Journal of Rock Mechanics and Geotechnical Engineering 16 (2024) 1000—1017

CSRME

Contents lists available at ScienceDirect

Journal of Rock Mechanics and
Geotechnical Engineering

journal homepage: www.jrmge.cn

Full Length Article

Dredged marine soil stabilization using magnesia cement augmented N

with biochar/slag

Check for
updates

Chikezie Chimere Onyekwena ™", Qi Li*"", Yong Wang*", Ishrat Hameed Alvi ", Wentao Li*,
Yunlu Hou *”, Xianwei Zhang ¢, Min Zhang ®**

2 State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan, 430071, China
b University of Chinese Academy of Sciences, Beijing, 100049, China

€School of Civil Engineering, Architecture and Environment, Hubei University of Technology, Wuhan, 430068, China

dSchool of Urban Construction, Wuhan University of Science and Technology, Wuhan, 430065, China

€School of Civil Engineering and Archtitecture, Henan University, Kaifeng, 475001, China

ARTICLE INFO

Article history:

Received 11 January 2023
Received in revised form

23 March 2023

Accepted 15 May 2023
Available online 30 June 2023

Keywords:

Dredged marine soil

CO; uptake

Reactive magnesia

Biochar

Ground granulated blast-furnace slag

ABSTRACT

Dredged marine soils (DMS) have poor engineering properties, which limit their usage in construction
projects. This research examines the application of reactive magnesia (rMgO) containing supplementary
cementitious materials (SCMs) to stabilize DMS under ambient and carbon dioxide (CO3) curing condi-
tions. Several proprietary experimental tests were conducted to investigate the stabilized DMS.
Furthermore, the carbonation-induced mineralogical, thermal, and microstructural properties change of
the samples were explored. The findings show that the compressive strength of the stabilized DMS
fulfilled the 7-d requirement (0.7—2.1 MPa) for pavement and building foundations. Replacing rMgO
with SCMs such as biochar or ground granulated blast-furnace slag (GGBS) altered the engineering
properties and particle packing of the stabilized soils, thus influencing their performances. Biochar
increased the porosity of the samples, facilitating higher CO; uptake and improved ductility, while GGBS
decreased porosity and increased the dry density of the samples, resulting in higher strength. The
addition of SCMs also enhanced the water retention capacity and modified the pH of the samples.
Microstructural analysis revealed that the hydrated magnesium carbonates precipitated in the carbon-
ated samples provided better cementation effects than brucite formed during rMgO hydration. Moreover,
incorporating SCMs reduced the overall global warming potential and energy demand of the rMgO-based
systems. The biochar mixes demonstrated lower toxicity and energy consumption. Ultimately, the rMgO
and biochar blend can serve as an environmentally friendly additive for soft soil stabilization and per-
manent fixation of significant amounts of CO; in soils through mineral carbonation, potentially reducing
environmental pollution while meeting urbanization needs.
© 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

regularly performed to remove accumulated sediments and main-
tain navigation channels (Chan and Abdul Jalil, 2014). However,

Marine soils, known as problematic and sensitive soils, are
generally found in coastal regions, lowlands, offshore areas, and
other parts of the earth. Dredging lakes, rivers, and estuaries is
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these dredged marine soils (DMS) usually end up as wastes (Lang
et al., 2021a; Zhang et al., 2022). Moreover, there are strict regu-
lations regarding the disposal of DMS waste on land or in the ocean
due to the potential for environmental pollution and water
contamination (Zhu et al.,, 2020). As a result, recycling DMS for
construction purposes is a preferable solution that addresses both
environmental concerns and the scarcity of land, especially when
utilized for reclamation projects to meet the ever-burgeoning de-
mand of the increasing population (Shi et al., 2017; Wu et al., 2022).
Nevertheless, DMS presents various complexities, including high
compressibility, swelling and shrinkage tendencies, low strength,
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excessive settlement, and prolonged consolidation (Lang et al.,
2021b; Onyekwena et al., 2023a). Consequently, the reuse of
waste DMS as construction material poses a significant challenge
for engineering geologists and geotechnical engineers due to its
unfavorable engineering properties.

The Achilles heel of Portland cement (PC), commonly employed
for recycling waste materials into reliable construction products, is
the significant CO, emissions, high energy, and elevated tempera-
tures involved in its production (Eyo et al., 2020; Lang et al., 2021b;
Sharma et al., 2021; Alvi et al., 2023). Thus, alternative binders have
been proposed to partially or fully replace the PC-based binder
group. Among the various candidates, reactive magnesia (rMgO)
has emerged as a sustainable binder mainly due to its high CO,
sequestration capacity and the energy savings associated with the
lower manufacturing temperatures (700—1000 °C) compared to
the production temperature of PC (1450 °C) (Wu et al., 2018; Kara
et al,, 2021; Li et al., 2021). However, despite the promising na-
ture of the rMgO binder, its production from magnesite releases
chemical CO, similar to PC production, and the maximum absorbed
CO, remains lower than the amount produced during its manu-
facture owing to current technology limitations and various influ-
encing factors during carbonation (Griinhduser Soares and Castro-
Gomes, 2021; Onyekwena et al., 2023b). In addition, Shen et al.
(2016) demonstrated that rMgO production emits more CO, than
PC production and expressed concerns over the ability of rMgO to
reabsorb CO, from the atmosphere. Hence, rMgO use should be
moderated. Another challenge presented by the magnesia material
group is its slow dissolution under ambient conditions, limiting its
efficacy as a stabilization agent (Dung and Unluer, 2020).

CO; curing has emerged as a greener technique that employs
carbon dioxide gas as a curing agent instead of the traditional steam
and moisture, thus accelerating the curing process of cementitious
materials and reducing their carbon footprint while enhancing
strength and durability (Liu and Meng, 2021). However, the rapid
reaction between rMgO and CO, results in the precipitation of bulk
and expansive hydrated magnesium carbonates (HMCs) on the
surface of rMgO particles, hindering further contact between CO,
and fresh rMgO, thus leaving unreacted rMgO within the cemen-
titious matrix, which presents an ineffective use of the rMgO binder
as a stabilizer under CO, curing (Pu and Unluer, 2020). Nonetheless,
adding supplementary cementitious materials (SCMs) into rMgO-
based systems in different replacement ratios is reported to
address this problem (Mo et al., 2017; Ruan et al., 2021).

The utilization of waste-derived products, such as ground
granulated blast-furnace slag (GGBS), fly ash, and biochar, as SCMs
for partial replacement of PC offers both environmental and eco-
nomic benefits (Estabragh et al., 2020). Numerous studies (e.g.
Zhang et al., 2020; Lang et al., 2021a; Li et al., 2022b) have explored
the efficacy of GGBS as a cementitious material in solidifying
dredged contaminated sediments or slurry. These investigations
address the environmental concerns associated with contaminated
sediments and emphasize the need to develop effective and sus-
tainable solutions to mitigate their impact. Li et al. (2022a) and
Zhang et al. (2022) also synthesized previous research on the me-
chanical behavior, leachability, and pH of GGBS-based solidified
soils, highlighting the wide utilization of rMgO as an activator for
GGBS. Estabragh et al. (2020) noted that GGBS alone may not
achieve the desired performance as a stabilizing agent, but its
effectiveness improves when activated by magnesia. According to
Yi et al. (2014), the GGBS-rMgO blend demonstrated superior per-
formance than the GGBS-lime blend based on the unconfined
compressive strength (UCS) assessment. Wang et al. (2021) probed
the role of biochar and CO; curing in rMgO paste and found that
prewetted biochar acted as an internal curing source due to bio-
char’s high water retention capability, which was beneficial in

improving the mechanical performance. In recent years, biochar
has gained attention as a climate change mitigator due to its carbon
storage ability, leading to increased utilization in various applica-
tions. Biochar offers several advantages for geotechnical purposes,
including water retention for hydration reactions, pH moderation
to facilitate the required pozzolanic reactions, and increased cation
supply. Studies (Dissanayake et al., 2020; He et al., 2021) demon-
strate that in addition to its high affinity for CO, adsorption under
ambient conditions, biochar can also absorb toxic metals and
harmful gases (Sethupathi et al., 2017; Zhao et al., 2021). Several
studies (e.g. Pardo et al., 2019; Reddy et al., 2020; Y. Zhang et al.,
2020; Han et al., 2022) have reported that the addition of biochar
improves the geotechnical properties of soil, such as elastic
modulus, hydraulic properties, liquefaction resistance, shrinkage,
and swelling properties. Onyekwena et al. (2022) investigated the
performance of biochar-amended soil for engineered landfill ap-
plications and observed that biochar enhanced soil porosity under
high compaction, enabling sufficient gas diffusion required for
methane oxidation, root respiration, and plant growth. Although
some studies (e.g. Wang et al., 2019a) have explored the impact of
GGBS as SCM in carbonated rMgO-stabilized soil composites, the
role of biochar in such systems remains unclear.

