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Abstract: This study aimed to investigate the behavior of accelerated carbonation-cured laboratory
specimens using the ultrasonic non-destructive testing (UNDT) method and compare the results
with the destructive testing (DT) method. The materials used in the study included a blend of
lime kiln dust and ground granulated blast furnace slag (LKD-GBFS) wastes, natural fine aggregate
(sand), and alternative fine aggregates from waste tires. The chemical analysis of the LKD and GBFS
samples highlighted them as suitable alternatives to OPC, hence their utilization in the study. A 60:40
(LKD-GBFS) blending ratio and a 1:2 mix design (one part LKD-GBFS blend and two part sand) was
considered. The natural fine aggregate was partially replaced with fine waste tire rubber crumbs
(TRCs) in stepped increments of 0, 5, and 10% by the volume of the sand. The samples produced
were cured using three curing regimens: humid curing (HC), accelerated carbonation curing (ACC)
with no water curing (NWC) afterwards, and water curing after carbonation (WC). From the results,
an exponential model was developed, which showed a direct correlation between the UNDT and DT
results. The developed model is a useful tool that can predict the CS of carbonated samples when
cast samples are unavailable. Lastly, a total CO2 uptake of 15,912 g (15.9 kg) was recorded, which
underscores ACC as a promising curing technique that can be utilized in the construction industry.
This technique will bring about savings in terms of the time required to produce masonry units while
promoting a change in the basic assumptions of a safer and cleaner environment.

Keywords: accelerated carbonation curing; ultrasonic pulse velocity; compression strength; CO2

uptake; scanning electron microscope; chemical analysis

1. Introduction

Research and reports have emphasized that the cement industry is predominantly
responsible for emitting carbon dioxide gas (CO2) and is a major energy consumer iden-
tified as a key driver of climate change [1,2]. Again, yearly reports show that the cement
industry is responsible for about 5 to 8% of global anthropogenic CO2 gas emissions [3,4].
Additionally, global emissions of CO2 associated with producing cement reached about
2059 Mt in 2018. From this, emissions related to processing and energy accounted for about
66% and 34%, respectively [5]. The Global Status Report [6] further showed that in 2017,
building and construction operations contributed about 36% of the global energy used and
up to 40% of CO2 emissions. This is because the construction industry has been adjudged
as the highest global user of raw materials, and the built environment is responsible for
about 25% to 40% of global greenhouse gas emissions [7]. This ranks ordinary Portland
cement (OPC) as a major construction material whose sustainability is concerning [7–9]
and has been receiving a lot of attention through various international initiatives and
research [2,5–7,10–12].

The production of ordinary Portland cement, a major cementitious material globally
used for construction, is responsible for significant environmental consequences [12,13].
These consequences include the discharge of highly concentrated energy due to a produc-
tion temperature of about 1450 ◦C and a humongous amount of CO2 emissions from other
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industrial activities, contributing to about 5–8% of anthropogenic global warming [10,14].
By 2050, the demand for cement globally is projected to increase by 12–23% over the
2020 level, driven by spiraling urbanization, industrialization, and global population pat-
terns, on top of infrastructure development needs [15]. To realign the cement sector with
the Paris Agreement on global climate change, the annual emissions of CO2 gas should
drop by a minimum of 16% by 2030 [16]. The goal of the Paris Agreement is to mitigate
global warming to below 2 ◦C, preferably to about 1.5 ◦C by the end of the current cen-
tury [17,18], although records of global temperature show increments of 0.07 ◦C per decade
from 1880 and over twice this increment since 1981 [19]. Hence, it is of utmost importance
to lower the emissions linked to the manufacturing of cement. Furthermore, to plummet
the global temperature increase, fast carbon dioxide sequestration (CO2S) technologies
involving the capture, utilization, and storage of (CUS) carbon are essential [20,21].

Due to this alarming rate of carbon emissions associated with OPC, research is con-
stantly being carried out on the utilization of wastes (agricultural and industrial) as alter-
native cementitious material (ACMs) for developing cementless construction materials,
units [22–27], and the utilization of captured CO2 gas as a curing regimen [28–30] to en-
hance CUS. Additionally, quicker testing methods of these cementless construction units at
the production stage are essential, emphasizing the importance of adequate quality con-
trol [26]. Quicker testing methods include the UNDT [26], ground-penetrating radar [31],
and rebound hammer tests [32], which are all non-destructive.

