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a b s t r a c t

To realize the soil reinforced through the carbonation of ternary binder under ambient pressure and
mild conditions, the present study introduces triethanolamine (TEA), which serves as an effective
carbonation accelerator. Through the unconfined compressive strength (UCS) test, the soft soil solidified
with ternary eco-binder consisting of ground granulated blast-furnace slag (GGBS), metakaolin (MK),
and calcium carbide residue (CCR), subjected to carbonation, is investigated. The effect of TEA on the
carbonation of soil is evaluated by the UCS and the CO2 mineralization. This study clarifies the influence
factors, including the initial water content, TEA dosage, binder constituent ratio, and content. The
optimal binder constituent ratio for the strength growth and carbonation efficiency of carbonated soil is
approximately 4:4:2 for GGBS, CCR, and MK, respectively. The incorporation of TEA at a low dosage
(<0.15 %) enhances the strength of carbonated soil, whereas the high dosages impair the strength. The
synergistic effect of TEA and carbonation further improves the strength and compressibility of soil. The
soil with 1.5 % TEA carbonated for 7d exhibits a 44.8 % increase in strength compared to that without
TEA, which is attributed to a 2.2-fold increase in carbonation efficiency. The addition of TEA accelerates
the ion dissolution and CO2 dispersion, promoting the carbonation reaction in soft soil. Calcite and
aragonite precipitate during carbonation, contributing to the strength development of soil. The car-
bonates phase difference and the pore structure density with different TEA dosages are also demon-
strated to be the strength influence factors.
© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published 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

Grouting and deep mixing, owing to the economic and technical
efficiency, are widely adopted in the reinforcement of soft ground,
accompanied by a large amount of cement consumption. However,
the total CO2 emission per ton of cement produced is 0.545 t (Shen
et al., 2015), which greatly contributes to the global warming. The
substitution of eco-binders for Portland cement, commonly used in
structure construction and soil solidification, reduces the CO2
footprint and environmental pollution. Alkaline industrial by-
products (IBPs) and other minerals rich in aluminosilicate

constitute the primary source of eco-cementitious materials, such
as ground granulated blast-furnace slag (GGBS), calcium carbide
residue (CCR), phosphogypsum (PG) and metakaolin (MK). These
materials form a 3-dimensional (3D) continuous network structure,
through the pozzolanic and hydration reactions under alkaline
environment (Provis and Bernal, 2014; Liu et al., 2021a; Lang et al.,
2025). The application of IBPs and geopolymers in the soil solidifi-
cation improves variety of soil properties, such as strength, dura-
bility, compressibility and the leachability of pollutants (Phetchuay
et al., 2016; Li et al., 2023a; Liu et al., 2023; Wang andWang, 2023).

Carbon capture, utilization and storage (CCUS) is now a
promising way to achieve carbon neutrality. Carbonation curing of
cement-based materials enhances the properties and sequesters
CO2 (Chen et al., 2019; Zajac et al., 2022). Accelerated carbonation
has been applied as a technology to the carbon reduction benefited
from the soil solidification using cement and reactiveMgO. Yi et al.
(2016) incorporated carbonation into reactive MgO-stabilized soil
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and demonstrated that the expansive carbonation products of
reactive MgO densify the soil particle structure increasing the dry
density and strength. According to the life cycle assessments, there
are controversies over the climate benefit from cement carbon-
ation, and the reactive MgO emits a higher amount of CO2 due to
the decomposition of magnesite (Ruan and Unluer, 2016; Xi et al.,
2016; Van Roijen et al., 2024). In contrast, the widespread use of
IBPs in CO2 mineralization produces calcite and zeolite, realizing
the resource utilization of IBPs (Ma et al., 2021; Shin and Kim,
2022). The strength and durability enhancement of sludge solidi-
fied with reactive MgO and fly ash can be significantly enhanced
through carbonation (Wang et al., 2019a, 2019b). Yu et al. (2021,
2024) utilized steel slag as a binder and subjected solidified soil
to a 200 kPa CO2 atmosphere for 72 h, finding that the total
porosity decreased and resistance to dry-wet cycles distinctly
enhanced. However, the carbonation efficiency (CE) is limited by
the low gas permeability of fine particles, necessitating high air
pressure that may induce cracks in the soil. Additionally, the
alkaline solid waste used solely has a lowcarbonation reactivity. To
address the aforementioned shortages, Li et al. (2023b) used so-
dium bicarbonate (NaHCO3) to act as a CO2 carrier and release
CO32− , which is much easier than injecting high-pressure CO2 gas
into soil.

Recent studies of the CO2 mineralization focus on the solid
waste dissolution and CO2 absorption, leading to the proposal of
integrated absorption-mineralization (IAM), which relies primar-
ily on the amine solutions (Ji et al., 2018). In the IAM process, the
phase transition of CO2 is contributed by the amine solution,
among which the commonly used amine can be classified into
primary, secondary, and tertiary amines. The former two species of
amines react with CO2 and form carbamate (R2NCOO− ) ions, while
the tertiary amines, such as triethanolamine (TEA), catalyze the
formation of hydroxyl (OH− ) ions in the water relying the lone pair
electrons on nitrogen-atoms (Meng et al., 2022). Through the
chelation, amines of appropriate concentrate also enhance the
dissolution of alkaline minerals constituents of IBPs, and thus help
metal cations leaching, which is commonly used in CO2 mineral
sequestration and cement additives (Lu et al., 2020; Wang et al.,
2023). Ben et al. (2024) investigated the effect of TEA on external
attack on the cement paste, revealing that an increase of TEA ac-
celerates decalcification of C-S-H and promotes the formation of
calcite. TEA accelerates or retards the cement strength develop-
ment depending on its dosage, which is attributed to the combined
effects of the promotion of tricalcium aluminate (C3A) hydration,
ettringite formation and the adsorption on the portlandite (Xu
et al., 2017; Yaphary et al., 2017).