Therefore, to address this research gap, the main objective of
this study is to investigate the functions of biochar or GGBS as
supplementary cementitious materials admixed with rMgO for
stabilizing dredged marine soil. To this end, equal proportions of
rMgO-biochar/GGBS were chosen to assess the performance of
stabilized DMS under ambient and CO, curing conditions.
Furthermore, the environmental impact assessment and energy
demand of the various mixes were evaluated.

2. Materials and methodology
2.1. Materials

The materials utilized in this study include DMS, rMgO, biochar,
and GGBS. The waste DMS was dredged from Hangzhou Bay, situ-
ated at the intersection of the Qiantang River and the East China Sea
(Fig. 1). To ensure experimental reproducibility and eliminate
contaminants, the waste DMS was pre-treated by natural drying,
grinding, and sieving (Yu et al., 2021). According to the unified soil
classification system (ASTM D2487—11, 2011), the dredged marine
soil was classified as a low plasticity silty clay (CL). The specific
gravity of the DMS, determined following ASTM D854-10 (2010),
was found to be 2.71. The compaction characteristics, including dry
density and moisture content, were determined per ASTM D4609-
08 (2008). The main binder used in this study is rMgO, sourced
from Sinopharm Chemical Reagents Co., Ltd. Biochar and GGBS
were acquired from a local supplier in Wuhan, China. The biochar
used in the study is derived from the pyrolysis of wheat straw
biomass.

The chemical compositions of the binders were analyzed using
X-ray fluorescence (XRF), as shown in Table 1. The particle size
distribution (PSD) of the rMgO, biochar, and GGBS determined
using a laser particle size analyzer are shown in Fig. 2. The PSD of
the natural soil was determined using the hydrometer method,
with an average particle diameter (D50) calculated as 16 pm. The
rMgO and GGBS particle diameters are finer than DMS and biochar.

2.2. Specimen preparation

In this study, a total binder content of 15% relative to the weight
of waste DMS was employed, following the recommendation from
a previous study by Cai et al. (2021) which suggested a suitable
binder content of 15 wt% based on the mass of dry soil. The mix
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Fig. 1. Sampling location and materials: (a) China map, (b) Sampling location in Zhejiang Province, (c) Dredged marine soil, (d) Reactive magnesia, (e) Biochar, and (f) Ground

granulated blast-furnace slag.

designs were determined based on preliminary tests, and the
proportions of rMgO to biochar/GGBS are presented in Table 2.
Equal replacement ratios of SCMs were selected to maintain con-
sistency and differentiate the roles of SCMs in modifying the en-
gineering properties of the rMgO mixes. Furthermore, the study
aimed to utilize as much biochar and GGBS since using the waste-
derived products in reasonable amounts will provide maximum
benefit for circular economy and decarbonization strategies
(Gonzalez et al., 2021).

The waste DMS was mixed with the additives and homogenized
in a mixer for 5 min. Distilled water content obtained from
compaction tests of the different samples (i.e. optimum moisture
contents) was added to the homogenized mixture and stirred for
another 5 min. The stabilized mixtures were allowed to mellow for
24 h and compacted to their maximum dry densities in a cylindrical
mould (50 mm x H100 mm) using a hydraulic jack (Wang et al.,
2019b; Akula and Little, 2020; Cai et al., 2021). The samples were
prepared in duplicates, sealed hermetically using plastic bags, and
placed in a standard curing chamber (temperature: 20 + 2 °C;
relative humidity: 95%). Two curing conditions were adopted in
this study: (1) The ambient cured samples were cured in the curing
chamber for 7 d and 28 d; (2) The CO; cured samples were pre-
conditioned for the first 24 h and then subjected to accelerated
carbonation (CO, concentration: 99.9%, CO, pressure: 0.2 MPa) for
3 h,6h,and 12 h.

The curing periods (7 d and 28 d) for the ambient cured samples
were selected based on the typical behavior of cement-admixed
composites, which generally achieve 50%—70% of the required
compressive strength at 7 d and 90%—95% at 28 d. At the same time,
the curing periods for the CC samples were selected following
previous study (Cai et al., 2021). Preconditioning was conducted to
promote hydration reaction between water and rMgO grains
essential for subsequent carbonation (Onyekwena et al., 2023b). In

addition, water is consumed during the hydration process, paving
the way for enhanced CO, diffusion during the carbonation stage
(Liu and Meng, 2021). Since the carbonation curing is an
exothermic process, the hot samples were mellowed for 12 h after
the carbonation before conducting subsequent tests.

2.3. Carbonation setup

The apparatus shown in Fig. 3 was utilized to perform the
carbonation experiment in this study. The self-developed carbon-
ation apparatus was designed to withstand high pressures. In
addition, the developed system is cost-effective, less time-
consuming, more portable, and easier to handle than the modi-
fied triaxial apparatus (Yi et al., 2016; Wang et al., 2019b). The
developed apparatus can operate without using water as hydro-
static or confining pressure, thus minimizing complexity and
eliminating the risk of water intrusion during high-pressure
carbonation. However, the classical triaxial apparatus may offer
more precise testing and the ability to measure additional
parameters.

The specimens were sealed on both ends of the moulds using
stainless steel caps (Fig. 3). Porous stones were emplaced before
sealing to prevent direct gas pressure on the wet specimen and to
ensure uniform distribution of the CO, gas through the specimens.
The CO; gas flow through the specimens was regulated by inflow
and outflow valves. The whole system was vacuumed to remove
free air before applying CO; gas. Before carbonation, the mass of the
mould and the uncarbonated sample was recorded as an initial
mass (mop); after carbonation, the mass of the mould and the
carbonated specimen was recorded as m;. The mass of the mould
and sample were measured using a high-precision digital balance
with a readability of 0.01 g (Wang et al., 2019a), as shown in the
experimental setup illustrated in Fig. 4. A pressure meter was
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Table 1
Chemical composition of binders using X-ray fluorescence.

Chemical composition MgO CaO SiO, Fe,03 Aly03 K;03 TiO3 SO3 LOI
(%)

Soil 1.6 057 69.78 4611 17.21 34 0.93 0.11 1.79
rMgO > 99017 0.07 001 001 ND ND 0.050.74
GGBS 6.94 46.58 26.36 0.41 15.16 0.42 0.75 2.72 0.65
Biochar 237 14.63 52.04 6 12.01 7.29 0.95 0.62 4

Note: ND: not detected, LOI: loss on ignition.
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Fig. 2. Particle size distribution curves of the DMS, rMgO, biochar, and GGBS.

Table 2
Mix design and curing period for experiment samples.

Sample ID  Binder composition (%) Curing period
rMgO Biochar GGBS Ambient cured (d) CO, cured (h)

M15 15 0 0 7,28 3,6,12
M10-B5 10 5 0
M7.5-B75 7.5 7.5 0
M10-G5 10 0 5
M7.5-G7.5 75 0 7.5
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Fig. 3. Laboratory carbonation system setup.

