

The prismatic-shaped specimens were used to test flexural strength and determine
the dynamic elastic modulus according to BS EN 12390-5-2019 [42] and BS EN 1881-209-
1990 [43], respectively, where a minimum of three specimens per curing time was achieved.

Due to atmospheric conditions, every concrete mix had its water content adjusted
while fresh and before casting into moulds to allow a slump test drop of 65 to 80 mm.

Several batches of each mix were created to allow testing of 7, 14 and 28-day curing.
The specimens were left curing in freshwater (15–20 ◦C) until the day of testing.

Afterward, these were removed from the curing water bath and left to dry for 2 h (26–28 ◦C)
to allow the specimen’s surface to air dry.

Compressive strength was tested using cubic specimens, tensile splitting with cylinder-
shaped specimens, and flexural strength and dynamic modulus of elasticity with the
prismatic-shaped specimens.

According to Eurocode 2 [44], the compressive strength values acquired from cu-
bic specimens can be directly correlated to fck,cube, which by interpolating values in
Table 3.1 [44], or observing that the compressive strength of cylinders is approximately 80%
of the cubic specimens of the BS EN 1992-1-1 [44], the value of fck can be obtained, and
correlated to tensile strength in the following manner:

fctm =

{

0, 30· f 2/3
ck for Concrete ≤ C50/60

2, 12· ln(1 + 0, 1 fcm) for Concrete > C50/60
(1)

where fck relates to the characteristic compressive cylinder strength of concrete at 28 days,
and fctm (MPa) the mean value of axial tensile strength of concrete. The C50/60 param-
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eter pertains to concrete with a compressive capacity of 50 Mpa for cylindrically shaped
specimens or 60 MPa for cubic-shaped specimens.

The mean value of concrete cylinder compressive strength, fcm (MPa), can then be
defined as [44]:

fcm = fck + 8 (MPa) (2)

The tensile splitting strength, also defined as fct,sp (MPa), is correlated to the axial
tensile strength, in BS EN 1992-1-1:2004 [44], as:

fct = 0,9 fct,sp (MPa) (3)

This relates to fctm when fct is used as a mean of a range of values.
In the case of flexural tensile strength fctm, f l , it can be related to the axial tensile

strength as follows [44]:

fctm, f l = max

{(

1, 6 − h
1000

)

· fctm

fctm

(MPa) (4)

To determine the static elastic modulus Ec, through the dynamic elastic modulus Ed,
several authors (Neville, 2011 [45]) proposed the following Table 2 and Figure 1:

Table 2. Relationship between dynamic and static elastic modulus, adapted from Neville, 2011 [43].

References: Equations No.

Lydon and Balendran Ec = 0.83Ed (GPa) (5)
BS8110-2 (Superseded) Ec = 1.25Ed − 19 (GPa) (6)

Popovics, 1975 Ec =
446.09E1.4

d
ρc

(GPa) (7)

Where the Young Modulus E is expressed in GPa and the hardened concrete density
ρc in kg/m3.

𝑓 = 0,30 ⋅ 𝑓 /    Concrete ≤ 𝐶50/602,12 ⋅ ln (1 + 0,1𝑓 ) Concrete > 𝐶50/60𝑓 𝑓
𝑓

𝑓 = 𝑓 + 8 (MPa)

𝑓 ,
𝑓 , = 𝑚𝑎𝑥 1,6 − ⋅ 𝑓𝑓𝐸 𝐸

𝐸 = 0.83𝐸      (GPa)𝐸 = 1.25𝐸 − 19  (GPa)𝐸 = 446.09𝐸 .𝜌     (GPa)
𝐸

ρ

 

0

5

10

15

20

25

30

35

40

0 5 10 15 20 25 30 35 40

S
ta

ti
c 

el
as

ti
c 

M
o

d
u

lu
s 

, E
C

 (
G

P
a)

Dynamic elastic modulus, Ed (GPa)

Lydon and Balendran BS8110-2 (Superseded)

Popovics, 1975

Figure 1. Correlation between Static and Dynamic modulus (Equations (5)–(7)) [43].

The above figure shows that while the curves start by spreading apart, they tend to
merge for higher-strength concrete.

There is also a discernible reduction between the dynamic elastic modulus and its
static counterpart that, according to other authors [46], seems to happen due to the data
acquisition method. More specifically, the static modulus of elasticity is obtained through
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the compression of a specimen and acquisition of the strain-stress slope (destructive testing).
In contrast, a resonant frequency test obtains the dynamic modulus of elasticity, a way of
wave propagation (non-destructive test), with little to no force applied. Other factors for these
differences are the concrete composition, specimen size and shape, and testing method.

In the case of direct relationships between compressive strength ( fc) and flexural
strength ( ft), a compilation of different authors can be observed in A. Neville [45,47] was
taking the shape of the following equation:

ft = k × f n
c (8)

where the parameter k takes values up to 0.3 and n takes values ranging from 0.5 to 0.75.
Some authors propose the following parameters in Table 3 to reflect a relationship

between compressive and direct tensile strength:

Table 3. Relationship between compressive and direct tensile strengths Neville, 2011 [43].

References: Equations No.