In line with CUS, recent studies investigating the effect of CO2S technologies on ACMs
have been successfully performed [33,34]. Hwalla et al. [33] investigated the outcome of
accelerated carbonation curing (ACC) on masonry units produced from alkali-activated
slag. The study was carried out to assess masonry units’ carbon sequestration performance,
potentials, and microstructure. Factors such as the initial curing duration, carbonation
pressure, and carbonation curing duration were varied for comparison purposes. The
water absorption capacity and the compressive strength improved with higher pressure
and extended initial curing and carbonation durations. Furthermore, going by the global
warming potential index, the carbon footprint of the carbonated samples was up to 46%,
which was lower when compared to the non-carbonated counterparts, as is necessary to
mitigate CO2 emission.

Muthu et al. [34] subjected a mix of electric arc furnace (EAF) slag and Wollastonite
to CO2 curing. It was reported that replacing cement with EAF slag at a higher volume
resulted in volumetric expansion. To prevent this, the samples were carbonated with a
CO2 gas of high purity. This resulted in the development of non-expansive products that
included aragonite, calcite, and remains of tobermorite within the matrix microstructure.
The EAF slag was added to the Wollastonite at 0%, 20%, 40%, and 60% increments. The
sample with 40% slag had the maximum compressive strength (CS), whereas the sample
produced with 60% slag had the least CS. It was concluded from the study that utilizing
EAF slag in the perspective of the investigation would advance CO2 sequestration and
avert the dumping of industrial waste into landfills.

In line with performing rapid NDTs, which are tests that do not set off structural
damage or destruction to the units, the use of ultrasonic pulse velocity (UPV) is receiving
attention. However, there is limited current research on its application in ACC units. UPV
involves using longitudinal (P) or shear (S) waves to estimate the strength of these units.
The P waves are preferred over the S waves due to their higher velocity, easy generation,
and measurement [35,36].

In a study on the evaluation of rubbercrete samples, Mohammed et al. [35] considered
the use of non-destructive tests (UPV and rebound hammer) and destructive tests (compres-
sion) to establish a relationship between the non-destructive and destructive test results.
After the experiments, an exponential model was selected as the most preferred, which
could be used to show a correlation between the non-destructive test (NDT) and the destruc-
tive test (DT). Furthermore, they concluded that between the UPV and rebound hammer
tests, the UPV utilizing P waves was more reliable for evaluating rubberized samples.
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In another study, Choi et al. [37] investigated the strength properties of rubberized
concretes to show a correlation between the NDT and DT using P waves and compression
tests, respectively. The exponential model was selected as the most preferred model with
an acceptable trendline, which could be used to validate experimental data to relate the
NDT to the DT. In their conclusion, the P wave was recommended for estimating the CS of
rubberized concretes as a quicker testing option.

In summary, the highlighted challenges include the prominent levels of pollution
caused by industrial activities, the production and use of OPC, and the disposal of wastes
through landfills, which all imply a scaled-up emphasis on the need for sustainability
in construction industries. From one perspective, ensuring that the products from the
construction industry do not cause a high degree of carbonation is necessary. On the other
hand, it is vital to ensure that the waste generated is reused in the construction industry
while conserving energy [38–42]. It is also important to engage with technologies that will
guarantee a reduction in the extraction of raw materials for construction purposes, such as
utilizing alternative aggregates, so that these natural resources in the form of aggregates
are not depleted [26,27,43,44]. Furthermore, it is essential to test units produced with
wastes non-destructively as a quick test to ascertain their strength properties, utilizing
the P wave as recommended by research [35–37]. Therefore, it is imperative to develop
durable, green, readily available, and cost-effective construction materials that will ad-
dress these highlighted issues without jeopardizing building quality or compromising on
quality control.

This write-up on utilizing an LKD-GBFS blend as an ACM aims to substitute OPC
fully, which involves finding an eco-gradient with the ACC treatment that produces bricks
with a minimum of 3 MPa compressive strength. This act will promote LKD-GBFS as
sustainable waste in construction while attempting to address the problems associated
with the disposal of LKD in landfills. Furthermore, the continuous release of CO2 into the
atmosphere due to human activities discussed above underscores the need to investigate
carbonation as a curing regimen. This will contribute to reducing the amount of CO2 in the
atmosphere and present itself as a quicker curing approach to save the time involved in
producing masonry units, which usually takes 28 days. Additionally, this paper investigates
the potential use of ultrasound methods to test the strength of cementless ACC-eco bricks
produced with LKD-GBFS. This testing method has been established as a quicker testing
method but has not been fully investigated on units produced with an LKD-GBFS blend
and cured using ACC. Hence, this study has been conceived to fill this knowledge gap.
Lastly, incorporating TRCs as an alternative aggregate to natural sand will aid in reducing
the pressure exerted on it and prevent its gradual depletion.