In terms of the carbonation curing of cement-based materials,
the amines represented by TEA were used as CO2 absorbents to
facilitate the cement carbonation. It was confirmed that CO2-
absorbed monoethanolamine (MEA) solutions enhance the
strength of cement pastes and bottom ash mortars, which is
related to the reduction in macropores (Han et al., 2023). Teune
and Schollbach, 2024 used TEA to separate Ca2+ from recycled
concrete fines and the TEA of 0.2 wt%-1 wt% increases the
carbonation degree by 16 %–21 %. The improvement in compres-
sive strength of the cement mortar using CO2-absorbed TEA so-
lution is attributed to the acceleration and synergistic effect of
cement hydration and carbonation (Xin et al., 2024).

To improve the CE under ambient pressure and relatively mild
operating conditions, the present study introduces TEA of varying
dosages into the soft soil reinforced with ternary eco-binder (i.e.
GGBS, CCR and MK) as a carbonation accelerator. The optimal
binder constituent ratio, initial water content and the TEA dosage
are analyzed concerning the unconfined compressive strength
(UCS) and CO2 mineralization of solidified soil. Besides, the

mechanisms underlying the carbonation acceleration and strength
improvement impacted by TEA in the soft soil reinforced by
ternary eco-binder are explored by scanning electron microscopy
(SEM), X-ray diffraction (XRD), thermogravimetric analysis (TGA),
pH and zeta potential measurement.

2. Material and methods

2.1. Materials

The soft soil used in this study was obtained from Zhuhai, a
coastal city in south China. Table 1 summarizes the basic proper-
ties of the soft soil, determined according to ASTM D4318-17e1
(2018), and the initial water content is around 60 %. Fig. 1 shows
the grain size distribution of the soft soil, which is tested following
ASTM D7928-21e1 (2021), with 3 % sand, 76 % silt and 21 % clay.
Given its fine particle distribution and the poor mechanical
properties, the soft soil services as an ideal subject for investiga-
tion. Before the preparation of specimen, the wet soft soil was
dried in ambient conditions, then granulated and passed through a
2-mm sieve.

TEA (99 % purity) was procured from Meryer (Shanghai)
Chemical Technology Co., Ltd. GGBS, CCR and MK powders were
commercially sourced. The chemical compositions detected by X-
ray fluorescence as well as particle size distribution profiles are
presented in Table 2 and Fig. 1, respectively. In addition, the MK
used here has been sieved through a 1250-mesh sieve, and thus
has a rather fine particle size.

2.2. Specimen preparation

The air-dried soft soil was dried at 105 ◦C for 24 h. Before the
specimen preparation, the dry soft soil was mixed with 10 % of its
weight in ISO standard sand. Dry soil was mixed with binder
powder of various content and ratio of GGBS, CCR and MK (binder
constituent ratio) homogeneously. Then, TEA solution was added
into the mixture until achieves the designated water content and
TEA dosage (the mass percentage of TEA to binder), and stirred for
10 min. Note that the default initial water content for all specimen
is 30 %. TEA dosage ranges from 200 ppm to 10000 ppmwhen TEA
was used as accelerator (Heren and €Olmez, 1996). In this study,
considering the diluting effect of soil on binders, themagnitudes of
TEA dosage were selected as 0, 0.15 %, 0.5 % 1.5 % and 5 %. The well-
mixed mixtures, containing designated amount of water, TEA and
eco-binder were spread in an enamel tray with a thickness of
30 mm. The mixtures to be carbonated were placed in the
carbonation box at (20 ± 2) ◦C, a relatively humidity (RH) of 95 %
and a CO2 concentration of 20 %. After carbonation, the mixture
was poured into a steel mold with an inner diameter of 40mm and
a height of 80 mm and statically compacted to the density pre-
determined by compaction test through a hydraulic jack. For the

Table 1
Basic properties of the soft soil.

Physical property Value

Specific gravity 2.7
Natural moisture content (%) 45.2
Liquid limit (%) 56.5
Plastic limit (%) 22.1
Plastic index 34.4
Optimal water content (%) 27.4
Maximum dry density (g/cm3) 1.48
Cohesion (kPa) 15.4
Internal friction angle (◦) 5
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control group, the mixture was compacted and sealed once it was
prepared, and then immediately placed in the curing box
((20 ± 2) ◦C, 95 %RH) for the same duration as the carbonation
group. Specimens with varying binder compositions are named
“aPbTcGdCeK”, which indicates a binder content of a %, a TEA
dosage of b % and a ratio of GGBS: CCR: MK of c: d: e. In addition,
specimen names end with the curing time (day). For carbonated
specimens, an additional "-M″ followed by the carbonation age
(day) is appended to the end of the name to be distinguished from
uncarbonated specimens.