Gardner and Poon ft = 0.3 f
2/3
c (MPa) (9)

Raphael and Oluokun ft = 0.2 f 0.7
c (MPa) (10)

BS 8007: 1987 (Superseded) ft = 0.12 f 0.7
c (MPa) (11)

When plotting the above Table 3, a range of acceptable values is observed between the
authors, as seen in Figure 2:

𝑓𝑓
𝑓 = 𝑘 × 𝑓

𝑓 = 0.3𝑓     (MPa)𝑓 = 0.2 𝑓 .   (MPa)𝑓 = 0.12 𝑓 .     (MPa)
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Figure 2. Correlation between Direct tensile strength and Compressive strength (Equations (9)–(11)) [43].

In Figure 2 above, Gardner and Poon have the highest direct tensile strength values,
while other authors have conservative values with a reduction of up to 54% for high-
strength concrete.

A more extensive collection of these formulas are given by Chamroeun et al. 2017 [47],
Table 4 and Figure 3, where different authors tried their approach to flexural tensile strength
for different concrete compositions:



Buildings 2022, 12, 2226 6 of 23

Table 4. Relationship between compressive and flexural tensile strength adapted from Chamroeun
et al., 2017 [47].

References: Equations No.

Ahmed et al. (2008) 0.3 f 0.5
c ≤ ft ≤ f 0.5

c (12)

Legeron and Paultre (2000)







ftmin = 0.68 f 0.5
c

ftavg = 0.94 f 0.5
c

ftmax = 1.2 f 0.5
c

(13)

ACI Committee 363 (1997) ft = 0.94 f 0.5
c (14)

Mindess et al. (2003) 0.11 fc ≤ ft ≤ 0.23 fc (15)
Selim (2008) ft = 0.034 f 1.286

c (16)

Plotting Table 4, a range of admissible values is defined between authors, as seen in Figure 3:

0.3𝑓 . ≤ 𝑓 ≤ 𝑓 .𝑓 = 0.68𝑓 .𝑓 = 0.94𝑓 .𝑓 = 1.2𝑓 .𝑓 = 0.94𝑓 .0.11𝑓 ≤ 𝑓 ≤ 0.23𝑓𝑓 = 0.034𝑓 .

 

𝑓𝑓
𝑓 = 0.56𝑓 .𝑓 = 0.34𝑓 .𝑓 = 0.272𝑓 .𝑓 = 0.294𝑓 .𝑓 = 0.106𝑓 .𝑓 = 0.3𝑓 /𝑓 = 0.313𝑓 .𝑓 = 0.47𝑓 .
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Figure 3. Correlation between Flexural tensile strength and Compressive strength (Equations (12)–(16)) [47].

The above Figure 3 shows that the difference between the upper and lower bounds for
high-strength concrete is 83% (Mindess and Ahmed), while most curves tend to merge and
be contained by the bounds given by Legeron and Paultre.

In Table 5, a relationship can be found for compressive strength ( fc) and splitting
tensile strength fsp [47,48]:

Table 5. Relationship between compressive and splitting tensile strength adapted from Chamroeun
et al., 2017 [47].

References: Equations No.

ACI Committee 318 (1999) fsp = 0.56 f 0.5
c (17)

Carneiro and Barcellos (1953) fsp = 0.34 f 0.735
c (18)

Carino and Lew (1982) fsp = 0.272 f 0.71
c (19)

Oluokun et al. (1991) fsp = 0.294 f 0.69
c (20)

Selim (2008) fsp = 0.106 f 0.948
c (21)

CEB-FIP Model Code for Concrete Structure (1990) fsp = 0.3 f 2/3
c (22)

Raphael (1984) fsp = 0.313 f 0.667
c (23)

Gardner et al. (1988) fsp = 0.47 f 0.59
c (24)

When plotting the above Table 5, another range of acceptable values is defined by
several authors, as seen in the following Figure 4:
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Figure 4. Correlation between Splitting tensile strength and Compressive strength (Equations (17)–(24)) [47].

From Figure 4 above, the highest values of tensile splitting strength are given by the
ACI Committee 318 as the upper bound differing by 71% concerning the lower bound
provided by Selim, having diverging bounds for higher-strength concrete.

The following Table 6 and Figure 5 display the relationship between static modulus
of elasticity and compressive strength that Neville et al. and Jurowski et al. [45,49] have
compiled from different authors:

Table 6. Relationship between the static modulus of elasticity and compressive strength, adapted
from Jurowski et al. [49].

References: Equations No.

ACI 318-95 Ec =
(

43ρ1.5) f 0.5
c ·10−6 (25)

Eurocode 2 Ec = 22
(

fc

10

)0.3
(26)

ACI 363R-92 Ec = 3.32 f 0.5
c + 6.9 (27)

Noguchi et al. (2009) Ec = 1.486· f 1/3
c ·ρ2·10−6 (28)

BS8110-2:1985 Ec = 1.7·ρ2· f 0.33
c ·10−6 (29)

CSA A23.3-04 Ec = 4.5 f 0.5
c (30)

Where the value of the static modulus of elasticity Ec is given in GPa, the density of
hardened concrete ρ is given in kg/m3, and the compressive strength of concrete fc in MPa.

By plotting the above Table 6, a range of admissible values is defined by several
authors, as seen on the following Figure 5.
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Figure 5. Correlation between Static modulus of elasticity and Compressive strength (Equations (25)–(30)) [49].

The above figure shows the curves in a relatively similar progression, where the upper
bound is always defined by the Eurocode 2 formula and the lower bound changes from
ACI 363R-92 to Noguchi formulas, having a difference of 15% between bounds.

