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ABSTRACT Advancing sustainable infrastructure requires integrating biotechnological processes with geomaterial
valorization. This study evaluates a novel flowable solidified soil (FSS) produced from completely decomposed granite
(CDG) and bio-carbonated reactive magnesia cement (RMC), using polycarboxylate (PCE) and melamine water-
reducing admixtures to optimize performance. Laboratory tests investigated the slump flow, density, unconfined
compressive strength (UCS), secant modulus of elasticity (£5,), degree of carbonation (DC), composition and
microstructure of bio-carbonated specimens (BC-specimens) with different bacterial solution (BS) and admixture
contents. The results show that all BC-specimens met FSS flowability and strength requirements. Increasing BS content
enhanced slump flow and DC but reduced density and UCS due to increased porosity. Both admixtures markedly
enhanced flowability (maximum slump flow 30.60 cm at 55% BS and 1% melamine), while density and Es, changed
little. However, PCE reduced DC and UCS, whereas melamine enhanced both, achieving a maximum UCS of 1.47 MPa
at 45% BS and 1% melamine. PCE induced air entrainment and inhibited the bio-carbonation through steric hindrance
and Mg”" complexation, while melamine improved particle dispersion and Mg®" availability. Overall, the proposed FSS

is feasible, and melamine is recommended for practice. These results provide guidance for developing more sustainable
FSS.
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1 Introduction retaining walls, and underground voids [1,2]. According
to the Chinese standard T/BGEA 001-2019 [3], the

. . . . minimum compressive strength and the required slum
strength material. Owing to its moderate strength, high P g q P

flowability, and low permeability, FSS has been widely range for roadbeq backfill FSS are. 0.4 MPa and 80-
applied to backfilling of foundation pits, pipelines, 150 mm, respectively. FSS is typically produced by
mixing excavated soil with cementitious binders, water,

Article history: Received Dec 31, 2025; Accepted Apr 23, 2026 and admixtures [4]. Ordinary Portland cement (OPC) is

Flowable solidified soil (FSS) is a typical controlled low-
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the most commonly used binder. However, its production
requires high calcination temperatures (> 1400 °C),
which consumes substantial energy and contribute to
greenhouse gas emissions [5]. It is reported that OPC
production contributes approximately 7% of global
anthropogenic CO, emissions, and the percent increases
higher in recent years [6,7]. With increasing emphasis on
environmental sustainability, the carbon footprint and
resource efficiency of conventional FSS have attracted
growing concern. Accordingly, there is a need to develop
a novel FSS with highly efficient and low-carbon
properties.

Completely decomposed granite (CDG) is a residual
soil formed by prolonged and intensive weathering of
granite [8]. CDG often contains by the factors of low
strength, high compressibility, and pronounced softening
and disintegration upon water exposure, which can result
in negative outcomes, including foundation liquefaction
and slope instability [9]. In regions with widespread
granite distribution, such as southeastern coastal China,
the large amount of CDG generated annually from urban
construction occupies land and causes environmental
concerns [10]. Therefore, its resource utilization is the
essential pathway to addressing the accumulation of
construction spoil. Although weathered, CDG particles
retain a certain skeletal structure. CDG can form a
solidified soil with high strength and good integrity with
the suitable binders, meeting the requirements for most
backfilling and structural applications [11]. Additionally,
the particle size distribution of CDG typically falls
between sand and silt, making it easier to formulate into a
flowable material [12]. Moreover, using CDG as the basic
material for FSS preparation enables the direct utilization
of waste CDG from excavation or tunneling, eliminating
costs associated with off-site disposal and the procure-
ment of new materials, thereby reducing overall costs by
30%—50% [13,14]. This approach provides a practical
and cost-effective pathway for waste valorization and
resource-efficient FSS applications.