2.3. Testing programs

The strength reinforcement was quantified by UCS test with a
compression rate of 1 mm/min, and then the fragments were
collected for the following tests. The fragments were immediately
freeze-dried for the SEM, TGA and XRD tests. SEM tests were car-
ried out using a Zeiss SIGMA field emission SEM device to examine
the development of soil microstructure and the morphology of
carbonates. To clarify the mineral composition of the specimens,
the XRD was conducted through Rigaku Smart-Lab SE X-ray
diffractometer with a Cu Kα radiation source. Granulated and
freeze-dried specimens were scanned with a step length of 0.02◦

from 5◦ to 75◦. To investigate the hydration and carbonation
products, the TGA was performed using HITACH-STA7300 with a
heating rate of 10 ◦C/min in a nitrogen atmosphere, and the
temperature was controlled from 20 ◦C to 1000 ◦C.

The oedometer test was conducted using the oedometer
following GB/T 4935.1 (2008). The modified soils were compacted
in oedometer rings (61.8mm inner diameter and 20mm in height).
Prior to saturation in a vacuum chamber, the specimens under-
went carbonation (or curing) under the conditions mentioned
before. Subsequently, the specimens were placed in oedometers
and vertical stresses of 25 kPa, 50 kPa, 100 kPa, 200 kPa, 400 kPa,
800 kPa were applied successively. Before applying the next level
of vertical stress, it is necessary for the vertical deformation rate to
be less than 0.01 mm per hour.

To investigate the CO2 mineralization, the quantity of carbon-
ates was measured by acid digestion through a self-assembled
glass gas burette. As shown in Fig. 2, the oven-dried powder of
the carbonated specimen was weighed and placed in the flask.
Hydrochloric acid solution consisting of one volume of hydro-
chloric acid mixed with three volumes of water was placed in the
flat-bottomed test tube. The measuring tubes in the right of the
schematic diagram were filled with mixture solution of sulfuric
acid and methyl red to facilitate the observation of gas volume
changes. Before testing, the apparatus was properly assembled
ensuring that it was well air-tight. Then, the two liquid levels in
the measuring tubes were adjusted to be consistent. The hydro-
chloric acid and specimen powder were mixed and reacted suffi-
ciently at 25 ◦C and 1 atm after the tilt and shake of flask. As
reaction continued, a difference occurred between the two liquid
levels due to the pressure, and both liquid levels became stable.
Therefore, the CO2 mineralization was calculated from the value
difference before and after the left measuring tube, after the liquid
levels in the left and right were adjusted to be consistent again.

To investigate the chemical effect of TEA on the soil-binder-CO2
system, the pH of binder pastes and zeta potential were tested.
Eco-binder with 60 % GGBS, 20 % CCR and 20 %MKwasmixed with
specific TEA solution to form the eco-binder paste with a W/C of
0.6 in a flask. The mixture was stirred by magnetic stirrer
continuously. At designated time point (30 min, 15 min, 60 min,
240 min and 480 min), the paste was placed into centrifugal tube
and centrifuged at 3000 r/min for 10 min. The liquid supernatant
was filtered through a filter membrane of 0.22 μm, and the pH
value was detected with a pH meter. The zeta potential of
carbonated soil was measured by Malvern-Zetasizer Nano S90
(UK).

3. Results and discussion

The UCS, CO2 mineralization and CE of specimens with 1.5 % TEA
and 10 wt% binders of varying constituent ratio all increase with
carbonation age, as shown in Fig. 3. The UCS is significantly influ-
enced by the binder constituent ratio, showing an obvious unimodal
form.With the increase of carbonation age, the optimal ratio of MK:
GGBS: CCR based on UCS moves from about 3:5:2 to 2:3:5, indi-
cating that the strength growth of carbonated specimen needsmore

Fig. 1. Particle size distribution of materials used in this study.

Table 2
XRF analysis of materials in this study.

Material CaO (%) SiO2 (%) Al2O3 (%) MgO (%) SO3 (%) Else (%) Loss of
ignition (%)

GGBS 39.3 33.0 15.0 9.9 1.9 0.1 0.8
CCR 93.2 3.5 1.7 0.2 0.7 0.5 0.2
MK 0.3 53.0 41.5 0.2 0.1 4.9 –

Fig. 2. Sketch diagram of the carbonates measuring apparatus.
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CCR with the extension of carbonation age. The highest UCS of
specimens subjected to a 1-d carbonation is about 3 MPa, while
after a 7-d carbonation, the value is up to 4.45 MPa. The UCS of
10P1.5T6G2C2K-M7 is 49 % higher than 10P1.5T6G2C2K-M1.
Benefitted from the high content of aluminum in MK and the pro-
motion of aluminum dissolution by TEA, the generation of the
binding phase C-(A)-S-H and ettringite has been promoted. Overall,
the addition of MK increases the UCS of carbonated specimen

through filler effect and the reaction mentioned above.
Under 25 ◦C and 1 atm, the CO2 mineralization can be calcu-

lated according to

mcr=
V
Vm

×
1000
ms

×MCO2
(1)