After the experimental values are obtained, these will be compared with the values
obtained from the mechanical relationship that authors over the years came across, where a
statistical approach will be made to determine how well some of the expressions match the
results obtained and, if needed, to provide an equation that matches the characteristics of
these concretes.

The statistical approach that views the quantification of an associated error with the
values obtained and the ones expected are calculated using the Root Mean Square Error
(RMSE) and the Mean Absolute Error (MAE), as follows:

(RMSE)

√

1
n∑

n

i=1 (Ei − Pi)
2 (31)

(MAE)
1
n

n

∑
i=1

|Pi − Ei| (32)

These expressions will quantify the error attributed to each equation, which allows for
determining which equations are best adapted to this concrete and reducing the error of
newly adopted ones.

3. Results of Experimental Tests

3.1. Compressive Strength

The evolution of compressive strength throughout the 7, 14, and 28 days for each mix is
presented hereafter. The tests were performed by using cubic specimens of 100 × 100 × 100 mm
according to BS EN 12390-3:2019 and BS EN 12390-1:2012 [40,50].

Figure 6 shows the compressive strength of all mixes as a function of curing time.
Regarding the control mix, at the 7-day mark, a compression value of 37.2 MPa was found,
and throughout the 28 days, it observed an evolution of almost 28% with 47.5 MPa at the
28-day mark. The statistical variation of the computed resistance, estimated through the
coefficient of variation (CoV), is also limited, around 10%. This makes the control mix,
according to BS EN 1992-1-4:2004 [44], in between a C35/45 or C40/50 concrete.
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In the same Figure 6, the outcomes of the compressive strength from the 50% GGBS mix
are summarised, where throughout the experiment it is observed a 54% gain in compression
value, starting with 28.8 MPa at the 7-day mark and after 28 days with 44.4 MPa. For these
test results, CoVs are smaller than the control mix. The latter values range between 2.4%
(7 days) and 7.8% (28 days). With a value of 44.4 MPa at the 28-day mark, this concrete is
defined as a C35/45 [44].

The evolution of compressive strength of the 50% GGBS mix with a self-healing agent has
also observed an increase of almost 87% throughout the 28 days, where it starts at 24.5 MPa at
7 days and reaches 45.8 MPa at 28 days, displaying the highest increase so far in all mixes.

With a value of 45.8 MPa at the 28-day mark, this concrete is defined as a C35/45 [44].
Compared with the other mixtures, adding the self-healing agent further reduces the

compressive strength of concrete at 7 days, and matches the 50% GGBS mixture on the 28th
day, acting on the mixture like a concrete retarder.

3.2. Tensile Splitting Strength

The following sections discuss splitting tensile strength throughout each mix’s 7, 14, and
28 days. The experimental results were derived by cylindrical specimens of 150 mm diameter
by 300 mm high, which comply with BS EN 12390-6:2009 and BS EN 12390-1:2012 [41,51].

Figure 7 illustrates the evolution of splitting tensile values for all mixes. From the
28-day experiment in the control mix, an increase of around 21% is observed, wherein for
7 days, there is 2.92 MPa, and at the end of 28 days, a value of 3.53 MPa is achieved.
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Figure 7. Mix comparison (Tensile Splitting Strength; Coefficient of variation).
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A contraction of the control mix is noticeable from the 7 to 14 days where, within
the range of the coefficient of variation, the mean tensile splitting strength value is seen to
reduce from 2.92 MPa to 2.51 MPa. On a smaller scale, the same seems to happen in the same
time frame but regarding the 50% GGBS mix. Since there was an expectation of constant
increase throughout the timeframe, the experiment was repeated with similar results.

Regarding the 50% GGBS mix, an overall increase of around 13% from the 7-day mark
to the 28 was observed.

As the above figure demonstrates, the progression of the tensile strength is visibly
lower than the control mix throughout the 28 days.

Concerning the 50% GGBS mix with the self-healing agent, the same trend of reduced
values is observed compared to the control mix. Throughout the 7 to 28 days, a positive
evolution of 38% in tensile splitting strength is registered.

Once again, following the trend of Figure 6, it is seen that adding the self-healing
agent further drops the mechanical properties of concrete, in the case of Figure 7, only
surpassing the 50% GGBS mix at 28 days. Since there were no visible cracks on the exterior,
it is assumed that some internal voids might have been filled with calcium carbonate,
making the specimens slightly denser, or the bacterial feed containing calcium lactate might
have changed the chemical or crystalline structure of the concrete, but overall acting like a
concrete retarder.

3.3. Flexural Strength

The following Figure 8 displays the evolution and the variation of flexural strength at
7, 14 and 28 days.
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Figure 8. Mix comparison (Flexural Strength; Coefficient of variation).

The control mix is seen to only increase around 6% throughout the 7 to 28 days,
displaying a relatively constant value in comparison to the other mixes.

The 50% GGBS mix shows an evolution of 31% in flexural strength from the seventh
to the 28th-day mark, almost matching the 28th-day value of the control mix whilst staying
lower than the latter throughout the 28 days.

The mixture containing 50% GGBS and the self-healing agent showed an evolution of
39% from the seventh to the 28th day of curing.

The values on the observed mix with a self-healing agent display an even lower
flexural strength value compared to the 50%GGBS mix and the control mix.
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3.4. Dynamic Modulus of Elasticity

The dynamic modulus of elasticity (DME) was obtained by means of a resonant fre-
quency tester machine. The following Figure 9 displays the result comparison for all mixes.
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Figure 9. Mix comparison (Dynamic modulus of Elasticity; Coefficient of variation).