Porous stone

employed to ensure consistent gas pressure, while a data processor
connected to a power supply was used for data visualization. The
sequestered CO; (g) measurement followed the methodology
established in previous studies (Wang et al., 2019a; Li et al., 2021):

Meo, = Mt — Mg (1)

where mg,, is the sequestered CO, in grams.

2.4. Testing methods

A series of laboratory experiments was conducted to assess the
mechanical, physicochemical, and CO, uptake performances,
including the microstructure and mineralogical properties of the
stabilized waste DMS. All samples were subjected to UCS tests
following ASTM D4219-08 (2008), and the strain rate was applied at
1%/min until failure (Wang et al., 2020; Cai et al., 2021). The per-
formance of the mix designs was evaluated using statistical tech-
niques such as the analysis of variance (ANOVA) and Fisher’s least
significant difference, with P < 0.05 regarded as statistically sig-
nificant (Appendix A). The statistical analysis output is presented
according to the performance and significance of the various mix
designs for the applied curing periods and conditions. The moisture
contents of the samples were measured, and the pH tests were
performed using a pH meter, followed by microstructural and
mineralogical tests to interpret changes in the intrinsic mechanism
of the stabilized waste DMS. Some broken samples from the UCS
tests were dried with a freeze-vacuum drier and subjected to
microstructural and mineralogical analysis. The broken samples
were deliberately selected from the midsection of the complete
specimen to obtain a representative sample. One freeze-dried
sample for each selected mix was coated with gold and used for
the scanning electron microscopy (SEM) test. The remaining sam-
ples were crushed, ground, and sieved through a sieve with an
aperture size of less than 0.075 mm. The resulting powder was
subjected to X-ray diffraction (XRD) and thermogravimetric anal-
ysis (TGA) to identify the mineralogical and thermal properties.
XRD patterns were obtained using a Bruker D8 X-ray diffractometer
with a Cu ka source operating at 40 kV and 40 mA, scanning from 5°
to 80° (26) at a rate of 2° (20/step). TGA testing was performed using
a Mettler TGA/DSC instrument in a nitrogen gas environment at a
heating rate of 10 °C/min from 40 °C to 1000 °C.

Fig. 4 shows the experimental routine, including the materials
and mixing procedure, preliminary analysis, sample preparation,
and major experimental explorations.

3. Results
3.1. Basic engineering characteristics

The soil consistency and the influence of additives on soil
properties were evaluated based on the Atterberg limits. The
addition of 15% rMgO resulted in a 33% increase in the liquid limit
(LL), a 21% increase in the plastic limit (PL), and a 12% increase in the
plasticity index (PI) compared to the natural soil (Fig. 5). rMgO has
the ability to absorb water, undergo hydration, and precipitate
brucite, which produces a porous matrix in the form of a floccu-
lation blob (Cai et al., 2016). This process enhances the water de-
mand of rMgO and its LL (Al-Tabbaa, 2013). Additionally, the rMgO
additive reacts with clay particles, forming larger aggregates that
improve soil structure and reduce water runoff.

Interestingly, replacing rMgO with biochar resulted in a further
increase in the LL and a decrease in the PL compared to the M15
sample. The slight increase in LL observed with the incorporation of
biochar can be attributed to its water-holding capacity (Choudhary
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et al,, 2021). Moreover, this water-holding feature is beneficial for
facilitating the precipitation of hydration products, as it ensures an
adequate water supply for the hydration reaction, which is crucial
for proper carbonation. Additionally, Choudhary et al. (2021) re-
ported that the increased LL resulting from the addition of biochar
could be ascribed to its high organic matter content, porosity, and
surface area, which enable it to absorb and retain more water. The
decrease in PL and the increase in the PI observed in the samples

(2021) regarding soil-biochar mixtures that do not contain rMgO.

On the contrary, the samples containing GGBS generally expe-
rienced a decrease in LL, PL, and PI (Sharma and Sivapullaiah, 2016;
Geeta Rani et al., 2017). These observed reductions can be attrib-
uted to the flocculation of soil particles caused by the addition of
GGBS. GGBS typically contains lime minerals (Noolu et al., 2021)
with a significant CaO content (Table 1). When water and lime are
added to clayey soil, the lime dissociates into Ca®>* and OH™ ions.
The dissociated Ca?* ions bond with the clay minerals, reducing
repulsive forces and decreasing the thickness of the diffused water
layer, bringing the soil particles closer. This process is known as
flocculation and results in the formation of larger particle aggre-
gates, increased water retention, and improved workability of soil
(Manzoor and Yousuf, 2020).

The compaction graphs for the natural DMS and the rMgO mixes
are presented in Fig. 6. Incorporating 15% rMgO resulted in a
decrease in the dry densities (v4) and an increase in the water
contents (W) of the stabilized DMS (i.e. soil-M15) due to the high
water demand of rMgO (Al-Tabbaa, 2013). The addition of 5% and
7.5% biochar further contributed to the reduction in dry densities,
likely due to the porous nature of biochar. In contrast, adding
different percentages of GGBS led to an increase in dry densities
and a decrease in the water contents of the rMgO-stabilized soils.
The observed increase in dry densities with GGBS addition can be
plausibly attributed to the fine particles of GGBS having a filler
effect and causing flocculation of soil particles, resulting in the
formation of dense agglomerate.
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The basic engineering properties, including Atterberg limits,
maximum dry densities, optimum water contents, void ratios, and
porosities, of the natural and stabilized DMS are presented in
Table 3. The addition of biochar increased the overall void ratios (e)
and porosities (n) of the samples, while the addition of GGBS
exhibited the opposite effect. The increase in void ratios and po-
rosities in the biochar mixes can be attributed to the porous nature
of biochar (Onyekwena et al., 2022). The void ratios and porosities
were determined following standard phase relationships. The op-
timum water contents (Wop) obtained from the compaction tests
for each mix (Table 3) were utilized to prepare the soil samples to
facilitate compaction that will achieve maximum dry densities
(Ydmax) Of the samples before curing, as commonly practiced in soil
stabilization (Vi et al., 2013; Yu et al., 2021).

3.2. COy uptake

The CO, uptake of the various samples, as estimated using Eq.
(1), are illustrated in Fig. 7. Among the 3 h carbonated samples, the
M10-B5 sample exhibited the highest CO, uptake. However, with
extended carbonation up to 12 h, the M15 sample sequestered
more CO, than the others. The increased CO, sequestration is
attributed to the higher rMgO content in the M15 sample. Gener-
ally, the biochar mixes demonstrated a higher capacity for CO,
sequestration compared to the GGBS samples. The enhanced CO;
uptake capacity of the biochar samples can be ascribed to the high
CO; adsorption capacity and porosity of biochar (Dissanayake et al.,
2020; Onyekwena et al., 2022). This finding is supported by the
results in Table 3, where the biochar samples exhibited the highest
porosities and void ratios, facilitating CO, transport within the
samples. Conversely, incorporating GGBS resulted in denser sam-
ples with fewer void spaces, leading to a reduction in the inflow of
CO, gas.

The rMgO-CO, reaction sequence comprises rMgO hydration,
CO; dissolution, and carbonation (Griinhduser Soares and Castro-
Gomes, 2021). rMgO reacts with water to form magnesium hy-
droxide, also known as brucite (Eq. (2)). During this process, the
dissolution of rMgO releases Mg?* into the pore fluid. When the
concentration of Mg?* and OH™ in the solution reaches a saturation
threshold, they initiate nucleation and precipitate as Mg(OH),. The
resulting brucite causes a considerable rise in pH, facilitating the
dissolution of CO, in water to form carbonic acid. The carbonic acid
reacts with the Mg(OH),/rMgO systems, generating carbonated
products like magnesite or dense HMCs (such as nesquehonite,

Table 3
Summary of basic engineering properties.