2. Materials and Experimental Methods
2.1. Materials

LKD is the by-product of quick lime from high-temperature rotary kilns in powder
form, which has a high calcium content but is mostly dumped in landfills [45]. Ground
granulated blast furnace slag (GBFS), on the other hand, is an alternative cementitious
material (ACM) that is composed of CaO, SiO2, and Al2O3. Both samples (LKD and GBFS)
were analyzed, and their oxides were compared to OPC samples from previous research.
Table 1 shows the significant oxides in LKD, GBFS, and OPC samples. Furthermore,
specific gravity (Gs) test values of 2.75 and 2.65 were obtained for the LKD and GBFS
samples, respectively.
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Table 1. Significant oxides in LKD, GBFS, and OPC samples.

Chemical Oxide (%) LKD GBFS OPC [46] OPC [47]

CaO 63.24 42.10 60.00–67.00 62.25
SiO2 20.04 33.10 17.00–25.00 21.00

Al2O3 4.90 13.20 3.00–8.00 5.90
Fe2O3 3.49 0.30 0.50–60 3.40
MgO 1.11 6.50 0.01–40 1.50
K2O 0.35 - 0.50–1.30 0.45

Na2O 0.43 0.50 0.05–1.30 0.20
SO3 2.35 2.00 1.00–3.00 2.40

From the oxide compositions obtained in Table 1, the presence of CaO, SiO2, Al2O3,
Fe2O3, and MgO with chemical oxide proportions of 63.42, 20.04, 4.90, 3.49%, and 1.11%,
respectively, established LKD as a suitable replacement to OPC. However, an ACM having
an elevated SiO2 content with a minimum of 30% needs to be mixed with the LKD to
further improve the cementitious property of the LKD [40,48]. Hence, GBFS with a SiO2 of
33.1% was blended with the LKD. The elevated CaO and SiO2 contents in the mix alongside
the carbonation enhanced the strength of the samples.

Fine waste tire rubber crumbs (TRCs) obtained from waste tires were used to replace
sand partially in stepped increments of 5 and 10% by the volume of sand. These waste
tires were shredded to reduce their sizes and were fed into the granulator to liberate the
steel from the rubber. After the liberation process, the wires were separated from the
rubber through a magnetic separation process, then the crumbs were reduced to obtain the
desired sizes of aggregates, between 0.06 and 10 mm, as recommended by He et al. [49].
Furthermore, the TRC was treated with sodium hydroxide (NaOH) 10% (w/v) for 24 h,
as recommended by Tian et al. [50], Mohammadi et al. [51], and Guo et al. [52]. This was
carried out to improve the hydrophilicity of the rubber, which made the rubber surface
relatively rough and porous to aid bonding between the LKD-GBFS–sand matrix. Figure 1
shows the curves obtained from the particle size analysis of the sand and TRC. The fineness
modulus (FM) and Gs of the sand and TRC were obtained to be 2.47, 2.96, 2.61, and 0.77,
respectively.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 4 of 22 
 

Chemical Oxide 
(%) 

LKD GBFS OPC [46] OPC [47] 

CaO 63.24 42.10 60.00–67.00 62.25 
SiO2 20.04 33.10 17.00–25.00 21.00 

Al2O3 4.90 13.20 3.00–8.00 5.90 
Fe2O3 3.49 0.30 0.50–60 3.40 
MgO 1.11 6.50 0.01–40 1.50 
K2O 0.35 - 0.50–1.30 0.45 

Na2O 0.43 0.50 0.05–1.30 0.20 
SO3 2.35 2.00 1.00–3.00 2.40 

From the oxide compositions obtained in Table 1, the presence of CaO, SiO2, Al2O3, 
Fe2O3, and MgO with chemical oxide proportions of 63.42, 20.04, 4.90, 3.49%, and 1.11%, 
respectively, established LKD as a suitable replacement to OPC. However, an ACM hav-
ing an elevated SiO2 content with a minimum of 30% needs to be mixed with the LKD to 
further improve the cementitious property of the LKD [40,48]. Hence, GBFS with a SiO2 
of 33.1% was blended with the LKD. The elevated CaO and SiO2 contents in the mix along-
side the carbonation enhanced the strength of the samples. 

Fine waste tire rubber crumbs (TRCs) obtained from waste tires were used to replace 
sand partially in stepped increments of 5 and 10% by the volume of sand. These waste 
tires were shredded to reduce their sizes and were fed into the granulator to liberate the 
steel from the rubber. After the liberation process, the wires were separated from the rub-
ber through a magnetic separation process, then the crumbs were reduced to obtain the 
desired sizes of aggregates, between 0.06 and 10 mm, as recommended by He et al. [49]. 
Furthermore, the TRC was treated with sodium hydroxide (NaOH) 10% (w/v) for 24 h, as 
recommended by Tian et al. [50], Mohammadi et al. [51], and Guo et al. [52]. This was 
carried out to improve the hydrophilicity of the rubber, which made the rubber surface 
relatively rough and porous to aid bonding between the LKD-GBFS–sand matrix. Figure 
1 shows the curves obtained from the particle size analysis of the sand and TRC. The fine-
ness modulus (FM) and Gs of the sand and TRC were obtained to be 2.47, 2.96, 2.61, and 
0.77, respectively. 