where mcr denotes the CO2 mineralization (g) per kilogram

Fig. 3. The UCS and CO2 mineralization of specimens with different constituent ratios. (a) UCS of specimens with different binder ratios carbonated for 1 d; (b) UCS of specimens
with different binder ratios carbonated for 3 d; (c) UCS of specimens with different binder ratios carbonated for 7 d; (d) CO2 mineralization of specimens with different binder
ratios carbonated for 1 d; (e) CO2 mineralization of specimens with different binder ratios carbonated for 3 d; (f) CO2 mineralization of specimens with different binder ratios
carbonated for 7 d; (g) CE of specimens with different binder ratios carbonated for 1 d; (h) CE of specimens with different binder ratios carbonated for 3 d; and (i) CE of specimens
with different binder ratios carbonated for 7 d.
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carbonated soil, V is the CO2 gas volume read by gas measuring
tube, Vm indicates the molar volume (24.5 L/mol, 25 ◦C, 1 atm),
MCO2

is the molar mass of CO2, andms is the mass (g) of specimen
weighed.

To distinguish the efficiency of CO2 mineralization caused by
the TEA addition, CE is defined as Eq. (2).

CE=
mcr

mcp
(2)

where mcp is the mass (g) of potential CO2 mineralization per kg
carbonated soil calculated from the calcium and magnesium
content in the binders.

The CO2 mineralization of carbonated specimens decreases in a
ladder patternwith increasing MK content, due to the low calcium
content of MK. The CO2 mineralization remains relatively low
when the ratio of CCR in the binder does not exceed 20 %. For
specimens carbonated for 7 d, the highest CO2 mineralization oc-
curs in the binders consisting solely of CCR, due to the high cal-
cium concentration and pH value in the soil pore water. The CO2
mineralization of 10P1.5T6G2CK-M increases by 87.8 % from 1-d to
7-d carbonation, significantly surpassing its UCS. The plot of CE
changes from a saddle form at the early carbonation stage into a
unimodal form after 7-d carbonation. The CE grows almost
constantly with the increase of MK, facilitating more efficient
calcium utilization, in accordance with what was reported by
Bernal et al. (2010). Except for the specimens with high MK con-
tent, a higher CE is exhibited in specimenwith a CCR to GGBS ratio

of about 1:1, reaching up to 67.3 % specifically for 10P1.5T3G3C4K-
M7. As carbonation age increases, the calcium ions in the specimen
with high CCR and GGBS content are gradually consumed by the
carbonate and bicarbonate ion, resulting in the CE peak move-
ment. The destruction of Al-O bind results in the release of

Al(OH)3−6 or H3AlO
2−
4 (Li et al., 2022). Given that MK is the primary

Al-bearing material, the relatively efficient chelation of TEA with
aluminum in MK provides reactants for the aluminum reaction. As
Al3+ dissolves from MK, the aluminate reaction is accelerated
during early hydration (Huang et al., 2021).

The UCS and CE of the specimens solidified with varying con-
tents of binders consisting of 60 % GGBS, 20 % CCR and 20 %MK, are
presented in Fig. 4. With the increase of binder content, CE reduces
slightly after reaching peak at binder content of 10 %. The lower CE
of specimens with binder content of 5 % can be attributed to the
low alkalinity of the pore water. The reduction of CE after peak is
relevant to the incomplete carbonation reaction, that is, the binder
that has not been carbonated still exists after 7-d carbonation.
Specimens with a TEA dosage of 1.5 % showed a significant
enhancement in CO2 mineralization by approximately 2.2 times,
compared to thosewithout TEA. The binder content corresponding
to the peak of CE increases due to the addition of TEA. Therefore,
the addition of TEA obviously promotes the sufficient consumption
of calcium and magnesium by carbonates thereby stimulates the
carbon sequestration potential of soft soil solidified with eco-
binder.

As demonstrated in Fig. 4, the UCS of 10P1.5T6G2C2K is

Fig. 3. (continued).

Z. Duan, D. Wang, Y. Zou et al. Journal of Rock Mechanics and Geotechnical Engineering 18 (2026) 4081–4093

4085



increased by 104 % through carbonation, indicating the reinforcing
effect of the carbonates on the structure of solidified soft soil. The
UCS of specimen increases gradually with binder content, except
for the carbonated specimens without TEA. The UCS growth rate of
carbonated specimens with 1.5 % TEA is significantly higher than
that of the other three groups, suggesting that the increased binder
is fully reacted under TEA and carbonation to produce the
strength-enhancing products. Comparing carbonated specimens
with and without TEA, it can be concluded that the addition of
1.5 % TEA further enhances the UCS of solidified soft soil for
13.84 %–66.59 %. It is noteworthy that the uncarbonated specimens
with 1.5 % TEA exhibit significantly lower strength compared to
those without TEA. This can be attributed to the formation of a
hydration-retarding TEA-cation complexion layer and the
adsorption onto the CH surface of TEA (Zhang et al., 2016). Addi-
tion of high dosage TEA harms the products from hydration and
pozzolanic reactions. Thus, it can be inferred that there is a syn-
ergistic effect between the addition of TEA and carbonation on the
reinforcement of soft soil by eco-binder.