Reactive magnesia cement (RMC) has attracted
considerable attention because it can uptake CO, and
thereby contribute to carbon sequestration [15]. RMC can
be produced at relatively low calcination temperatures
(750 °C), and its raw materials may be sourced from
seawater, which can reduce the environmental burden
relative to OPC [16,17]. However, in geotechnical
applications, capturing and supplying CO, to promote
carbonation reactions is often challenging. To address this
limitation, Yang etal. [18] proposed an approach that
couples RMC bio-carbonation with the urea hydrolysis in
microbially induced calcite precipitation (MICP). In this
approach, ureolytic bacteria hydrolyze urea to generate
carbonate species, which accelerate RMC carbonation
and promote the formation of hydrated magnesium
carbonates (HMCs), including nesquehonite (N), artinite
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(A), dypingite (D), and hydromagnesite (H) (Egs. (1)—(6))
[19,20]. Previous studies have demonstrated the feasibi-
lity of stabilizing various geomaterials using bio-
carbonated RMC, including soil [18], -electrolytic
manganese residue [21], dredged sludge [22], and
construction and demolition waste [23]. Compared with
typical MICP and RMC carbonation, the bio-carbonated
RMC treatment is simple and efficient, requiring only a
single mixing operation [24,25]. This eliminates the need
for the lengthy cyclic grouting used in typical MICP and
the extended pressure curing required for typical RMC
carbonation [26,27]. It also overcomes the limitation of
typical RMC carbonation, which cannot be applied in
flowable placements, while achieving better performance
improvement than typical MICP [28,29]. Moreover, the
RMC bio-carbonation is well suited to flowable
placement due to its high liquid-phase content and early-
age retardation [30,31]. Therefore, bio-carbonated RMC
holds promise for the preparation of novel FSS that
combines high flowability with strength.

Bacteria

CO(NH,), + H,0 —— 2NH; + CO, €))
MgO +H,0 — Mg(OH), Brucite (B) 2)
Mg(OH), + CO, +2H,0 —
MgCO, - 3H,0 Nesquehonite (N) 3)
2Mg(OH), + CO, +2H,0 —
Mg,(CO;)(OH), - 3H,0 Artinite (A) 4
5Mg(OH), +4CO, + H,0 —
Mg, (CO;),(OH), - 5H,0 Dypingite (D) Q)
5Mg(OH), +4CO, —
Mg, (CO;),(OH), - 4H,0 Hydromagnesite (H)  (6)

The high flowability of FSS is typically achieved by
increasing the water content, but higher water content
generally reduces strength. To resolve the conflict
between flowability and strength, water-reducing
admixtures are commonly incorporated in construction
materials. Typical water-reducing admixtures include
polycarboxylate (PCE), melamine, naphthalene, and
lignin types [32]. As a representative early-stage water-
reducing admixture, melamine improves flowability
efficiently mainly by dispersing particles through
electrostatic repulsion [33]. On the other hand, PCE
emerged, achieving higher water reduction and enhanced
slump retention through synergistic electrostatic repulsion
and steric hindrance [34]. PCE have become the predo-
minant modern water-reducing admixtures. However,
previous studies have also revealed that PCE has the
potential to change the hydration of OPC and RMC
relevant to RMC bio-carbonation, modify the morpho-
logy of hydration products [35]. At present, the
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mechanisms by which water-reducing admixtures affect
the RMC bio-carbonation process remain poorly
understood. Therefore, systematic investigations are
needed to elucidate these effects and identify suitable
types and contents of water-reducing admixture for bio-
carbonated RMC systems.

Accordingly, this study proposes a novel FSS from
CDG and bio-carbonated RMC, incorporating two typical
water-reducing admixtures (PCE and melamine). The
feasibility and performance of the novel FSS, as well as
the bacterial solution (BS) and water-reducing admixture
effects on the mechanical performance and underlying
mechanisms should be explored and systematically
investigated.

In this study, through a series of laboratory tests, the
effects of BS and water-reducing admixture content on
the slump flow, density, mechanical properties, and
degree of carbonation (DC) of bio-carbonated specimens
(BC-specimens). The composition and microstructure
effects of PCE and melamine were also investigated. The
results are expected to facilitate the efficient utilization of
CDG, expand the engineering applications of bio-
carbonated RMC, and provide valuable insights for
developing more sustainable FSS.

2 Materials and methods

2.1 Materials

2.1.1 Completely decomposed granite

The CDG used in this study was collected at a depth of
8—11 m in Tsim Sha Tsui, Kowloon, Hong Kong, China.
After sampling, the CDG was crushed to pass a 5 mm
sieve and then dried at 105 °C for 24 h. The particle size
distribution of the CDG (Fig. 1) is determined in
accordance with ASTM D2487-11 [36]. The uniformity
coefficient C, and coefficient of curvature C, were 0.56
and 0.89, respectively, suggesting a poorly graded soil
with a discontinuous gradation. The bulk density was
measured as 2.59 in accordance with GB/T 50123-2019
[37].

2.1.2  Reactive magnesia cement

The RMC used in this study was supplied by Shanghai
Yuanjiang Chemical Co., Ltd., China. According to
Chinese standard YB/T 4019-2020 [38], the chemical
activity time was 12-25 s and the active MgO content

Table 1 Physical properties and chemical composition of RMC
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was 74%-80%. The physical properties and chemical
composition of RMC are summarized in Table 1. The
particle size distribution curve is presented in Fig. 1. It
can be observed that most particles are smaller than 0.02
mm, indicating that RMC is substantially finer than CDG,
which can effectively fill the pores of CDG.