 
Figure 1. Particle size analysis of TRC and fine sand. 

2.2. Experimental Methods 
In this study, a 1:2 design mix and a blending ratio of 60:40 (LKD: GBFS) were con-

sidered. One part by the weight of the LKD: GBFS blend to two parts by the weight of the 
natural aggregate (sand) as well as a water binder (w/b) ratio of 0.4 was used to produce 
the 0% TRC samples. Compression was carried out in 3 layers for each sample, and com-
pression pressures of 1.2, 1.6, and 1.9 MPa were applied to each layer for 3 min. For the 

0
10
20
30
40
50
60
70
80
90

100

0.001 0.01 0.1 1 10

Pe
rc

en
ta

ge
 P

as
sin

g 
(%

)

Particle Size (mm)

Sand TRC Upper Limit Lower Limit

Figure 1. Particle size analysis of TRC and fine sand.

2.2. Experimental Methods

In this study, a 1:2 design mix and a blending ratio of 60:40 (LKD: GBFS) were con-
sidered. One part by the weight of the LKD: GBFS blend to two parts by the weight
of the natural aggregate (sand) as well as a water binder (w/b) ratio of 0.4 was used to
produce the 0% TRC samples. Compression was carried out in 3 layers for each sample,
and compression pressures of 1.2, 1.6, and 1.9 MPa were applied to each layer for 3 min.
For the samples that contained TRC, the sand was replaced partially by the TRC in stepped



Appl. Sci. 2024, 14, 8954 5 of 21

increments of 5 and 10% by the volume of the sand. The TRC improved the workability of
the mix due to its low density. HC was performed for 72 h, ACC durations varied between
30, 48, and 72 h, and post-carbonation hydration was for 72 h. A minimum strength of
3 MPa for non-structural bricks was the target compressive strength in this research.

2.2.1. Sample Preparation

• Here, 234 samples were prepared per standards [53,54]; after that, the mix was trans-
ferred into greased formworks measuring 100 mm in height (H) and 50 mm in diameter
(Ø) in three layers.

• The top of each layer was scarified before the next layer was introduced into the form.
The scarifying was carried out so the new layer would act homogeneously with the
previous layer. When the compression was completed, the samples were de-molded,
and one set of samples was wrapped and allowed to cure in a humid environment
(79 ± 5% and 19 ± 5 ◦C) for 72 h. The samples for carbonation were allowed to
precondition for 4–6 h in a dry environment (RH = 55 ± 10%, T = 22 ± 3 ◦C) before
carbonation [55–57].

2.2.2. Curing Method

The procedure for CO2 curing is highlighted below:

• After pre-conditioning, the samples were labeled and introduced into the curing
chamber as shown in Figure 2. A vacuum was applied into the chamber for 2–10 min
at a pressure of about 600–1000 mm Hg [58,59].

• Immediately after vacuuming, CO2 gas was released into the carbonation chamber for
the curing duration considered in this study (30, 48, and 72 h). The purity of the CO2
gas was at 99.9%, and the pressure was kept constant at 0.13–0.15 MPa (1.3–1.5 bar),
which did not exceed 0.2 MPa (2 bar) [60,61].

• After the curing durations had elapsed, the samples were brought out of the curing
chambers, weighed immediately, and divided into 2 sets. The first set was placed
on the laboratory bench for 2 days before testing. The second set of samples was
subjected to post-carbonation hydration (WC) in water tanks for 72 h immediately
after weighing [61].
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Post-carbonation hydration is necessary to restore the water lost during the pre-
condition and carbonation stages. During carbonation, exothermic reactions occur, hence
the post-carbonation hydration restores this water and promotes the secondary hydration
of the unreacted hydraulic cement phases [61]. The exothermic reaction takes place between
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the captured CO2 gas and the calcium-bearing cementing materials in aqueous conditions
and is represented by Equations (1) and (2) below [62,63].

3CaOSiO2 + (3 − x)CO2 + yH2O → xCaOSiO2yH2O + (3 − x)CaCO3 (1)

2CaOSiO2 + (2 − x)CO2 + yH2O → xCaOSiO2yH2O + (2 − x)CaCO3 (2)

After 72 h of post-carbonation curing, the samples were brought out of the water tanks
and allowed to sit for 2 days; then, they were tested.