From the control mix in the figure above, the evolution of the dynamic modulus of
elasticity for the control mix is observed throughout the 28 days of curing, with an increase
of 5% from the seventh to the 28th day.

Regarding the 50% GGBS mix in a 28-day curing time, an increase of 12% from the
seventh to the 28th day is observed. While still lower than the control mix, it tends to match
the same properties at the 28-day mark.

The mix containing 50% GGBS and the self-healing agent displays an increase of 13%
from the seventh to the 28th day of curing while observing an even lower dynamic modulus of
elasticity than the control mix but tending to match the previous two mixes after the 28 days.

4. Further Discussion of the Experimental Rest Results

4.1. Mix Comparison for Compressive Test

Figure 6 shows throughout the 28-day mark that the compressive values for the control
mix are higher than all the mixes containing GGBS. It used a CEM I 52.5 R, which, in theory,
should have compressive values higher than 30 MPa at 7 days, and 52.5 MPa at 28 days.
At the 7-day mark, the mix containing only GGBS has a reduction of almost 23% of the
compressive value meanwhile, the mixture containing the self-healing agent has a reduction
of 34%. At the 14-day mark, the control mix is still higher than the other two mixes, the
GGBS (50% GGBS) having a reduction of almost 16% and the self-healing mix (50%GGBS
and Self-healing agent) having a reduction of almost 19%. At the 28-day mark, the control
mix is still higher, but the difference in compression almost matches the self-healing mix,
showing a tendency, according to its evolution, to match and go beyond the control mix
after the 28-day mark [40].

Compared with a previous study with different ratios of GGBS [50] in the following
Table 7, it is observed that the compressive strength of the mixes will decrease as higher
values of GGBS are added, where 20 to 30 % seems to be where it reaches its peak under the
28 days. Increasing the replacement ratios will also drop the compressive strength values
at the 7 and 14-day mark, where a reduction of 30% is visible at 7 days and 11% at 14 days.
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Table 7. Compressive strength values for an OPC concrete, with different ratios of GGBS (adapted
from [52]).

% Replacement of GGBS
Compressive Strength

At 7 Days (MPa) At 14 Days (MPa) At 28 Days (MPa)

0 32.5 36.32 42.3
10 30.14 35.53 43.25
20 34.2 39.14 44.42
30 27.2 36.23 43.25
40 23.35 32.5 40.56

Comparing results observed in this study (Figure 6), the higher values of compressive
strength indicate that this could be due to the use of CEM I 52.5 R where, in Table 7, a grade
42.5 N cement was used, among other factors, while also displaying the retarding capacity
of GGBS as higher values replace OPC.

Since GGBS has a retarding influence in concrete, smaller replacement values (20 to 30%)
will allow a visible increase in under 28 days. In the case of 50% GGBS, this increase and
capacity to go beyond the control mix will only be seen after 28 days (according to the trend).

In a similar study [8] in Table 8, different ratios of GGBS are tested, where it is observed
that for concrete containing different quantities of OPC and replaced by 50% GGBS, a drop
in compressive strength is visible throughout the 28 days. This also indicates that GGBS
has a set retarder capacity that reduces the increment progression of compressive capacity
during the 28 days.

Table 8. Compressive strength with different GGBS and cement ratios (Adapted from [8]).

Cement Content of 350 kg/m3 Cement Content of 400 kg/m3 Cement Content of 450 kg/m3

Days of Curing 0% GGBS 50%GGBS 0% GGBS 50% GGBS 0% GGBS 50% GGBS

Avg. Compressive
strength (MPa)

7 days 29 22.6 40 32.3 48.2 36.8
28 days 40.5 32.4 49.2 45 59.3 53.3

From another study using a maximum value of 10% GGBS with a bacterial agent [51],
please see the following Table 9, it is observed that OPC concrete with a bacterial agent
allows a compressive gain of 13% at 7 days and 30% at 28 days, which indicates a beneficial
effect from the bacterial healing mixture by itself. This study does not mention if the
bacteria are in spore form or already in bacterial form. However, assuming it is in a spore
form to survive the mechanical mixing of aggregates, the only reason for this increase
might be due to the calcium and urea feed used in the mix for the bacteria to develop and
precipitate calcium carbonate crystals. Alternatively, even lower quantities of the bacterial
agent may increase the mechanical properties in the early days but will affect the final crack
healing response.

Table 9. Compressive strength values for concretes with different compositions (adapted from [53]).

Type of Concrete 7 Days (MPa) 14 Days (MPa) 28 Days (MPa) 60 Days (MPa)

OPC concrete 32.10 39.60 45.58 51.39
Concrete with bacteria 36.48 48.26 59.17 62.35

Concrete with bacteria using fly ash 40.88 51.80 61.15 64.35
Concrete with bacteria using GGBS 42.14 53.16 61.86 65.21

Concrete with bacteria using fly ash and GGBS 36.20 41.20 46.14 50.23

In this study, shown in Table 9 above, it is noted that the concrete using GGBS and
a bacterial agent has an increase in compressive strength of almost 27% at 60 days while
using only 10% of the OPC replacement, thus far corroborating this study and the previous
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author’s results, where while there is an initial lower compressive strength, after 28 days it
matches and overcomes the control mix.