Sample ID LL(%) PL(%) PI(%) Ydmax (g/cm>) Wopt (%) e n (%)

Soil 24 15 9 1.89 143 043 29.93
M15 33 21 12 1.79 16.6 0.51 33.95
M10-B5 34 19 15 1.78 15.5 0.52 34.32
M7.5-B7.5 34 19 15 1.77 16.42 0.53 34.69
M10-G5 32 18 14 1.83 15.38 048 3247
M7.5-G7.5 30 19 11 1.86 15 046 31.73

24 A mis M10-B5 [0 M7.5-B7.5I

2 @ M10-G5 [[TI| M7.5-G7.5

5607
ons
N

7
Wiy,

XA
boseied
o
X
55

<3

=
X
TSI
KKK
¥6% %%

398
%%

v..
X
5%

§ KX
§ K

RRRRTS
SRR

—

X XK

ba%e%e%e%%
—
e

XX
X
X
%
XX
totels

9
7
3%

kil
0

%
9a%%%

2

%

=z
NGNS
NN

CO, sequestered (g)
XA

.,.
5%

%
<

9
50

XX
02

R
KRR
£Q03%

KRR
XX
o

%
KRR
R

R HRR
<
K
CRRX
OLes
XIS R X
GRS

b7
P<
%

7 7 /
/ | %
»n% ooj% »u%
g P i
KX % P> :% KX %
| | %
% L .

5%
oo
P>
£

N

6h 12h
Curing duration (h)

Fig. 7. CO, uptake of carbonated samples.

artinite, dypingite, and hydromagnesite). These carbonation prod-
ucts play a crucial role in enhancing the strength of carbonated
rMgO composites. The hydration and carbonation products pre-
cipitate on the surface of rMgO particles, creating a physical barrier
that hinders further interaction between water/CO; and fresh rMgO
particles required for continuous hydration and carbonation re-
actions. As a result, carbonation efficiency decreases, impairing
strength development (Pu and Unluer, 2020). However, under
prolonged high-pressure exposure to carbonation, the brucite layer
develops cracks due to volume expansion and exposes fresh
unhydrated rMgO and uncarbonated brucite to react with the
diffused CO, gas, leading to more CO; uptake and strength buildup.
This phenomenon is illustrated in Fig. 7, where CO, uptake initially
spikes in the first 3 h and gradually increases during subsequent
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carbonation periods for the respective samples. The main hydration
and carbonation products formed during the carbonation of rMgO
composites are as follows (Unluer, 2018; Cai et al., 2020):

rMgO + H,0— Mg(OH), (Brucite) (2)
Mg(OH), + CO, + 2H,0 —MgC03.3H,0 (Nesquehonite) (3)

5Mg(OH), +4C0, —Mgs(C03) ,(OH), .4H,0 (Hydromagnesite)
(4)

5Mg(OH), + 4C0, + H,0—Mgs(CO3) ,(OH),.5H,0 (Dypingite)
(5)

It is noteworthy to mention that the degree of strength devel-
oped is contingent on the type of precipitated products, as eluci-
dated in the following section.

3.3. Compressive strength

Fig. 8 presents the compressive strength. According to the
Portland Cement Association (PCA) guide for cement-stabilized
subgrade (CSS), the 7-d UCS values for pavement or building
foundations typically range from 0.7 MPa to 2.1 MPa (100—300 psi)
(Gross and Adaska, 2020). Fig. 8a shows that the unstabilized soil
(DMS) has a relatively weak strength (0 MPa) even after 28 d curing.
In comparison, the stabilized DMS samples surpassed the 7-d PCA
strength requirement except for the M7.5-B7.5 samples falling be-
tween the upper and lower bounds of UCS (Fig. 8a). The CO; cured
samples exhibit rapid strength gain within a short curing period
(hours). At the same time, the ambient cured counterparts require
longer curing periods (days). Furthermore, the UCS of CO, cured
groups significantly surpassed the PCA requirement (Fig. 8b).

Compared to the CO, cured samples, the lower strength of the
ambient cured samples can be attributed to the slow dissolution of
rMgO under ambient conditions (Dung and Unluer, 2020). Addi-
tionally, the formation of brucite, which is the main hydration
product formed in the ambient cured samples, exhibits lower
binding ability compared to the HMCs precipitated in the CO; cured
samples (Onyekwena et al., 2023b). Under the ambient cured and
CO, cured conditions, rMgO effectively activated GGBS, resulting in
higher strength performance. The higher strength of the GGBS
samples is also attributed to the increased dry density caused by
the filling effect of GGBS, as explained in section 3.1. Furthermore,
the high CaO content from the XRF analysis is inclined to precipitate
C—S—H during hydration and form calcite under carbonation
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curing, thus improving the strength of the samples. The enhanced
performance of the CO, cured groups suggests that carbonation
treatment utilizes sequestered CO, to enhance the mechanical
performance of carbonated rMgO-stabilized DMS. Unlike energy-
intensive and time-consuming steam and moisture curing
methods (Liu and Meng, 2021), carbonation curing facilitates rapid
strength gain in the stabilized soil samples. The UCS of the ambient
cured samples increases with curing duration for various mix de-
signs, while different strength development patterns are observed
in the CO; cured groups with increasing carbonation periods. These
distinct strength patterns in the CO, cured groups are linked to the
hydration and carbonation mechanisms of the carbonated rMgO-
cured samples and the precipitated products.

The CO, uptake of all carbonated samples increases with pro-
longed carbonation periods (Fig. 7). However, the UCS patterns
vary, as shown in Fig. 8b, indicating that higher CO, uptake does not
necessarily result in increased strength. Interestingly, the UCS of
the M15 sample, carbonated for 3 h, decreases when subjected to
6 h carbonation curing. This can be attributed to the higher rMgO
content in the M15 sample, which rapidly forms bulk and expansive
hydration and carbonation products, inhibiting CO, gas diffusion
into the cementitious matrix at greater depths. The precipitated
carbonates expand under long-period high-pressure exposure to
carbonation, inducing microcracks and weakening the strength.
Nevertheless, as carbonation proceeds, unhydrated rMgO and
uncarbonated hydration products are exposed through the cracks,
allowing further reaction with diffused CO; to form additional
carbonates. This results in strength buildup and increased CO;
uptake, as observed in the 12 h carbonated M15 sample, which
shows a slight strength increase following the initial decrease
during the 6 h carbonation period (Fig. 8b).

Cai et al. (2021) reported that effective carbonation of plain
rMgO-admixed silt with maximum strength was achieved in the
first 3 h and that prolonged exposure to high-pressure conditions
(>3 h) weakened the particle cementation and adversely affected
the strength of the carbonated specimens. Our study further
demonstrated that rMgO-stabilized soils containing SCMs like
biochar or GGBS achieved effective carbonation with maximum
strength within the first 6 h. This is attributed to the modification of
sample porosity and particle packing by the SCMs, which induce
delayed formation of expansive HMCs due to reduced rMgO con-
tent, enabling longer carbonation periods. However, beyond the 6 h
carbonation period under high-pressure exposure, the strengths of
the samples containing SCMs were affected. This suggests that the
carbonation reaction is an expansive process linked to the reaction
mechanism of rMgO-based systems during CO; curing.

PCA requirement range
(0.7 and 2.1 MPa 7-day UCS)

UCS (MPa)

Fig. 8. Compressive strength of samples: (a) Ambient cured, and (b) CO, cured.
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The crystalline magnesium carbonates formed in the CO; cured
samples can saturate and precipitate in various sizes and shapes,
continuously reforming under prolonged exposure to carbonation.
In contrast, the ambient cured samples precipitate hydration
products such as M-S-H, which possess silica networks in the form
of sheet-like structures. These structures fill pore spaces more
effectively and at lower saturation levels than carbonates. This may
explain the consistent strength patterns observed in the ambient
cured groups subjected to long-period curing compared to the CO,
cured groups. Therefore, a 6 h carbonation period is recommended
for effective carbonation of rMgO-stabilized soils containing SCMs
under high-pressure exposure.