2.2.3. CO2 Uptake

The mass-gain method was used to calculate the CO2 uptake within the samples. This
method focuses on determining the CO2 uptake of the entire sample as an average, which
gives an estimate of the CO2 uptake by comparing the mass of the sample before and after
carbonation. Due to carbonation being an exothermic reaction, the evaporation of water
within the sample is hastened, and the evaporated water is collected and added to the
final mass. Furthermore, the carbonation system is considered a closed system; hence,
it is vital to consider the evaporated water because this water was originally part of the
samples before the carbonation process [64]. From the study carried out by Xian et al. [65],
El-Hassan and Shao [55], and Mahoutian and Shao [66], the equations that could be used
to compute CO2 uptake in samples are highlighted in Equations (3) and (4) below, which
consider the mass-gain method.

CO2 uptake (%) =
Final mass + Mass o f water loss − Initial mass

Mass o f dry cementing agent
× 100% (3)

CO2 uptake (g) =
CO2 (%)

100
× Final mass a f ter carbonation (4)

3. Tests
3.1. Ultrasonic Non-Destructive Test (UNDT)

An ultrasonic pulse velocity (UPV) test is a form of UNDT that utilizes pressure (P)
waves and shear (S) waves. These generated waves can be used to determine the strength
of samples. Research has shown that mathematical models can be used to predict the
strength of samples using P waves [26]. The advantages of using UPV include saving
time and the fact that the test allows samples to be re-used for other purposes since the
samples are not destroyed during testing. The UPV test was carried out using a Pundit
PL-200 testing machine (Proceq, Schwerzenbach, Switzerland) to determine the passage
of P waves through the samples. Vaseline was applied to the surface of the samples to
maintain continuous contact between the sample and the transducers while testing. The
transducers were placed on the samples as shown in Figure 3 below, and the transmitted
waves were determined per standards [67].
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3.2. Destructive Test (DT)

A compression destructive test was conducted on the samples to determine the max-
imum force that would cause the sample’s failure. This was achieved using the MTS
compression testing machine with a capacity of 500 kN ± 25 kN. Figure 4a,b show the
samples in the MTS machine before and after compression.
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The compressive load on the samples was applied at a rate of 4 mm/min, and the
procedure for the testing was carried out as per codes [53,54]. To obtain the compressive
strength (CS), Equation (5) below was used:

CS =
1000P

A
(5)

where

CS = Compression strength (N/mm2);
P = The load that caused the failure (kN);
A = Area of the sample (mm2).

3.3. Microanalysis

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS)
were carried out to analyze the carbonated and post-carbonation hydrated samples. The
SEM and EDS were performed to ascertain the quantitative and qualitative composition of
the elements in the samples, which gave a better understanding of the strengths achieved.
The samples prepared with 0 and 5% were considered, and detailed high-resolution images
were obtained, which are discussed in the results section.

The samples were mounted on aluminum stubs using a combination of carbon tape
and conductive silver adhesive. The samples were imaged uncoated with a Hitachi SU7000
(Hitachi High-Tech Corporation, Tokyo, Japan) field emission SEM at an accelerating
voltage of 15 kV, using the backscatter detector. The elemental compositions of the selected
sites were collected with an Oxford EDS and were represented as plots with the energy in
kiloelectronvolt (keV) on the abscissa and the intensity in counting photons per electron
volt (cps/eV) on the ordinate.

4. Discussion of Results

A total of 234 samples were prepared with varying TRC contents. The different
compression pressures of 1.2, 1.6, and 1.9 MPa, the three different curing approaches
(HC, NWC, and WC), and the curing durations were analyzed. The samples were first
tested non-destructively with the UPV machine and then tested destructively using the
compression testing machine.
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4.1. UNDT (Ultrasonic Pulse Velocity Test) and DT (Compression Test)
4.1.1. UNDT (Ultrasonic Pulse Velocity Test)

Figure 5 below shows a comparison of the P-wave velocities at different compression
pressures and curing durations for the 0% TRC samples. In this result, three sets of samples
were considered. The first were the samples that were wrapped and cured in a humid
environment (HC), the second were the samples that were tested after the carbonation
durations with no water curing afterward (NWC), and the third were the samples that
were hydrated for 72 h in water (WC) after carbonation. All the samples cured with CO2
gas (NWC and WC) had improved strength compared to the HC samples. This highlights
carbonation as a preferred curing approach. Additionally, analyzing the ACC samples
(NWC and WC) shows that the WC samples had improved strengths compared to the NWC
samples. This shows that post-carbonation hydration is essential to restore the water lost in
the samples during pre-conditioning and carbonation, thereby enhancing the secondary
hydration of unreacted hydraulic cementitious pastes [61]. Furthermore, the samples with
maximum velocities were those compressed with 1.9 MPa. This again shows that to obtain
the optimum strength for carbonated samples, the samples should be compressed with a
steady pressure of no less than 1.9 MPa, as recommended by research [60,68].
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4.1.2. DT (Compression Test)