2.1.3 Bacterial solution

The ureolytic bacteria used in this study was Sporosar-
cina pasteurii (ATCC 11859), a strain widely used in
biomineralization field. The preparation procedure for the
BS is shown in Fig. 2(a). An NH,~YE medium (20 g/L
Yeast Extract, 10 g/L (NH,),SO,, and 15.73 g/L Tris-
base) was prepared for culturing Sporosarcina pasteurii.
The medium was sterilized at 121 °C and 0.1 MPa for
20 min and then cooled to room temperature ((25 +
2) °C). Subsequently, Sporosarcina pasteurii was inocu-
lated at 5% and incubated in a shaking incubator at 30 °C
and 200 r/min for 24 h. Following Whiffin [39], the
optical density at 600 nm (ODg,) of the BS was 1.25,
and the urease activity was 9.3 U (1 U = 1 mmol/L urea
hydrolyzed/min).

2.1.4 Water-reducing admixture

The PCE and melamine used in this study were supplied
by Shanghai Chenqi Chemical Technology Co., Ltd.,
China. Their primary properties are summarized in
Table 2.

2.2 Specimen preparation

In this study, a series of BC-specimens were prepared
100
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Fig. 1 Particle size distribution curves of CDG and RMC.

Material Physical property Chemical composition (%)
Specific gravity (g/cm3) Specific surface area (mz/g) MgO CaO Cl- SO?[
RMC 3.0 5-20 99 0.5 0.05 0.28
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Fig. 2 Preparation and testing procedure of the BC-specimens: (a) bacterial solution preparation; (b) liquid mixing; (c) specimen

preparation and curing; (d) test methods.

Table 2 Properties of PCE and melamine

Material Appearance pH value Density (kg/m3 ) Water reducing ratio (%) Chloride content (%)
PCE white powder 5-7.5 400-600 <28 <0.10
Melamine white powder 9-11.4 450-750 <12 -

with different BS contents (45%, 50%, and 55%) and
water-reducing admixture contents (0%, 0.1%, 0.25%,
0.5%, and 1%) of PCE and melamine. The BS content
(45%—55%) was determined through preliminary experi-
ments. Insufficient BS results in poor flowability,
whereas an excessive content tends to cause bleeding and
segregation, thereby weakening the uniformity and
strength development of the specimens. The water-
reducing admixture content (0%—1%) was selected based
on relevant published literature [33—35]. This range can
cover the effective working interval and avoid negative
effects caused by excessive content, including retardation,
excessive air entrainment, and strength reduction. In
addition, the RMC content was set at 10% because an
excessively high RMC content would significantly
increase the construction cost and make the paste too

Table 3 Detailed mix proportions of BC-specimens

viscous to satisfy the flowability requirement, while an
insufficient content would fail to reach the target strength.
The urea concentration was set at 2.5 mol/L[23]. The
calculation formulas for the content of RMC, BS, and
water-reducing admixture are given in Eqs. (7)—~(9). The
detailed mix proportions for each group of BC-specimens
are listed in Table 3. As we all known, conventional
cementitious materials generally achieve stable mechani-
cal properties at 28 d. To maintain consistency with
previous studies, 28 d was selected as the standard curing
age. The early-strength characteristics of magnesia-based
bio-cement have been well verified in the literature,
confirming its early-age effectiveness for FSS applica-
tions [23,25].

TIRMC o 100%, %

Mcpg

Cruc =

No. RMC content (%) BS content (%) Water-reducing admixture type Water-reducing admixture content (%)
BC 10 45,50, 55 - 0

BCP 10 45,50, 55 PCE 0.1,0.25,0.5, 1

BCM 10 45,50, 55 melamine 0.1,0.25,0.5, 1




Wen-Bo CHEN et al.

Cps = —5 % 100%, ®)
Mepg + Mryvc
My
Cy= x 100%, ©)
Mrme

where my,,- denotes the weight of RMC (g); mcpg
denotes the weight of CDG (g); mpg denotes the weight
of BS (g); my, denotes the weight of water-reducing
admixture (g).