Fig. 5 demonstrates the UCS and CE of the specimen with
various TEA dosages. Each group of different curing regimes shows
a trend of initial increase and then decrease with increasing TEA
dosage. As carbonation age goes up, the optimal TEA dosage cor-
responding to the peak UCS increases. The UCS of specimens with
5 % TEA are quite lower than the other groups, which indicates an
excessive addition of TEA causes distinct decline in the strength of
carbonated soft soil solidified with the eco-binder. For the speci-
mens carbonated for 1 d, the optimal TEA dosage tested is 0.15 %,
while that for specimens carbonated for 7 d is around 1.5 %. Results
suggest that the generated carbonates counteract the detrimental
effects of TEA on the solidified soil.

Different from the trend of strength, CE increases with TEA
dosage continuously, illustrating that the addition of TEA has a
stable enhancement on the carbonation of eco-binder. Therefore,
the reduction of the carbonates is not the reason why the UCS
decreases. Noting the growth rate of CE slowed down with TEA
dosage, and the optimal TEA dosage is 1.5 % considering the trend
of UCS.

As shown in Fig. 6, the compaction curve of plain soft soil is
generally lower than that of soil solidified by eco-binder with
different TEA dosages. Therefore, it can be concluded that within
the test range, thewater content decreasedwith TEA dosage. As for
the maximum dry density, solidified soft soil with 1.5 % TEA ex-
hibits a higher maximum dry density compared to that with 5 %
TEA and to the soil without TEA. It can also be understood that the

appropriate addition of TEA makes the solidified soil achieve a
higher dry density of the samewater content. Due to the increased
dry density, the strength of solidified soil is thus improved.

The compression curves of the soft soil with different treat-
ment regimens can be seen from Fig. 7. It is worth to be noticed

Fig. 4. UCS and carbonation efficiency of specimens with different binder contents.

Fig. 5. UCS and carbonation efficiency of specimen with various TEA dosages. (a) UCS
of soil specimens with various TEA dosage and curing time; and (b) CE of soil spec-
imens with various TEA dosage and curing time.

Fig. 6. Compaction curves of the carbonated soil with different TEA dosages.
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that there are differences in the initial porosity (e0) of specimens,
which can be attributed to the different mineral compositions of
soils undergone different treatments, resulting in the different
specific gravities. To quantify the compressibility characters of soil,
the coefficient of compressibility (αv, 0.1–0.2 MPa) can be calcu-
lated from the curves, and the results are shown in Table 3. The soil
without the reinforcement of eco-binder has an αv of 0.352 MPa− 1,
which can be attributed to the incorporation of 10 % sand. As a
contrast, αv of 10P0T6G2C2K-M7 are generally lower than 1/3 of
that of the plain soil. As shown in Table 3, the carbonated soil has a
greater compressibility character, comparing to that of the
uncarbonated soils with the same TEA dosage. The carbonated soil
with 1.5 % TEA has the lowest αv, while the αv of uncarbonated soil
with 1.5 % TEA is higher for about 33 %. However, for the uncar-
bonated soil, the αv of 10P1.5T6G2C2K-M7 is higher by 19.8 % than
that of 10P0T6G2C2K-M7, indicating that the addition of 1.5 % TEA
increased the compressibility of the solidified soil. The addition of
1.5 % TEA offsets a part of the enhancement effect of the solidifi-
cation on the soil rigidity. Nevertheless, TEA addition has no
obvious negative effect on the compressibility of carbonated
specimens.

The UCS and CE of specimens with different initial water con-
tents are shown in Fig. 8. For each group, the UCS shows a trend of
increase first following a decreasewith water content. The optimal
water content for the strength development is around 45 %, except
for 10P1.5T6G2C2K-M7 of which the optimal water content is
around 60 %. The initial water content is a significant factor on the
hydration and carbonation of the eco-binder in soft soil.

Due to the fact that the carbonation reaction depends on the
CO2 gas diffusion (Li et al., 2023c), the poor permeability of clay
soil leads to a generally low carbonation efficiency which differs
from carbonated specimenwith TEA. For the carbonated specimen
without TEA, the excess initial water occupies the inflow channel
of CO2, and retards the carbonation reaction in return. On the other
hand, the excess water increases the porosity of soil and reduces
the soil internal friction and cohesion. Among the test groups of
specimens, the highest UCS corresponds to the 10P1.5T6G2C2KM
with a water content of 60 %. The addition of 1.5 % TEA increases
the optimal initial water content, which could be associated with

the more efficient carbonation reaction. In 10P1.5T6G2C2K-M7
more water was required, in order to produce more hydration
products. Although the excess initial water occupies the soil pores,
the increase in the solubility of CO2, as a consequence of the TEA,
serves to avoid the hindrance of carbonation. But as the initial
water content rose from 60 % to 100 %, both CE and the UCS
inevitably decrease.

The leaching of ions from GGBS, CCR and MK are accompanied
by the changes in the pH of pore solution. The pH of the binder
pastes before the carbonation is shown in Fig. 9, and can reflect the
pore solution of solidified soil. A high pH value indicates a great
carbonation reactivity. The addition of TEA distinctly elevates the
alkalinity of the paste solution, due to the calcium chelation of
TEA, and thus accelerates the dissolution of calcium hydroxide and
the calcium oxide. The pH value increases with time at the
beginning of mixing. Except for the paste with 5 % TEA, the peak
pH appears around the mixing time of 60 min. The fluctuation in
pH after reaching peak stems from the consumption of CH through
pozzolanic reaction, yielding results similar to those of Jiang et al.
(2024). The elevated pH of paste contributes to the absorption and
ionization of CO2, and the formation of calcium carbonate. Note
that the pH of pastes increases with TEA dosage after 60-min
mixing, indicating one of the reasons for the positive effect of
TEA on the soil carbonation efficiency.