A minimum compressive strength of 3 MPa for non-structural bricks was the target
strength in this study [54]. Figure 6 below shows the DT results of the samples tested with
UNDT from Figure 5. Like the plots in Figure 5, the maximum strength was recorded
for the WC samples compressed with 1.9 MPa, carbonated for 72 h, and soaked in water
for another 72 h. Furthermore, 72 h carbonation was considered the optimum because,
between 48 and 72 h carbonation, a marginal increase in strength was recorded. Hence,
extending the carbonation duration beyond 72 h may not yield a remarkable increase in the
strength and could lead to reduced strength which then translates to a waste of time and
energy [69].

Table 2 below is a summary of the results obtained for the two testing methods, namely
UNDT (P-wave) and DT (CS), the different compression pressures of 1.2, 1.6, and 1.9 MPa,
and the three different curing approaches (HC, NWC, and WC) considered in this study.
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Table 2. Summary of UNDT and DT results considering varying compression pressures.

Compression
Pressure (MPa) P-Wave (m/s) CS (MPa) CO2 Curing Duration—Hydration

Condition

1.2

1721 1.9 72 h HC
1813 2.5 30 h NWC
2145 3.9 30 h WC
2134 3.3 48 h NWC
2159 3.9 48 h WC
2260 3.2 72 h NWC
2300 4.2 72 h WC

1.6

1800 2.5 72 h HC
1885 3 30 h NWC
2255 4.3 30 h WC
2238 4.9 48 h NWC
2311 5.2 48 h WC
2354 5.2 72 h NWC
2437 5.5 72 h WC

1.9

1880 3.4 72 h HC
2138 4.5 30 h NWC
2300 5.2 30 h WC
2330 5.4 48 h NWC
2414 5.7 48 h WC
2486 6.3 72 h NWC
2550 7.2 72 h WC

Additionally, UNDT and DT tests were performed on the samples produced with 5
and 10% TRC samples carbonated for 30, 48, and 72 h. Notably, a 1.9 MPa compression
pressure was considered since it gave the maximum strength for the 0% TRC samples.
After the carbonation durations, one set of samples (NWC) was tested, and the other set
was subjected to post-carbonation curing (WC) for 72 h. From the UNDT results shown
in Figure 7, the maximum velocities were associated with the samples subjected to post-
carbonation curing (WC). Furthermore, in Figure 8, the 5% TRC samples carbonated for 72 h
and water-cured (WC) had a maximum CS of 4 MPa. Though the strengths recorded for the
5% TRC samples were lower than the 0% TRC samples, the 5% TRC WC sample is reported
to be suitable for non-load-bearing bricks for small buildings [54]. The lower strengths
were due to reduced bonding and increased porosity within the rubberized matrix.
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Table 3 is a summary of the results obtained for the two testing methods, namely
UNDT (P-wave) and DT (CS), the varying TRC, and the three different curing approaches
(HC, NWC, and WC) considered in this study.

From plots 7 and 8 above, it can be observed that a direct correlation exists between
the UNDT and DT results. Since a direct correlation exists, models can be generated to
establish this correlation. Research has also shown that different theoretical models have
been developed to demonstrate the correlation between the wave velocities and CS in sam-
ples [26,37,70]. However, it is important to note that these correlations depend on factors
such as the type of cementitious material, water cement/binder ratio, specimen size, curing
duration, methods employed in testing the samples, and types of aggregate [39]. In this
study, since the WC samples had the highest CS, linear, exponential, logarithmic, and power
models were developed based on the results obtained for the WC samples. The exponential
model with an acceptable trendline gave the most preferred relationship between the wave
velocities and the CS for the 0, 5, and 10% TRC WC samples (Figure 9). A correlation
coefficient (R2) of 0.98 was obtained and was considered the most reliable coefficient.
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Table 3. Summary of UNDT and DT results considering varying TRC.