4.2. Mix Comparison for Tensile Splitting Test

From Figure 7, both mixes containing GGBS tend to have lower values at the seventh
and 28th-day marks when compared to the control mix, while at the 14th-day mark, there
is a noticeable increase in the mixture containing the self-healing agent.

At the 7-day mark, it is observed that the mixture containing 50% GGBS has a reduc-
tion in splitting strength of 16%, and the mixture containing the self-healing agent has a
reduction of around 27% when compared to the control mix.

At the 14-day time, the 50% GGBS mix matched the control mix, while the mix with
the healing agent was 12% higher. When achieving 28 days, the control mix is now higher
than the two other mixes with GGBS, with the 50% GGBS mix having around 22% less than
the control mix and almost 17% in the case of the mix with the self-healing agent.

From this study in Table 10, it is noted that using a bacterial self-healing agent with
10% of GGBS replacement, a splitting tensile strength value at seven days is increased
by 33%, and 23% and the 28-day mark, indicating the beneficial effect on the mechanical
properties of concrete with this OPC replacement and bacterial agent.

Table 10. Split tensile strength values for concretes with different compositions [53].

Type of Concrete 7 Days (MPa) 14 Days (MPa) 28 Days (MPa) 60 Days (MPa)

OPC concrete 3.2 3.9 4.2 4.53
Concrete with bacteria 4.0 4.2 4.5 4.64

Concrete with bacteria using fly ash 4.2 4.5 4.9 5.1
Concrete with bacteria using GGBS 4.26 4.54 5.2 5.3

Concrete with bacteria using fly ash and GGBS 3.6 3.8 4.3 4.5

Determining the tensile splitting strength as proposed from Equations (12) through (19),
the following Table 11 is obtained:

Table 11. Relationship between Compressive strength and tensile splitting strength.

Mix
Curing Time

(Days)
Mean Compressive
Pressure, Fc (MPa)

Mean Tensile Splitting
Strength (MPa) fct

Tensile Splitting Strength fctm,sp (MPa)

Equations in Table 3 Proposed:
Equation (8)

(12) (13) (14) (15) (16) (17) (18) (19)

Control
28.00 47.50 3.53 13.30 5.81 9.17 11.42 4.12 3.93 4.11 4.59 3.13
14.00 42.20 2.51 11.82 5.32 8.15 10.21 3.68 3.64 3.80 4.28 2.90
7.00 37.20 2.92 10.42 4.85 7.18 9.06 3.27 3.34 3.49 3.97 2.68

50% GGBS
28.00 44.40 2.76 12.43 5.52 8.57 10.72 3.86 3.76 3.93 4.41 3.00
14.00 35.50 2.44 9.94 4.69 6.86 8.67 3.13 3.24 3.38 3.86 2.61
7.00 28.80 2.45 8.06 4.02 5.56 7.11 2.56 2.82 2.94 3.41 2.29

50% GGBS + Self-healing Agent
28.00 45.80 2.93 12.82 5.65 8.84 11.04 3.98 3.84 4.01 4.49 3.06
14.00 34.20 2.81 9.58 4.56 6.60 8.37 3.02 3.16 3.30 3.78 2.55
7.00 24.50 2.13 6.86 3.57 4.73 6.10 2.20 2.53 2.64 3.10 2.07

Control
Root Mean Square Error (RMSE) 8.91 2.37 5.22 7.29 0.78 0.73 0.88 1.33 0.35

Mean Absolute Error (MAE) 7.86 2.17 4.58 6.47 0.59 0.64 0.79 1.27 0.23

50% GGBS
Root Mean Square Error (RMSE) 7.77 2.25 4.58 6.42 0.75 0.77 0.91 1.37 0.19

Mean Absolute Error (MAE) 7.60 2.19 4.45 6.28 0.63 0.72 0.87 1.34 0.19

50% GGBS + Self-healing Agent Root Mean Square Error (RMSE) 7.44 2.04 4.33 6.12 0.62 0.61 0.75 1.20 0.17
Mean Absolute Error (MAE) 7.13 1.97 4.10 5.88 0.44 0.55 0.70 1.17 0.15

Observing the RMSE and MAE of the values obtained in Table 11, Equation (22) seems
to be more accurate than most. Therefore, a new tailored equation is proposed where the
error margin is even lower:

fsp or fct,sp = 0.28 × f 0.625
c (33)

4.3. Mix Comparison for Flexural Strength

Throughout the 28-day mark, Figure 8, the control mix remains relatively constant,
varying its value between 5.4 to 5.7 MPa. On the other hand, the mixes containing GGBS
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have a constant and progressive increase throughout the 28 days. At the 7-day mark, the
50% GGBS mix has a reduction of 22% and the self-healing agent mix has a 33% reduction
in flexural strength. At the 14-day mark, the control mix remains stable at 5.5 MPa, and
the GGBS mix has a reduction of 7% and the self-healing agent mix with 20% less. At the
28-day mark, it is observed that the mixtures containing GGBS have increased slightly, having
a 4% reduction for the 50% GGBS mix and around 12% in the case of the self-healing agent.

Table 12 compares the results obtained in the experiment and the ones obtained from
compressive strength according to several authors.

Table 12. Relationship between Compressive strength and Tensile flexural strength.