The zeta potential of 10P6G6C6K-M7 with different TEA dos-
ages is shown in Fig. 10. The zeta potential reflects the dispersion
of solidified soil particles and the carbonation products. Because of
the negative charge on the soil particle surface caused by the
cation exchange, the solidified soil exhibits a negative zeta po-
tential. The carbonated soil specimens always show a negative
Zeta potential. And the surface of calcium carbonates has positive
charge. As TEA dosage increases, the absolute value of Zeta po-
tential of the carbonated soil decreases continuously, reducing the
repulsive force between particles solidified soil after 7 d carbon-
ation, and enhancing the particle aggregation. Although the zeta
potential increases slightly after the TEA dosage of 1.5 %, further
marginal addition of TEA inhibits the nucleation of the C-S-H of
which surface is charged negatively (Jiang et al., 2024), and thus
leads to the increase of negative zeta potential.

Fig. 7. Compression curves of the carbonated soil with different TEA dosages.

Table 3
Coefficient of compressibility of tested specimens.

Specimen Plain soil 10P0T6G2C2K-28 10P0T6G2C2K-M7 10P1.5T6G2C2K-28 10P1.5T6G2C2K-M7

αv (MPa− 1) 0.352 0.111 0.104 0.133 0.100

Fig. 8. UCS and CE of specimens with different initial water contents.
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The microscopic images of the carbonated soil specimens are
shown in Fig. 11. As shown in Fig. 11a and b, rhombohedral calcite,
spindle-needle shaped aragonite and spherical vaterite could be
observed in 10P1.5T6G2C2K-M7 as the polymorphs of calcium car-
bonates. In the inter-particle pores, the needle shaped aragonites
aggregate to form carbonates clusters, which results in the denser
particle structure. The pores-filling effect and the particle-
cementing effect of polymorphs of CaCO3 crystals play important
roles on the strength growth of carbonated soil. And the appropriate
addition of TEA accelerates the leaching of Ca2+, and thus promotes
the crystallization of CaCO3 as well generates C-S-H that cements
fine particles into aggregates. Comparing with specimens of other
groups, the 10P1.5T6G2C2K-M7 has denser structure. Notably, the
flaky clay particles aggregated together in 10P1.5T6G2C2K-M7,
indicating an aggregation effect of TEA on soil, which is consistent
with the results of zeta potential. The modification of the clay sur-
face by TEA leading to the creation of surface charge could be one
reason for this effect, as reported in recent studies (Elkhalifah et al.,
2013; Godarziani et al., 2022).

Regarding the carbonated specimen without TEA, calcium car-
bonates (calcite and aragonite) and acicular ettringite could be
observed in Fig.11c and d. Distinct crystalline calcite is absent from
the field of view. Instead, the aragonite and vaterite are the major
form of carbonation products, which has a weaker pore filling ef-
fect than calcite. As shown in Fig. 11e and f, the hydration products
(C-S-H and ettringite) were not found throughout the visual field
of 10P5T6G2C2K-M7, which confirms the negative effect of TEA on
the C-S-H nucleation as described above. The aragonite and small

crystalline calcite accounts for large proportion of the carbonation
products phase of the 10P5T6G2C2K-M7, according to the SEM
image.What is particularly notable in this SEM image is the higher
porosity of 10P5T6G2C2K-M7 than the other carbonated soil with
different TEA dosages. Therefore, the negative effect of high TEA
dosage on the strength of carbonated soil is related to the
degeneration of hydration products and the increase in porosity
caused by the transformation of carbonates polymorphs.

To distinguish the effect of high initial water content on the soil
carbonation, the SEM images of 1.5T10P6G2C2K-M7 (with initial
water content of 60 %) are shown in Fig. 11g–h. In contrast to the
specimen with initial water content of 30 %, the SEM reveals the
well-developed calcite and C-S-H gel, suggesting a more adequate
hydration and carbonation reaction, which is consistent with the
results of UCS and CE. Spherical vaterite, meanwhile, can be
observed in the fine pores between the soil particles.

Fig. 12 presents the XRD patterns of solidified specimens after
7-d carbonation. To amplify the acceleration of carbonation caused
by triethanolamine, the specimens selected here were with a
triethanolamine of 5 %, and with noMK added. As shown in Fig. 12,
the calcite and quartz are the major minerals in the carbonated
soil, and aragonite and vaterite were also detected. Other clay
minerals were not distinguished here. The enhancement of calcite
diffraction peak with binder content can be identified from Fig. 12,
providing explanation for the UCS and CE results above. For the
10P0T6G4C0K-M7, the diffraction peaks of calcite and aragonite
are weaker than that of 10P5T6G4C0K-M7, suggesting a poor
carbonation in the specimens without TEA.