TRC (%) P-Wave (m/s) CS (MPa) CO2 Curing Duration—
Hydration Condition

0

1800 3.4 72 h HC
2138 4.5 30 h NWC
2300 5.2 30 h WC
2330 5.4 48 h NWC
2414 5.7 48 h WC
2486 6.3 72 h NWC
2550 7.2 72 h WC

5

1467 2 72 h HC
1532 2.8 30 h NWC
1646 2.9 30 h WC
1694 2.9 48 h NWC
1801 3.5 48 h WC
1951 3.7 72 h NWC
2050 4 72 h WC

10

1081 1.2 72 h HC
1187 1.3 30 h NWC
1234 1.5 30 h WC
1239 1.7 48 h NWC
1456 2 48 h WC
1467 2 72 h NWC
1571 2.3 72 h WC
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10% TRC WC samples.

The exponential model obtained in Equation (6) below can predict the laboratory
compressive strength values for the 0, 5, and 10% TRC WC carbonated samples when cast
samples are unavailable.

fc = 4084e0.0011V (6)

where

fc = Compressive strength;
V = Wave velocity.

The developed exponential model is a useful tool for predicting the CS of the car-
bonated samples produced in this study in an event where cast samples are unavailable.
However, further investigation is recommended to verify the model considering different
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cementitious materials, water cement/binder ratios, specimen sizes, curing durations,
methods employed in testing the samples, and types of aggregate from those used in
this study.

4.2. Microanalysis (SEM and EDS)

The samples prepared with 0% and 5% TRC, compressed using 1.9 MPa, and car-
bonated for 72 h were analyzed using SEM, as shown in Figure 10a,b and Figure 11a,b,
respectively. The WC samples prepared with 0 and 5% TRC were observed to have signif-
icant formations of calcium carbonate (C-C) and calcium silicate hydrates (C-S-H). This
was due to the carbonation and post-carbonation hydration. For the samples that were not
subjected to post-carbonation hydration, it was observed that there were more formations
of C-C than C-S-H. This was mainly because the samples were only exposed to carbonation.
Furthermore, the micrograph of the WC samples showed a conspicuous development of
ettringite (AFt) needles in the form of needle-like crystals. These needles indicated that the
post-carbonation hydration caused the samples to move into a crystalline phase, which was
part of the hydration process required to replace the water lost during the preconditioning
and the carbonation stages. The ettringite formation contributed to the additional strength
recorded in the WC samples. For the NWC samples, AFt needles were not observed.
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Additionally, honeycomb C-S-H was observed in both WC and NWC samples. Figure 12
shows enlarged images of the honeycomb formation. Shen et al. [71] reported that this type
of C-S-H keeps a low density, owing to its elevated porosity. This is mainly because OPC
was completely replaced LKD-GBFS, which disrupted the C-S-H from maturing.

The elemental analyses (EDS) of the samples (WC and NWC) are shown in Figure 13a,b
and Figure 14a,b, respectively. The EDS revealed that the CC formed due to carbonation
in the NWC samples was covered by honeycomb C-S-H, as evidenced by the high silicate
(Si) content, in the carbonated samples. Furthermore, the WC samples had elevated the
calcium (Ca) content due to the continuous hydration reactions when compared to the NWC
samples. This was largely due to the different chemical processes that occurred during
the carbonation and hydration processes. In addition, the post-carbonation hydration
brought about an increased number of other elements that contributed to the higher
strengths recorded for WC samples, as shown in Tables 4 and 5. Hence, the importance of
post-carbonation hydration cannot be overemphasized and is recommended for samples
exposed to ACC.
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Table 4. Elemental composition of 0% TRC (WC and NWC) samples.

WC Samples NWC Samples
Wt % Wt % Sigma Wt % Wt % Sigma

C 13.83 0.16 19.66 0.17
O 45.17 0.14 50.45 0.13

Na 0.15 0.02 0.07 0.01
Mg 1.46 0.02 0.41 0.01
Al 3.78 0.03 1.00 0.01
Si 7.83 0.04 10.96 0.04
P 0.10 0.01 0.40 0.01
S 0.59 0.02 0.12 0.01
K 0.55 0.02 15.94 0.05
Ca 25.76 0.09 0.06 0.01
Ti 0.19 0.02 0.10 0.02
Fe 0.59 0.04 0.82 0.03

Total 100 100
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Table 5. Elemental composition of 5% TRC (WC and NWC) samples.

Map Sum
Spectrum

WC Samples NWC Samples
Wt % Wt % Sigma Wt % Wt % Sigma

C 13.77 0.07 17.69 0.10
O 53.28 0.05 49.30 0.07

Na 0.06 0.01 0.49 0.01
Mg 1.41 0.01 1.79 0.01
Al 2.95 0.01 11.73 0.02
Si 5.99 0.01 0.04 0.00
P 0.05 0.00 0.53 0.01
S 1.71 0.01 0.23 0.01
K 0.12 0.00 17.39 0.03
Ca 20.00 0.03 0.09 0.01
Ti 0.13 0.01 0.65 0.01
Fe 0.53 0.01 0.08 0.01

Total 100 100

4.3. CO2 Uptake

The mass-gain method was used to calculate the CO2 uptake within the samples. This
method focuses on determining the CO2 uptake of the entire sample as an average and
providing an estimation of the CO2 uptake by comparing the mass of the sample before
and after carbonation. Equations (3) and (4) were used to compute the CO2 uptake in all
the samples.