3.4. Stress-strain relationships

500

The stress-strain curves depicting the performance of different

mix designs under various curing conditions and periods are pre-
sented in Fig. 9. The peaks of the curves correspond to the strain at

failure, representing the UCS values. Generally, the CO; cured
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samples exhibited higher stress-strain curves than the ambient
cured samples. This can be attributed to the carbonation reaction
between CO, and hydration products, resulting in the precipitation
of stable carbonates (Eqgs. (3)—(5)), thereby improving the me-
chanical performance. Fig. 9a displays the stress-strain curves for
3 h carbonated samples. The lower curves of the biochar mixes can
be attributed to the brittle and porous nature of biochar, which may
deform under applied load. However, the addition of biochar
generally enhanced the ductility of the samples compared to the
rMgO-GGBS and plain rMgO samples, which exhibited greater
stiffness and rigidity.

3.5. Deformation modulus

The correlation between the UCS and deformation modulus
(Esp) of the stabilized DMS is presented in Fig. 10. The deformation
modulus, also referred to as the secant modulus, was determined
based on the stress-strain relationships at 50% of the maximum
strength (Wang et al., 2016; Yaghoubi et al., 2018). In Fig. 10, a linear
relationship is observed between Esy and UCS, which can be
expressed as Esg = nUCS, where 7 is a dimensionless parameter
(Du et al., 2013).

The Esg is an essential input parameter for analyzing the
deformation behavior of treated soils (Cai and Liu, 2017), and the
estimated correlation can be valuable for deriving the stiffness from
strength when performing numerical simulations. Generally, the
Es5o increased with higher strength levels. Fig. 10 shows that the
rMgO replacement level, the curing mode, and duration signifi-
cantly influenced Esg. The 3-h and 6-h carbonated specimens
exhibited higher deformation capabilities compared to other curing
periods. In this study, the relationship between Es5q and UCS for 15%
rMgO-biochar/GGBS stabilized DMS can be expressed as
Esg = (21 — 40)UCS. Previous research findings in Table 4 indicate
that the deformation behavior of the 15% rMgO-biochar/GGBS
stabilized DMS is similar to that of specimens stabilized with
other binder materials.

3.6. Moisture content and pH

Fig. 11 illustrates the moisture content variations of the different
samples under the ambient cured (Fig. 11a) and CO, cured (Fig. 11b)
conditions. The untreated soil exhibited minimal moisture loss
even after 28 dof curing (Fig. 11a) since there was no incorporated
binder to react with water. In contrast, the addition of stabilizing
agents led to significant water loss, with the CO, cured samples
(Fig. 11b) consuming more water than the ambient cured samples.
The higher water consumption in the CO, cured samples can be
attributed to the exothermic reaction between rMgO and CO,
during the carbonation process. The ambient cured samples,
however, only consumed water during the hydration reaction (Cai
et al,, 2021). Notably, M15 had the highest water loss for both
curing conditions, primarily due to the high water demand of rMgO
(Al-Tabbaa, 2013). The replacement of rMgO with supplementary
cementitious materials (SCMs) reduced the water demand of rMgO,

Table 4
Eso and UCS relationship for different percentage binders and materials.
Material Relationship Source
Zinc-polluted soil with cement (12% Eso = (18 — Du et al. (2013)
—18%) 53)UCS
Silt soil with reactive MgO (5%—30%) Esp = (30 — Cai and Liu
200)UCS (2017)

DMS with reactive MgO-biochar/GGBS
(15%)

Eso = (21 — 40)UCS Present work

which is advantageous for long-term hydration and pozzolanic
reactions. Furthermore, M7.5-B7.5 demonstrated the highest water-
holding capacity for both curing conditions, owing to the water
retention ability of biochar.

Fig. 12 depicts the pH changes observed in the ambient and CO,
cured samples. The inclusion of rMgO-biochar/GGBS increased the
pH of the stabilized DMS. These pH variations were influenced by
different processes, including the dissolution of rMgO-biochar/
GGBS in an alkaline environment and the hydration and carbon-
ation reactions. The former led to an increase in pH, while the latter
contributed to a decrease in pH (Han et al., 2022). In general, the pH
values of all samples decreased as the curing periods increased for
both ambient and CO; cured conditions. However, the pH values of
the CO, cured samples were lower than those of the ambient cured
samples, which is attributed to the fact that the carbonation reac-
tion is fundamentally an acid-alkaline neutralization reaction
mechanism that consumes hydroxyl and magnesium ions, thereby
depleting the pH in the pore solution. Conversely, the pH of the
untreated soil barely changed after 7 d and 28 d of ambient curing
due to the absence of additives to modify the pH.

The pH values of the rMgO-GGBS samples were higher (11.85—
12.17) compared to other ambient-cured samples (10.5). The lime in
the GGBS additive dissociates, generating OH™ ions, causing a rise
in the pH value, consequently releasing and dissolving silica and
alumina components from the clay mineral (Manzoor and Yousuf,
2020). These compounds interact with the calcium ions produced
during hydration, forming cementitious hydrates such as C—S—H
and C-A-H (Lang et al., 2021b). The elevated pH environment in the
rMgO-GGBS samples likely contributed to the higher strength
development since the mixtures were alkali enough for long-term
pozzolanic reactions (Gonzalez et al, 2021). Furthermore, the
elevated pH values due to GGBS can help maintain the stability of
hydration products in the stabilized DMS (Han et al., 2022).

Similarly, the high pH environment in the rMgO-GGBS samples
may have contributed to the strength development in the CO,
cured groups, as observed by the significant drop in pH under
carbonation curing conditions. The 3 h carbonated samples had
higher pH values than the 6 h and 12 h samples. However, pH
values decreased significantly with long-period high-pressure
exposure to CO,. Besides, the 6 h carbonated samples, which
showed the highest strength for most samples, had lower pH values
than the 12 h carbonated samples. This may result from the con-
sumption of more hydroxyl ions during the carbonation reaction.
The slight increase in pH of the 12 h carbonated specimens could be
due to the formation of HMCs, which hinders further CO, diffusion
into the mixture and enable the gradual dissolution of unreacted
rMgO grains and uncarbonated Mg(OH),, thereby increasing the pH
of the samples.

3.7. Microstructural and mineralogical analysis

This section presents the mineralogical and microstructural re-
sults of the selected samples, focusing on the 6 h and 28 d cured
samples, which exhibited the best performance under their
respective curing regimes. Understanding the mineralogical and
microstructural characteristics is crucial for gaining insights into
the reaction mechanism of rMgO-stabilized DMS.

Fig. 13 presents the XRD diffractograms of the selected samples.
Fig. 13a shows the XRD patterns of the ambient cured samples. The
predominant minerals identified in the unstabilized DMS were
quartz, primarily composed of silica (SiO;), balipholite (BaLiM-
g2Al5(Si206)2(0H)4) (Ma and Han, 1987), and gismondine (CayAl4.
Si4016.9H,0) (Ma et al., 2023). The low CaO and MgO content in the
natural soil (Table 1) suggests a limited amount of reactive com-
ponents available for CO, reaction. However, these identified
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elements can react with MgO in the presence of water during hy-
dration to precipitate M-S-H and C—S—H gels (Lang et al., 2021b),
which are, in part, with brucite, the main hydration products
identified in the ambient cured samples of the rMgO-biochar/
GGBS-stabilized DMS. Minor peaks corresponding to magnesium
and calcium silicate hydrates were also detected (Fig. 13a). In the
carbonated samples (Fig. 13b), the main hydrated magnesium car-
bonate phases identified were nesquehonite, hydromagnesite, and
dypingite (Egs. (3)—(5)). Small peaks of brucite were observed in
the carbonated samples, which could explain the slight increase in
UCS for M15 carbonated up to 12 h. This observation suggests that
fresh, uncarbonated brucite exposed through cracks reacts with
diffused CO, gas to form additional carbonates.