Fig. 13 presents the TGA patterns of carbonated soil with
different binder contents and TEA dosages. According to the curves
of derivative weight loss, the weight loss peaks ranging of
30 ◦C–150 ◦C, 200 ◦C–300 ◦C, 400 ◦C–500 ◦C and 550 ◦C–850 ◦C,
correspond to the dehydration of clay minerals, the dehydration of
ettringite and C-S-H, the dehydration of CH and the decomposition
of calcium carbonates, respectively. TEA evaporation can be
regarded as between the temperature from 300 ◦C to 650 ◦C. With
the binder content, the weight loss of calcium carbonates elevates
from 2.76 % to 6.86 %. Regarding the binder content, the calcium
carbonates formation efficiency of specimen with 20 % binder
content is lower than that of 5 % binder content, suggesting the
limitation of carbonation under the addition of 5 % TEA may be
related to the initial water content. And the weight loss of
10P1.5T6G4C0K-M7 between 550 ◦C and 850 ◦C is about 3.56 %,
lower than that of 4.45 % with 5 % TEA dosage. Whereas the total
weight loss of 10P1.5T6G4C0K-M7 is similar to 10P5T6G4C0K-M7,
and thus the hydration products in 10P1.5T6G4C0K-M7 is more
than 10P5T6G4C0K-M7, confirming the instability of C-S-H and CH
in high concentration TEA.

4. Discussion

As stated above, the addition of TEA promoted the carbonation
reaction in the soft soil, and thus reinforced the solidified soft soil.
The application of TEA in the carbonation-solidification of soil also
avoids high-pressure ventilation and reduces the use of caustic
alkalis, which may pose harm to the soil and water environments.
Due to the low dosage and the biodegradation of TEA (Qiu et al.,
2024; West and Gonsior, 1996), environmental risks do not hind-
er the application of TEA in the carbonation-solidification of soil.
As shown in Fig.14a, the carbonation promotion caused by TEA can
be divided into three parts: ion dissolution, CO2 capture and car-
bonates precipitation, sequentially. Each of the above three parts
was proved to be the controlling factor of the carbonation re-
actions (Wang et al., 2019c). The concentration of Ca2+ and the
alkalinity of the porewater in the binder-soil system are caused by

Fig. 9. The pH values of binder pastes with various TEA dosages.

Fig. 10. Zeta potential of carbonated soil with various TEA dosage.
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Fig. 11. SEM images of carbonated soil with various TEA dosage. (a) The microstructure of 10P1.5T6G2C2K-M7; (b) The calcium carbonates filling in the pores; (c) The micro-
structure of 10P0T6G2C2K-M7; (d) Carbonates and hydration production in 0T10P6G2C2K-M7; (e) Aragonite clusters in the pores of 10P5T6G2C2K-M7; (f) The microstructure of
10P5T6G2C2K-M7; (g) The microstructure of 1.5T10P6G2C2K-M7 (60 % initial water content); and (h) Soil particles bonded by C-S-H.
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the chelation of TEA. Besides, due to the promoted dissolution, the
appropriate addition of MK showed an enhancement on the
strength growth.

TEA acts as a catalyst in the hydrolysis of CO2 via the following
reactions (Eqs. (3) and (4)), and thus promotes the dissolution of
Ca(OH)2. Due to the catalytic effect of TEA on CO2 dissolution, the
addition of TEA increases the solubility of CO2 in the soil pore
solution. Therefore, the CO2 in the atmosphere transfers into so-
lution phase, during the carbonation curing, and the absorption
was promoted by the increase of TEA dosage. However, the
excessive addition of TEA impacted adversely on the strength
growth by the adsorption on the hydration products. Precipitation
is facilitated due to the more carbonate and calcium ions dissolved
in pore solution, and thus the pore structure was densified.

H2O+R3N⇌OH− +R3NH
+ (3)

OH− +CO2⇌HCO−
3 (4)

Based on the existing test results from the other previous
studies, the CE and UCS of different types of solidified soil under
various carbonation conditions are listed on Table 4 (Cai and Liu,
2017; Phan et al., 2017; Yi et al., 2016; Wang et al., 2019c, 2024,
2025; Yu et al., 2021, 2022). The present study avoided the high-
pressure ventilation and high-purity CO2 gas, thus making it
more feasible to the conduction of solidified soft soil carbonation.

Fig. 11. (continued).

Fig. 12. XRD patterns of carbonated soil solidified with eco-binders (A: Aragonite, C:
Calcite, Q: Quartz, V: Vaterite).

Fig. 13. TGA patterns of carbonated soil solidified with eco-binders. (a) Variations in
the weight of carbonated specimens; and (b) derivative thermogravimetric curves of
carbonated specimens.
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Although the carbonation conditions are relatively mild, the CE
and the strength growth brought by carbonation are still at a
relatively high level compared with previous studies.

Although the TEA has been clarified to promote carbonation in
soft soil solidified with eco-binder, problems such as TEA recy-
cling, kinetic models of eco-binder carbonation and large-scale
application are still to be addressed. In existing practices, the
carbonation was used to recycling soft soil and alkaline IBPs by

injecting high-pressure CO2 through perforated pipes (Liu et al.,
2021b). Whereas for the carbonation conducted in ambient pres-
sure, the solidified soil can be applied in substituting concrete
blocks, restoration of monuments and contaminated site remedi-
ation, etc. In this study, the potential application scenarios of
carbonation with the catalyst of TEA includes carbonation curing
of precast pile, direct mixing of TEA solution saturated with CO2,
or, carbonation before compaction.