Mix
Curing Time

(Days)
Mean Compressive
Pressure, Fc (MPa)

Mean Flexural
Strength (MPa)

Tensile Flexural Strength (MPa) fctm,fl

Equations in Table 4
Proposed

(7) (8)
(9)

(10)
(11)

Min Max Min Avg Max Min Max Equation (9) Equation (10)

Control
28 47.50 5.70 2.07 6.89 4.69 6.48 8.27 6.48 5.23 10.93 4.87 5.72 4.92
14 42.20 5.50 1.95 6.50 4.42 6.11 7.80 6.11 4.64 9.71 4.18 5.39 4.63
7 37.20 5.40 1.83 6.10 4.15 5.73 7.32 5.73 4.09 8.56 3.56 5.06 4.35

50% GGBS
28 44.40 5.50 2.00 6.66 4.53 6.26 8.00 6.26 4.88 10.21 4.47 5.53 4.75
14 35.50 5.10 1.79 5.96 4.05 5.60 7.15 5.60 3.91 8.17 3.35 4.94 4.25
7 28.80 4.20 1.61 5.37 3.65 5.04 6.44 5.04 3.17 6.62 2.56 4.45 3.82

50% GGBS +
Self-healing Agent

28 45.80 5.00 2.03 6.77 4.60 6.36 8.12 6.36 5.04 10.53 4.65 5.61 4.83
14 34.20 4.40 1.75 5.85 3.98 5.50 7.02 5.50 3.76 7.87 3.19 4.85 4.17
7 24.50 3.60 1.48 4.95 3.37 4.65 5.94 4.65 2.70 5.64 2.08 4.10 3.52

Control
Root Mean Square Error (RMSE) 3.58 0.98 1.12 0.60 2.28 0.60 0.94 4.28 1.39 0.21 0.91

Mean Absolute Error (MAE) 3.10 1.18 0.77 0.82 2.41 0.82 0.79 3.76 1.28 0.27 0.57

50% GGBS
Root Mean Square Error (RMSE) 3.16 1.07 0.88 0.72 2.27 0.72 0.98 3.53 1.51 0.17 0.69

Mean Absolute Error (MAE) 3.13 1.06 0.86 0.70 2.26 0.70 0.95 3.40 1.47 0.14 0.66

50% GGBS +
Self-healing Agent

Root Mean Square Error (RMSE) 2.60 1.53 0.36 1.18 2.71 1.18 0.64 3.95 1.14 0.52 0.17
Mean Absolute Error (MAE) 0.87 3.23 1.36 2.88 4.40 2.88 1.21 5.39 0.72 2.23 1.55

The table above shows that the tensile flexural strength values are within the range
proposed by some authors, whereas Equations (8) and (9) from Table 4 seem closer to the values
acquired. However, from the error values in RMSE and MAE, there is space for an adjusted
equation. The following Equation (9) is proposed for the control and 50% GGBS mixtures:

fct, f l = 0.82 × f 0.503
c (34)

Regarding the mixture with the self-healing agent, an adjusted expression is preferable
with a lower RMSE and MAE:

fct, f l = 0.7 × f 0.505
c (35)

4.4. Mix Comparison for Dynamic Modulus of Elasticity

Figure 9 shows that the control mix has a higher value throughout the 28 days, while
the mixes containing GGBS remain the lowest. The 7-day mark for a mixture containing
50% GGBS has a reduction of 7%, and the mixture containing 50% GGBS and the self-
healing agent has a reduction of 14% in dynamic modulus Elasticity. At the 14-day mark,
a reduction of 5% on the 50% GGBS and 15% on the one with a self-healing is visible. At
the 28-day mark, the mixture with only 50% GGBS matches the control mix having only a
reduction of 1%, and the self-healing agent with 8%.

The following Table 13 will display the value of the static modulus of elasticity accord-
ing to different authors:
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Table 13. Static modulus of elasticity determined from the compressive strength and the dynamic
modulus of elasticity.

Mix

Curing
Time

(Days)

Mean Com-
pressive

Pressure, Fc

(MPa)

Mean Dynamic
Modulus of
Elasticity, Ed

(GPa)

Static Modulus of Elasticity, Ec (GPa) Observation

Equations in Table 6 Equations in Table 2 Mean
Ratio

(20) (21) (22) (23) (24) (25) (1) (2) (3)

Control
28 47.5 37.8 33.8 35.1 29.8 29.7 33.6 31.0 31.4 28.3 30.7 31.5 0.83
14 42.2 37.1 31.8 33.9 28.5 28.6 32.3 29.2 30.8 27.4 29.9 30.3 0.82
7 37.2 36.1 29.9 32.6 27.1 27.4 31.0 27.4 30.0 26.1 28.8 28.9 0.80

50% GGBS
28 44.4 37.5 32.6 34.4 29.0 29.1 32.8 30.0 31.1 27.9 30.3 30.8 0.82
14 35.5 35.4 29.2 32.2 26.7 27.0 30.5 26.8 29.4 25.3 28.0 28.3 0.80
7 28.8 33.5 26.3 30.2 24.7 25.2 28.5 24.1 27.8 22.9 25.9 26.2 0.78

50% GGBS +
Self-healing

Agent

28 45.8 34.8 33.2 34.7 29.4 29.4 33.2 30.5 28.9 24.5 27.3 30.1 0.87
14 34.2 31.6 28.6 31.8 26.3 26.6 30.1 26.3 26.2 20.5 23.9 26.7 0.85
7 24.5 31 24.2 28.8 23.3 23.8 27.0 22.3 25.7 19.8 23.2 24.2 0.78

As seen above, the static modulus of elasticity is always smaller than its dynamic
counterpart. Even though several authors created their approach to calculate this value
from dynamic and compressive values, a ratio seems to remain visible that the static
modulus of elasticity is around 20% less than the dynamic.