The M7.5-G7.5 had carbonate peaks with lower intensities, but
the strength was not compromised, as shown in Fig. 8. This can be
attributed to the formations of amorphous magnesium-calcium
silicate hydrates and calcite, identified in the M7.5-G7.5 sample
due to CaO within the GGBS binder. The occurrence of these phases,
along with the high pH of the M7.5-G7.5 mix, could have contrib-
uted to its strength development (Ruan et al., 2021). Furthermore,
the fine particle sizes of GGBS acted as a filler material, reducing the
porosity of the specimen and densifying the sample during its re-
action in a CO,-rich environment, thus compensating for the
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Fig. 13. XRD patterns of the selected samples: (a) Ambient cured amd (b) CO, cured.
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reduced amount of precipitated HMCs. This filler effect of GGBS
may have restrained the diffusion of CO, gas (Fig. 7), resulting in
lower carbonation efficiency (Ruan et al., 2021) compared to the
M7.5-B7.5 sample.

The TGA results in Fig. 14 depict the weight losses of the samples
at varying temperatures. The CO, cured samples (Fig. 14b) exhibited
significantly higher weight losses compared to the ambient cured
samples (Fig. 14a). This is due to the formation of bulk HMCs and
hydration products, resulting in higher strength development than
the ambient cured samples which mainly consist of hydration
products. According to previous studies (Dung and Unluer, 2017,
Ruan and Unluer, 2017; Hay and Celik, 2020; Liu et al., 2020), three
primary stages of decomposition were identified in the carbonated
samples: (i) dehydration of water bonded to HMCs and hydration
products occurring between (40—320) °C; (ii) dehydroxylation of
HMCs, C—S—H and M-S-H gels and decomposition of uncarbonated
Mg(OH), and Ca(OH), between (320-480) °C, indicating that the
hydration products formed in the stabilized soil were not
completely carbonated; (iii) decarbonation of HMCs between
(480-1000) °C.

In Fig. 14a, dehydration of M-S-H and C—S—H gels was observed
at 40—200 °C (Li et al., 2021), and the decompositions of Mg(OH);
and Ca(OH); occurred at about (320—480) °C (Ruan and Unluer,
2017), while the peak at (400—500) °C can be attributed to the
decomposition of organic matter in the DMS (Li et al., 2021). It is
worth noting that the decomposition peaks related to M-S-H and
C—S—H gels are attributed to the reaction between MgO, Ca0, and
SiO,, contributed partly by the soil and biochar or GGBS additives
(Table 1). Although additional constituents in the raw materials
could impact the peak decomposition, their impact is negligible
compared to the amount of magnesium and calcium carbonates
precipitated through the carbonation of MgO-stabilized soils (Liu
et al.,, 2020). Fig. 14a indicates that the weight loss of the M7.5-
G7.5 sample was slightly higher than that of the M7.5-B7.5 coun-
terpart. However, for the carbonated sample, the M7.5-B7.5
exhibited a higher weight loss compared to the M7.5-G7.5
(Fig. 14b). The total mass losses up to 1000 °C by TGA and UCS of the
different samples after 6 h carbonation are presented in Fig. 15. It is
worth mentioning that the mass losses due to the decarbonation of
HMCs correspond to CO; uptake. The M10-B5 sample showed the
highest weight loss, surpassing the M15 sample with higher rMgO
content. This observation can explain the higher strength of the
M10-B5 sample compared to the M15 sample after 6 h carbonation.
Fig. 14b shows that from approximately 480 °C—1000 °C, the
weight of the M10-B5 sample exceeded that of the M15 sample.
Decarbonation of HMCs occurs within this temperature range,
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indicating that the higher weight loss results from a higher
carbonation degree.

Based on previous research (Ruan and Unluer, 2017; Liu et al.,
2020), it has been established that the mass loss occurring be-
tween 480 °C and 1000 °C can be primarily attributed to the
decomposition of magnesium and calcium carbonates. Conse-
quently, this enables the feasibility of estimating CO, uptake effi-
ciency (CO,eff), referred to as method II in this study. The CO;
uptake from the TGA analysis can be calculated using Eq. (6) (El-
Hassan et al.,, 2013; Wang et al., 2019a; Gupta, 2021):

Mygo — M
COyefr (%) = w «x 100 (6)

where Mygo and Mjggo are the mass of samples at 480 °C and
1000 °C, respectively, and M, is the mass of the binder in the
sample at 1000 °C. Furthermore, the theoretical maximum CO,
uptake, based on total available Mg?* and Ca®", can be calculated
using Steinour’s formula (Gupta, 2021; Ruan et al., 2021):

COy = 0.785(Ca0 — 0.7S03) + 1.091MgO + 1.420Na,0
+0.935k,0 (7)

where CO,y, is the theoretical CO, uptake. Therefore, the CO,.¢r can
be written as
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(b) —_—  |on
801 M15 6h | 0.08
M10-B5 6h
- /—M7.5-BT.5 6h =
2 6ol M10-G5 6h -0.04 X
= M7.5-G7.5 6h - §’
£ o g 000 =
5 \ \ =
= 01 : \ | L -0.04 5
\./ --0.08
20 +
--0.12
0 =0.16

100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Fig. 14. TGA results of the selected samples: (a) Ambient cured and (b) CO, cured.
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where m, is the sequestered CO, (Fig. 7). The terms mco, and
CO,y, denote the carbon capture determined theoretically and
experimentally through mineralization. This approach enables the
prediction of the CO, uptake capacity of binding materials and
evaluates their efficiency in capturing CO; under specific carbon-
ation conditions (Wang et al., 2019a).

Table 5 presents the weight losses at different temperature
ranges and the calculated CO, uptake efficiencies using methods I
and IL Interestingly, the CO, uptake efficiencies obtained from
methods I and II are similar for most samples, except for M10-B5
and M7.5-B7.5. It is notable that dividing the sequestered CO; (i.e.
Mco, ) by COyy, yields higher CO, uptake efficiency for the M10-B5
and M7.5-B7.5 samples, as shown in Table 5. This observation
suggests that estimates obtained using method I may be biased
since biochar contains less MgO and CaO (Table 1), and substituting
rMgO with biochar or GGBS reduces the availability of Mg>*
required for the precipitation of MgCOs, resulting in lower theo-
retical CO, uptake. Wang et al. (2019a) demonstrated that CO;
uptake efficiencies determined from TGA results are more reliable
than the weight gain method, which is prone to experimental er-
rors. The CO; uptake efficiencies calculated using method II
(Table 5) indicate that 5 wt% replacement with biochar and GGBS
facilitated higher CO, uptake than the M15 sample. It is apparent
that the M15 sample, with a higher rMgO content, experienced a
more rapid reaction with H,O and CO,, forming higher hydration
products compared to the M10-B5 and M10-G5 samples. This is
supported by the higher weight loss of hydration products at (320—
480) °C and lower weight loss of carbonation products at (480—
1000) °C observed in the M15 samples compared to the M10-B5
and M10-G5 samples. These findings indicate that most of the
weight gained by the M15 sample is attributed to the precipitation
of hydration products. The higher rMgO content in the M15 sample
promoted the formation of a surface-layer coating of hydration
products on the particles of rMg0O, impeding gas diffusion and ul-
timately reducing the CO, uptake capacity of the sample during
prolonged carbonation. The results from Wang et al. (2019a)
demonstrate that the 24 h carbonated samples containing GGBS
exhibit lower CO, uptake capacity than samples containing fly ash
under both calculation methods (Table 5).