5. Conclusions

Above all, the mechanism of the reinforcement and CO2
mineralization of carbonated soil solidified with metakaolin was
investigated in this study. The effects of binder content, binder
constituent, initial water content and TEA dosage on the carbon-
ation and reinforcement of solidified soil were investigated. The
mineral phase and soil structure influenced by TEA and carbon-
ation were clarified. The conclusions drawn from this study are as
follows:

(1) The optimal ratio of GGBS:CCR:MK for carbonation-
solidification is 4:4:2. The incorporation of MK promotes
the carbonation and hydration of the mixed ternary binder.
GGBS and CCR provides an alkaline environment for the
solidified soil system and calcium ions required for
carbonation reaction. Besides, the GGBS introduces the
necessary silicon components ensuring the formation of
bonding C-S-H.

(2) The carbonation efficiency and strength of carbonated
specimenwith 1.5 % TEAwere higher. Due to the occupation
of CO2 inflow channel and the insufficient reactant for hy-
dration and ion dissolution, the optimal initial water con-
tent for carbonated soil with TEA was tested to be around
60 %, while that of the carbonated soil without TEA is lower,
indicating that the addition of TEA increases the CO2 solu-
bility and carbonation. By promoting ion dissolution from
binder, increasing binder-water system alkalinity and CO2
dissolution, the CO2 mineralization of carbonated specimen
increased constantly with TEA dosage. For specimen solid-
ified with 10 % binder (GGBS:CCR:MK = 4:4:2), the CO2
mineralization of specimen with 1.5 % TEA was tested to be
3.2 times of that without TEA.

(3) The addition of 1.5 % TEA elevated the maximum dry density
of soil solidified with 10 % binder from ~1.50 to ~1.52 (g/
cm3), and reduced the optimal water content for >1 %. The
addition of 1.5 % TEA has no obvious impact on the
compressibility of carbonated soil. But the coefficient of
compressibility of solidified soil with TEA subjected to

Fig. 14. The application and application of TEA-accelerated soil carbonation. (a)
Reinforcement mechanism diagram of eco-binder solidified soil with TEA subjected to
carbonation; and (b) the application scenarios of the eco-binder solidified soil with
TEA subjected to carbonation.

Table 4
CE and UCS of carbonated soils under various carbonation conditions (P: carbonation pressure, w0: water content, T: temperature, t: carbonation time).

Soil Additive Carbonation condition CE (%) UCS (MPa) Reference

P (kPa) w0 (%) T (◦C) c (%) RH (%) t (h)

Sediment 20 %MgO-based binder – 70 – 99.9 98 24 72.5 – Phan et al. (2017)
Sludge 10 %MgO 50 28 20 20 70 168 33.45 5.07 Wang et al. (2024)

1 %MgCl2
Kaolin clay 8 %MgO 150 17 22 99.9 – 24 66.0 – Wang et al. (2019c)

12 %FA
76.9 % Sludge 5 %MgO 150 15 – 99.9 – 12 71.6 1.9 Wang et al. (2025)
23.1 % Sand 5 %GGBS
Low-liquid limit silt 20 %MgO 200 25 22 99.9 – 6 82.91 2.5 Cai and Liu (2017)
Quartz powder 30 %SS 200 18 – 99.9 – 18 22.23 ~1.5 Yu et al. (2021)
Quartz powder with 20 % montmorillonite 30 %SS 200 18 – 99.9 – 6 53.45 0.76 Yu et al. (2022)
Lean clay 15 %MgO 200 25 – 99.9 – 12 81.87 ~2.5 Yi et al. (2016)
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carbonation was 24.8 % lower than uncarbonated solidified
soil.

(4) Due to the accelerated carbonation and the optimized
compaction, the peak UCS of carbonated specimen is
observed at the TEA dosage of approximately 1.5 %. The peak
UCS increased for 66.6 % and the strength of carbonated
specimen with 5 % TEA was decreased, compared to those
without TEA specimen. For the uncarbonated specimen, the
strength enhancement only occurred at the TEA dosage of
0.15 %, and the strength was lower than that without TEA
when the TEA dosage is higher than 0.5 %, which was related
to the nucleation hindering and adsorption effect of TEA on
the hydration products. The carbonation offsets the adverse
effect of TEA on the strength growth of solidified soil. Thus,
the synergistic effect of TEA and carbonation further re-
inforces the solidified soil.

(5) The calcium carbonates polymorphs (calcite, aragonite,
vaterite) were the strength-determining mineral phase in
the carbonated soil with TEA, through pores filling and
particle cementing. The addition of TEA promotes the gen-
eration of calcium carbonates. The carbonates tend to exist
in the form of calcite in the low TEA dosage, and it turns out
to be more aragonites clusters in the carbonated soil with
higher TEA dosage. The absolute value of zeta potential of
carbonated soil decreases due to the addition of TEA, and
result in the enhancement of soil particle aggregation. The
carbonated soil with 1.5 % TEA has a denser particle struc-
ture than that with 5 % TEA.
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