Free water is necessary to facilitate the dissolution of CO2; however, excess of it
obstructs its penetration through the available porous path. Hence, pre-conditioning in
a dry environment (RH = 55 ± 10%, T = 22 ± 3 ◦C) to create more capillary spaces for
CO2 sequestration into the samples for durations not exceeding 18 h is recommended by
research [49,55].

Figure 15 shows the carbon uptake values for the 0% TRC samples considering the 1.2
and 1.6 MPa compression pressures applied to each layer. Overall, the samples compressed
with 1.6 MPa had better carbon uptake when compared to samples compressed with
1.2 MPa. It can be assumed that the 1.2 MPa compression was insufficient to produce good
contact within the particles in the matrix. Hence, the lower carbon uptake resulted in the
low compressive strengths obtained. Figure 16 shows the carbon uptake of the 0, 5, and 10%
TRC samples considering 1.9 MPa compression. From the results, the 1.9 MPa compression
was sufficient for effective CO2 sequestration, as recommended by Chang et al. [68]; hence,
higher strengths were recorded.

Based on the information gathered from Figures 15 and 16, the total CO2 uptake of the
samples produced in this study was about 15,912 g (15.9 kg), which is in line with studies
carried out by Hwalla et al. [33] and Xian et al. [65].

With the increasing awareness of achieving a net zero environment, a balance between
the carbon dioxide emissions generated from construction activities and the amount re-
moved through ACC is necessary. Hence, more research into ACC is encouraged, especially
at the industrial level, to make the remarkable difference desired in climate change. Addi-
tionally, if brick-making factories can be set-up close to CO2 emission sources, the CO2 gas
can easily be captured and utilized for curing. This will also allow costs to be saved for the
long-distance transportation of the gas whereby leak risks are averted. Lastly, government
and environmental agencies must establish incentives to motivate brick-making industries
to accept and endorse the Advanced Carbon Technology (ACT). Incentives such as carbon
capping, trading, and policies associated with taxation should be implemented to feature
ACC as beneficial, thereby leading to a significant rise in annual CO2 sequestration [12].
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5. Conclusions

The CS of the samples produced in this study was examined using the UNDT and DT
methods. From the experiments and analysis performed, the following conclusions can
be made:

1. UNDT utilizing P waves is recommended as a quicker and reliable testing method, as
seen in the study.

2. ACC is a recommended curing option that is environmentally friendly and saves
curing time.

3. LKD-GBFS can be combined in a 60:40 (LKD:GBFS) blending ratio to produce load-
bearing bricks with a CS of 7 MPa for building small houses [54]. This can be achieved
by carbonating the samples for a 72 hr period and exposing the samples to post-
carbonation hydration for another 72 h.

4. TRC can be replaced with up to 5% to produce non-load-bearing bricks which can
be used for constructing small houses [54]. This can be achieved by carbonating the
samples for a 72 hr period and exposing the samples to post-carbonation hydration
for another 72 h.
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5. The maximum CS values for the 0% TRC samples were 3, 6, and 7 MPa for the HC,
NWC, and WC approaches, respectively. This indicated a 100% increment in CS
between the HC and NWC samples. Similarly, for the 5% TRC samples, maximum
CS values of 2, 3.7, and 4 MPa were recorded considering the respective curing
approaches mentioned above. This again indicated an 85% increment in CS between
the HC and NWC samples. The results have shown that for the same 72 h curing
durations, the carbonated samples had double the strengths recorded for the HC
samples. This highlights ACC as a quicker curing approach that guarantees improved
strength in a green way.

6. Further hydration after carbonation is recommended to enhance the significant for-
mations of calcium carbonate (C-C), calcium silicate hydrates (C-S-H), and ettringite
needles, leading to improved strength after carbonation.

7. This utilization of LKD as sustainable waste in construction will contribute to address-
ing the problems associated with the disposal of LKD in landfills. Additionally, using
waste tire crumbs as alternative aggregates to replace natural sand partially will aid
in reducing the pressure exerted on the natural resources and prevent their gradual
depletion.

8. The total CO2 uptake of the samples produced in this study was about 15,912 g
(15.9 kg). This figure shows that there is potential for ACT to bring about the desired
climate change.
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