5. Bacterial Self-Healing Agent—Observation of Surface Crack Healing Evolution

While using the control mix with the bacterial self-healing agent, some specimens
were made to visualise the healing capacity of the agent throughout time, where several
techniques of induced controlled cracking were created and deployed to observe the
evolution of the sealing capacity throughout time.

The following table shows an extrinsic approach to using the agent, where control mix
cubes were cracked, and the surface crack widths were measured with a crack width ruler.
Afterward, the cracked specimens were doused in an aqueous solution with the bacterial
agent dissolved, leaving it to cure for 25 days in an incubator.

Before visualising the specimens, these are dried and cleaned with pressurised air to
remove excess water and debris, allowing to expose the new calcium carbonate formations
tightly growing from the cracks.

The following tables, Tables 14 and 15, display the specimen tags attributed to a
specific cracked cube in the first column, followed by a measurement of the maximum
crack width in a specific numbered point in the specimen. The following columns in the
same row show the evolution of the cracks being sealed through time in days.

From Table 14, it is shown that several crack widths across several specimens were
created, ranging from 0.2 to 1.5 mm. The agent was applied at time zero, and some changes
started to appear after five days (N8). After 13 days, more changes are observed, and finally,
at 25 days, a dramatic change in most specimens with a yellowish crystalline substance
blooming from within the cracks.

In some cases, the healing process starts with a thin layer of calcium carbonate crys-
tallisation, images from N10 at 13 days of incubation show that a thin layer of calcium
carbonate populates the cracks like a membrane. After some exploratory probing, this
initial membrane starts at 100 microns, thickening to formations higher than 4 mm.

The most extensive crack sealed with this extrinsic approach is 1.5 mm (T6-4).
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Table 14. Image compilation for self-healing evaluation for extrinsic approach.

Time in Days

Specimen
Name

Tag

Crack
Width
(mm)

0 5 13 25

T6

0.2

         

0.2

         

0.2

         

1.5

         

T2 1.0T2 1.0 

         

T3 0.8T3 0.8 

         

T5 0.5T5 0.5 

         

N8 0.4 4 
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Table 14. Cont.

Time in Days

Specimen
Name

Tag

Crack
Width
(mm)

0 5 13 25

N10

0.4

         

0.5

         

0.2

         

Table 15. Image compilation for self-healing evaluation for intrinsic approach.

Time in Days

Specimen
Name

Tag

Crack
Width
(mm)

0 7 14 23

W1 0.6W1 0.6 

             

W3 0.2W3 0.2 

             

W4

1.5

             

0.4
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Table 15. Cont.

Time in Days

Specimen
Name

Tag

Crack
Width
(mm)

0 7 14 23

W6 0.3W6 0.3 

             

S1 0.3  

             

S2 0.3  

             

S4 0.5  

             

S6 0.05  

             

S9 1.5  

             

S10 0.7 7 

             

From Table 15 above, an extrinsic approach was created, where the control mix was
combined with the bacterial healing agent in the mixing process, cast into cubes and once
hardened, cracked and left to heal in an incubator for 23 days.

Through this process, the healing agent embedded with hardened concrete started to
heal the externally visible cracks from within, starting to show on the surface. At seven days
of incubation, visible in a thick white-yellowish formation at W1-7, and as a membrane on
W4 and S9 specimens. In S10 it is visible throughout the time the formation of a membrane
(7 to 14 days) and the sealing, in-depth, by a denser mineral formation.
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It is also observed that smudges of white crystalline substance come out of the cracks
and initialise the healing process, which indicates the bacterial activity in said cracks,
pointing to the possibility of internal cracks being sealed first.

The maximum crack width sealed is 1.5 mm, observed on the surface of S9 and W4
specimens, surpassing the values of 0.3 mm initially thought to achieve. These results can
only be corroborated with further testing, such as permeability tests, to quantify the healing
capacity of the agent on internal cracks and guarantee the correct sealing of concrete, not
just at a surface level.

When using BS EN 1992 [44] and performing serviceability checks, maximum crack
widths are recommended depending on the exposition class of the structure. These range
from 0.2 mm to 0.4 mm, but the most common is 0.3 mm for reinforced members, which
bodes positively for a structure that has a self-healing agent. Healing not only 0.3 mm
cracks but also extending that capacity to 1.5 mm wide cracks will allow the possible
reduction in nominal cover and the increase in rebar diameter and spacing, to mention
some examples.

6. Insight of Embodied Carbon Value of Each Mix

According to the Inventory of Carbon and Energy [1], it is possible to determine the
embodied carbon of each element used in a concrete mix, as shown in Table 16 and Figure 10.

Table 16. Embodied carbon comparison adapted from ICE (Inventory of Carbon and Energy) [1].