Table 5
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Incorporating 5 wt% biochar facilitated enhanced CO, gas
diffusion and reactions with rMgO particles, resulting in higher
carbonate precipitation compared to other samples. Fig. 16 shows
the porous biochar within the biochar samples, which was not
observed in plain rMgO or rMgO-GGBS samples. Therefore, biochar
facilitated a high compaction degree while enabling sufficient
inflow of CO; gas (Onyekwena et al., 2022). However, increasing the
biochar content to 7.5 wt% (i.e. M7.5-B7.5) led to a reduction in CO,
uptake due to the lower reactivity of the material in reacting with
diffused CO,, as the rMgO content is significantly reduced. Also, the
improved water-retention capacity of the M7.5-B7.5 sample
resulting from the higher biochar content may impede the flow of
CO; gas through the pores.

Generally, while the biochar samples exhibited higher CO, up-
take, the GGBS samples demonstrated higher strength. This
distinction can be ascribed to the different roles of additives in the
samples. Biochar enhanced the CO, sequestration capability by
increasing the porosity of the samples, facilitating efficient CO,
diffusion. Conversely, GGBS acted as a filler material, occupying
pore spaces and densifying the sample structure, thereby
improving strength but compromising the CO, uptake capacity.
Based on these findings, rMgO replacements with 5 wt% biochar or
GGBS is the most promising mixture for achieving desirable me-
chanical and CO, uptake performances. rMgO replacement with
5 wt¥% biochar reduced the rMgO content while improving the CO,
sequestration capacity of the rMgO-stabilized soil.

Fig. 17 displays SEM images showcasing the microstructural
evolution between the ambient and CO, cured samples. Various
carbonates, notably the needle-like nesquehonite (N) and the
rosette-flaky crystals of hydromagnesite/dypingite (D/H) were
observed in all the carbonated rMgO-biochar/GGBS stabilized DMS
samples (Fig. 17b, d, f), which are consistent with previous studies
on carbonation of rMgO-treated soils (Cai et al., 2021; Wang et al.,
2019b). The main hydration products observed in the ambient
cured samples (Fig. 17a, ¢, e) are brucite, M-S-H, and C—S—H
(Estabragh et al., 2020) except for the 28-d M7.5-G7.5 (Fig. 17e),
which showed a small presence of portlandite, in agreement with
Yi et al. (2014). Additionally, calcite was formed in the carbonated
M7.5-G7.5 sample. Carbonate precipitation in the CO;, cured sam-
ples contributed significantly to the strength development. The 6 h
carbonated M7.5-B7.5 sample (Fig. 17d) showed higher nesque-
honite precipitation compared to the 6 h carbonated M7.5-G7.5
sample (Fig. 17f), indicating a higher formation of HMCs within the
M7.5-B7.5 sample. On the other hand, the GGBS samples (Fig. 17e

Weight losses and calculated CO, uptake efficiencies using methods I and II (weight %).

Method Mix label Weight loss (wt.%) at 6 h COgetr (II) (%)  Mco, () CO2¢n (8) COpepr (1) (%)
(40—320) °C (320—480) °C (480—1000) °C at6h

CO; uptake by TGA (Method II in this study) M15 9.84 9.6 3.62 31.38 — — -
M10-B5 10.36 9.21 6.79 61.49 - - -
M7.5-B7.5 4,76 5.83 413 323 - - -
M10-G5 5.28 6.83 3.97 31.52 - - -
M7.5-G7.5 4.61 4.53 3.32 25.31 - - -

Wang et al. (2019a) 20P6FOLAMC 60.6—73.1

Curing period: 24 h; 20P6S0L4MC 48.2—55.8

Pressure: 0.15 MPa 20P6S1L3MC 30.8—34.5

CO, uptake by Weight gain (Method I in this study) M15 - - — - 18.72 56.99 32.84
M10-B5 - - - - 18.65 41.38 45.06
M7.5-B7.5 - - - - 18.34 33.54 54.66
M10-G5 - - - - 14.67 46.59 31.49
M7.5-G7.5 - - - - 11.16 41.17 27.09

Wang et al. (2019a) 20P6FOL4AMC 66—79.7

Curing period: 24 h; 20P6S0L4MC 58.1-67.5

Pressure: 0.15 MPa 20P6S1L3MC 56.1-63.3

P = percentage, F = fly ash, S = slag, L = lime, M = MgO, C = carbonated.
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Fig. 16. SEM images showing porous biochar.

and f) had fewer pores than the biochar mixes (Fig. 17c and d) due
to the fine particles of GGBS, which densified the microstructure.
Cracks were observed in the 6 h carbonated M15 sample (Fig. 17b),
which may explain the decrease in strength as a result of higher
rMgO content present in the sample leading to the rapid formation
of HMCs, which developed micro-cracks under long-period high-
pressure carbonation, as explained in Section 3.3. The bulky HMCs
and uncarbonated hydration products form on the surface of the
rMgO grains, hindering CO, diffusion. However, with longer
carbonation under a high-pressure CO, environment, fresh rMgO
particles are exposed through the micro-cracks developed on the
precipitated HMCs and react with diffused CO, gas, leading to more
CO; uptake. Adding SCMs delayed the formation of HMCs due to
reduced rMgO content, thus enabling longer carbonation (6 h)
without developing micro-cracks.

From the SEM images, it can be inferred that HMCs exhibit
better cementation effects than brucite, as evidenced by the su-
perior mechanical performance of the CO, cured groups.

4. Discussion

Similar to PC production, the synthesis of rMgO from magnesite
also emits carbon dioxide due to the chemical CO, associated with
its parent raw material (MgCOs3) and the use of fossil fuels during
manufacturing. However, previous studies, such as Wang et al.
(2019b), have demonstrated that rMgO has a higher CO, seques-
tration ability than PC or lime and that its overall environmental
burdens are lower. It is reported that the production of 1 kg of rMgO
emits 1.1 kg of CO, (Ruan et al., 2020). Therefore, the use of rMgO
should be controlled. Additionally, excessive rMgO content can
pose challenges in controlling the expansion rate and induced
cracks during carbonation, which may negatively impact the me-
chanical performance of carbonated rMgO samples. High rMgO
content can affect carbonation efficiency in two ways: firstly, the
rapid precipitation of hydration products and HMCs hinders CO,
diffusion as carbonation progresses, and secondly, the fine particles
of rMgO can act as fillers to inhibit CO, gas diffusion into the
samples. Moreover, the high-water demand of rMgO binder re-
stricts the availability of sufficient water for hydration and
carbonation reactions when used excessively. Consequently, excess
use of rMgO binder will increase its environmental impacts and
impair the carbonation processes, ultimately compromising the
strength of carbonated rMgO composites, which presents an inef-
ficient use of the rMgO binder.

The environmental impacts associated with the production of
additives are of great importance to decision-makers when
selecting the type of SCMs for soil stabilization. Thus, an environ-
mental impact assessment of rMgO-biochar/GGBS systems was
performed to identify the more environment-friendly SCM for
stabilizing dredged marine soil. Although there are several pro-
cesses for producing rMgO in practice, the present study assumed
that the rMgO was obtained from the calcination of magnesite:

MgCO; — MgO + CO, (9)

Fig. 18 illustrates the environmental impact assessment of the
stabilized DMS. This section considered 1 tonne of stabilized DMS
as a functional unit. The figure demonstrates that replacing rMgO
with SCMs significantly reduced the global warming potential
(GWP) of the rMgO-stabilized DMS. Replacing rMgO with 5 wt%
biochar or GGBS resulted in a 32% decrease in GWP for the rMgO
systems. However, rMgO replacement with GGBS increased the
ecotoxicity of the samples (i.e. human, fresh water, and marine
aquatic), while biochar addition reduced the toxicity of the sam-
ples. This indicates that the rMgO-biochar samples are less envi-
ronmentally toxic compared to the plain rMgO and rMgO-GGBS
samples. Furthermore, rMgO replacements with SCMs significantly
reduced the eutrophication potential of the rMgO systems. Never-
theless, biochar was more effective in reducing the eutrophication
of the rMgO-stabilized DMS. Therefore, biochar can be considered a
more environmentally benign SCM for stabilizing waste DMS than
GGBS. The energy consumption of the M15 sample was compared
to that of the M10-B5 and M10-G5 samples. The input coefficients
used for evaluation are presented in Table 6, and the cumulative
energy demands (CED) of raw materials per tonne of stabilized
DMS were estimated by

N
CED = ) W;-IED'
i=1

(10)

where N is the raw material type; W; is the weight per unit of raw
materials i; and IED' is the individual energy demand per unit of
raw materials used to produce 1 tonne of stabilized soil.