Material
Embodied Carbon Factor—kg

CO2e/kg
100% OPC 50% GGBS

50% GGBS +
Healing Agent

Cement 0.91 346.6 173.3 173.3
GGBS 0.04 - 7.9 7.9
Water 0.000344 0.1 0.1 0.1

Aggregates 0.007 14 14 14
Transport of constituents 0.004991322 11.98 11.98 11.98

With mixing waste 1.00% 3.73 2.07 2.07
Precasting 0.0142 34.07 34.07 34.07

Use of Self-healing agent (Reduction of 54 kgCO2/m3) - - -54
Transport to site 0.1033 3.48 3.48 3.48

RESULTS:
kg CO2e/m3 concrete

414 247 193
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Figure 10. Embodied carbon in concrete—Comparison between mixes.
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Comparing the three concrete mixtures, one can observe that when using 100% OPC,
there is the highest embodied carbon, and with GGBS, a reduction of around 40% is visible,
while the self-healing agent can further reduce this value by an extra 13%. Providing a total
reduction of 53% when using GGBS and the self-healing agent.

To quantify the reduction in embodied carbon with the use of the self-healing agent, a
guideline provided by the supplier [52] states that the creation and usage of the self-healing
agent in concrete increases the overall embodied carbon by a mean value of 20 kg CO2/m3,
but throughout its service life it can reduce the usage of concrete in frequent repairs due to
its self-healing capacity. Considering that the agent can increase the service life by 30%,
equating to the reduction in new cast concrete in the same value, we have a flat reduction of
30% of the embodied carbon for the 50% GGBS mix (by 74.1 kg CO2/m3), or the Control mix
(by 124.2 kg CO2/m3). Considering a reduction of 74.1 kg CO2/m3 offset by the positive
gain of 20 kgCO2/m3, a final value of 54.1 kg CO2/m3 is obtained.

Although the benefits of using GGBS as a partial OPC replacement will decrease the
embedded carbon substantially, the rising costs of acquiring this subproduct material have
been increasing throughout the years, according to the US Geological Survey from the
years 2015 to 2021 [53,54] prices were seen rising by 40% (from 19.50 $/ton to 27.50 $/ton),
peaking to 500% increase depending on the import location (120 $/ton).

According to the insight provided by the UK government [55], the inland shortage
started in 2016 and is predicted to increase after 2024. However, an oversupply worldwide
is predicted to last beyond 2030.

The increasing prices from high demand and the efforts for waste reduction from the
metallurgic industry [56,57] will make GGBS an unsustainable material for the long-term
reduction of embedded carbon in concrete.

7. Conclusions

The initial objective of this research paper was to test a commercially available bacterial
self-healing agent that, when added with low-carbon OPC replacements, would allow the
reduction of the embedded carbon value of concrete while expanding the service life and
the overall value of the structure. An insight into the changes in the mechanical properties
of low-carbon concrete with a bacterial agent was showcased while observing the healing
capacity of the agent when applied intrinsically and extrinsically to concrete. After defining
the mechanical changes in this concrete, a new set of equations were proposed to reflect
the variations observed. When determining the changes in embedded carbon, insight was
given into the availability of GGBS in the future.

Comparing the control mix with CEM I 42.5 R as OPC, it is found that utilising 50%
GGBS in a mix will reduce the initial mechanical properties, lowering these in a range of
up to 25%, and if adding the bacterial self-healing agent, there is a further reduction of up
to 35% at seven days of curing time. At the 28-day mark, both mixes containing GGBS tend
to match the control mix, which is in line with other relevant studies. All this indicates that
having GGBS by itself or with a self-healing agent is still very much viable, considering the
low mechanical properties in the early days of curing, with the added benefit of offsetting
the embedded carbon value up to 50%.

More research is required to determine why the healing agent reduces the mechanical
properties in the early days, and the assumption so far is that there is a chemical reaction
between the bacterial composition and respective feed, with the concrete working as a
retarding agent.

These mixtures were made without admixtures to allow the capture of the mechanical
properties without additives. In the industry, these are commonly used to reduce the water
content and increase early mechanical properties, depending on the required effect for each
occasion. For future experimental work, additives are suggested to allow the control and
correction of the early mechanical properties to decrease.

Having this bacterial healing agent will reduce even further the embedded carbon
value of a low-carbon concrete mix, in this case, up to 13%. This reduction is primarily
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due to the capacity to increase service life and reduce the number of repairs a structure
undergoes throughout the years.

Observing cracked control specimens treated with a solution of the healing agent
shows noticeable changes after five days in the incubator. However, the more dramatic
changes are seen after 25 days, where cracks of up to 1.5 mm are entirely sealed, indicating
the agent is sealing these cracks from the outside in, showing the capacity for this agent to
be retrofitted into older structures.

When the agent is mixed in with fresh concrete, similar changes are observable after
seven days, with the formation of a thin membrane on the surface and the pouring of white
crystalline formations from the inside out, suggesting the sealing of internal cracks first and
superficial ones last, having a maximum observable sealing capacity of 1.5 mm in 23 days.

To further confirm the expectation of service life increase, it suggested that the internal
cracks are also tested under different environments and with different types of concrete
composition, allowing optimisation of the dosage of the healing agent and the time it needs
to heal under different scenarios, as well as efficacy.

Overall, adding a bacterial self-healing agent has a promising future in concrete
structures, which grants the ability to heal itself from small cracks (structural damage)
while lowering the embedded carbon value of a concrete mixture by reducing the frequency
and extent of repairs.

While reducing the embedded carbon value of concrete dramatically when replacing
OPC, GGBS as a waste subproduct from the metallurgic industry will inevitably fall into
scarcity with the increased demand from the construction industry.

With new methods developed to reduce waste, the production of GGBS will eventually
dwindle and added to increased demand, the gradually higher prices will make this product
unsustainable in the long term.
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