The energy consumption of the different raw materials is pre-
sented in Fig. 19. It is evident that rMgO constituted the majority of
the energy consumption. rMgO replacement with 5 wt% biochar
resulted in a decrease in energy consumption by 196.6 M]J/t, cor-
responding to a 27.9% reduction compared to the plain rMgO.
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Fig. 17. SEM results for selected samples: (a) M15 of 28-d curing, (b) M15 of 6-h curing, (c) M7.5-B7.5 of 28-d curing, (d) M7.5-B7.5 of 6-h curing, (e) M7.5-G7.5 of 28-d curing, (f)
M7.5-G7.5 of 6-h curing, and (g) Unstabilized soil of 28-d curing.
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Fig. 18. Environmental impact assessment of the various mixes.

Similarly, rMgO replacement with 5 wt% GGBS led to a decrease in
energy consumption by 178.1 M]/t, corresponding to a 25.3%
reduction compared to the plain rMgO sample. Therefore, biochar
was more effective in reducing the energy demand of the stabilized
DMS than GGBS.

Based on the microstructural analysis and the CO, uptake as-
sessments, Fig. 20 illustrates the schematic representations of the
possible interactions between CO,, H0, soil, and the incorporated
additives, along with the phase formation mechanisms of the
various mixes after 6 h carbonation. The natural soil comprises
quartz, balipholite, and gismondine as the main mineral phases
(Fig. 14), and these minerals contain substantial silica and alumina
content. Additionally, the significant presence of SiO; and Al;03 in
biochar and GGBS makes them viable candidates as pozzolanic
materials capable of improving the soil. Hence, high magnesium
(Mg) in the rMgO adsorbent can facilitate the dissolution of Si and
Al in the amorphous soil and biochar/GGBS, creating an ideal
environment for an effective pozzolanic reaction that produces
alumina-silica-hydrate (A-S-H) gel (Fasihnikoutalab et al., 2017).
The precipitated A-S-H gel then reacts with available Ca to form
calcium aluminosilicate hydrate (C-A-S-H) gel. The chemical re-
actions involving Mg in the rMgO with silica or alumina are
exemplified in Egs. (11) and (12), indicating the release of Si and Al
and the formation of MgO (Wolbach et al., 1997), which can pro-
mote pozzolanic hydration and carbonation reactions:

Si0, +2Mg = Si + 2MgO (11)

ALO; +3Mg = 3MgO + 2Al (12)

These reactions potentially contributed to the strength
enhancement of the GGBS samples by leveraging the activation
properties of MgO and the dissolved species to generate dense and
hardened Ca(OH); and C—S—H gels (Fig. 17).

Fig. 20 shows that the higher rMgO content in the plain rMgO
sample (M15) resulted in the rapid formation of expansive hydra-
tion products (Table 5), coating the surface of the rMgO particles
and decreasing the diffusion of CO, gas into the sample, thus
reducing the pores and hindering further contact between CO, and
rMgO. Incorporating SCMs mitigated this negative effect and
minimized micro-crack formation during prolonged high-pressure

Table 6
Energy coefficients of raw materials (Shillaber et al., 2015; Cai et al., 2020; Chen
et al., 2022).

Unit rMg0 Soil Biochar GGBS Water
Energy (M]/kg) 5 0.083 0.306 0.721 0.01

800
1 [Jwater[_]GGBS[_]Biochar[__|Soil [ rMgO

Energy consumption (MJ/t)
et [ (7] S (7] (=2 1
> > [—4 [—4 [ [ [
(=] (=] (=] (=) (=] < =]

L 1 1 1 L 1 1

=
PP BT

M15

M10-BS M10-G5

Fig. 19. Energy consumption of raw materials of the stabilized DMS.

carbonation. rMgO replacement with 5 wt% biochar modified the
particle packing in the samples by creating channels for CO;
diffusion (Fig. 16). This enabled increased reaction between CO; and
rMgO particles, effectively utilizing rMgO while sequestering CO,
and improving the strength of the stabilized soil. Furthermore,
rMgO replacement with 5 wt% biochar induced delayed expansion
of HMCs due to reduced rMgO content, thus facilitating longer
carbonation and the formation of HMCs. Although rMgO replace-
ment with GGBS caused delayed expansion of HMCs due to the
reduced rMgO content, the fine particle sizes of GGBS and the
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Fig. 20. Schematic illustration of the possible hydration and carbonation phase formation after 6 h of CO, curing: (a) rMgO, (b) rMgO-biochar, and (c) rMgO-GGBS.

precipitated hydration products reduced the pores, limiting CO,
inflow and depriving the system of sufficient CO; to react with the
rMgO, consequently producing lesser HMCs compared to the bio-
char samples. Based on the findings, rMgO replacement with 5 wt%
biochar led to higher CO, uptake, lower energy consumption, and
reduced toxicity compared to the plain rMgO or rMgO-GGBS
samples. Therefore, biochar can be considered a more environ-
mentally friendly SCM for soil stabilization than GGBS under CO,
curing.

5. Conclusions

This study assessed the mechanical performance, CO, uptake,
microstructural properties, and environmental impacts of rMgO-
stabilized dredged marine soil containing SCMs. The main find-
ings are summarized as follows:

(1) rMgO replacement with SCMs (i.e. biochar or GGBS) altered
the engineering properties and particle packing of the sam-
ples, consequently influencing their performance. Biochar
samples exhibited higher liquid limits, void ratios, and po-
rosities compared to GGBS samples. The GGBS samples
benefited from the high alkaline environment, which pro-
moted pozzolanic reactions to form dense Ca(OH); and C—S—
H products, leading to improved strength.

(2) Incorporating biochar improved the carbonation efficiency
and ductility of the samples, but its large particle sizes and
brittleness may weaken the strength. High GGBS content
improved strength but impaired the carbonation efficiency.
Hence, in view of comprehensive performance, 5 wt% rMgO
replacement with biochar or GGBS is recommended for
adequate strength and CO, uptake.

(3) Replacing rMgO with SCMs delayed the formation of
expansive hydration products. The SCMs improved the
water-retention capacity, gradually releasing water required
for hydration and carbonation reactions, thereby mitigating
micro-cracks and shrinkage during long-period high-pres-
sure carbonation.

(4) The nesquehonite, hydromagnesite/dypingite, and calcite
products formed in the carbonated samples had higher
cementation effects than brucite and other hydration prod-
ucts formed in the ambient cured samples.

(5) MgO-SCMs samples demonstrated reduced global warming
potential, and the environmental impact assessment and
energy demand analysis indicated that biochar samples are
more environment-friendly.

(6) The reaction mechanism suggests that the pozzolans in soil,
biochar, and GGBS play a significant role in modifying the pH
of the samples, consequently affecting the overall hydration
and carbonation process.

Finally, exploring the impact of varying gas pressures and water
contents on rivigO-SCMs stabilized DMS presents an intriguing area
for future research. Additionally, to advance the current under-
standing of sustainable production methods, it is recommended
that future studies investigate the efficacy of carbonated MgO
derived from magnesium silicate minerals. Notably, using energy-
efficient techniques in this process offers the additional advan-
tage of zero CO, emissions.
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