The preparation procedure for BC-specimens is shown
in Figs. 2(b) and 2(c), and the specific steps are as
follows: First, the BS, urea, and water-reducing
admixture were mixed according to the mix proportions
in Table 3 to obtain a liquid mixture. Next, CDG and
RMC were added to the liquid phase and mixed
thoroughly until a uniform fresh paste was obtained. Then
the fresh paste cast into PVC column molds (®50 mm x
100 mm) and vibrated to improve compaction. Finally,
the BC-specimens were cured for 28 d (30 °C, 95%
relative humidity (RH)). A total of 27 groups of 81 BC-
specimens were prepared, and each group was prepared
in triplicate.

2.3 Testing methods

2.3.1  Slump flow

Slump flow tests (Fig. 2(d)) were conducted on the fresh
paste to systematically evaluate the effects of BS and
water-reducing admixtures content on the flowability of
BC-specimens. First, the fresh paste was filled into a
cylindrical mold (®80 mm X% 80 mm). The mold was then
lifted vertically at a slow, constant rate, allowing the
paste to spread under its self-weight. After the spread
stabilized, the maximum diameters in two orthogonal
directions were measured using a straightedge, and their
average was the slump flow. The test process followed
the Chinese standard T/BGEA 001-2019 [3].

2.3.2  Unconfined compressive strength (UCS)

UCS tests (Fig.2(d)) were conducted on the BC-
specimens cured for 28 d to evaluate the effects of BS
and water-reducing admixture content on the mechanical
properties. The BC-specimens were loaded at a constant
displacement rate of 1 mm/min, and the test was
terminated after the axial stress reached the peak value
and decreased to 80% of the peak. All UCS tests were
performed in accordance with ASTM D2166/D2166M-18
[40].

2.3.3 Degree of carbonation
For better quantify the influence of BS and water-

reducing admixture content on the bio-carbonation of
BC-specimens, acid-washing tests (Fig. 2(d)) were
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conducted. After UCS testing, representative specimen
fragments were collected for acid washing. The fragments
were reacted with 50 mL of 0.1 mol/L HCI, which
dissolved carbonate phases and released CO,. The
released CO, volume was measured using a water
displacement method, and the molar amount of carbonate
was calculated from the measured gas volume
(Avogadro’s law). However, owing to the inherent
complexity of bio-carbonated RMC, directly quantifying
the amount of HMCs formed remains challenging.
Accordingly, the DC, proposed by Wang et al. [41], was
adopted to characterize the extent of RMC bio-
carbonation and the relative formation of HMCs. The DC
calculation is shown in Eq. (10):

(10)

where My denotes the molar amount of the carbonate
(mol); My,o denotes the molar amount of MgO (mol).

2.3.4 Composition and microstructure

To characterize the effects of PCE and melamine on the
composition and microstructure of BC-specimens, The
BC group at 50% BS were used as the control. For
comparison, the BCP and BCM groups were prepared at
50% BS with 1% water-reducing admixture content.
These fractured BC-specimens after UCS testing were
freeze-dried and sieved through a 0.075 mm mesh. X-ray
diffraction (XRD, K-Alpha, Thermo Fisher Scientific)
was performed to identify mineral phases at the scanning
rate of 4°/min over the 26 range of 5°-75°. Fourier
transform infrared spectroscopy (FT-IR, UATR Two,
PerkinElmer) was used to examine functional groups over
4000-400 cm . For microstructure observation, freeze-
dried BC-specimens were cut into 5 mm X 5 mm x 5 mm
cubes and examined using scanning electron microscopy
(SEM, TESCAN VEGA3, secondary electron mode) at
magnifications of 100x and 2000x.

3 Results
3.1 Slump flow

Figure 3 illustrates the variation in slump flow of BC-
specimens with PCE and melamine. The slump flow
increases monotonically with higher BS content.
Regarding the BS content effects, the slump flow
increases from 17.35 cm (45% BS content) to 24.35 cm
(55% BS content), corresponding to increases of 40.35%
compared to that of 45% BS content. The similar trends
are observed in BCP and BCM groups. These results
demonstrate that higher BS content improves the
flowability of BC-specimens.
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Fig.3 Slump flow of BC-specimens with PCE and melamine: (a) PCE; (b) melamine.

Further analysis indicates that slump flow also
increases with higher water-reducing admixture content.
This trend is consistent with the typical rheological
response of cementitious pastes to water-reducing
admixtures. As the water-reducing admixture content
increases from 0% to 1%, the slump flow of BCP and
BCM groups (50% BS content) increases from 21.65 to
24.90 and 27.75 cm, increasing by 15.01% and 18.94%,
respectively. Comparable trends are observed at other BS
contents. Overall, melamine produces a greater increase
in slump flow than PCE at the same BS content,
indicating greater flowability enhancement of BC-
specimens.

3.2 Density
Figure 4 illustrates the density variations of each tested

BC-specimens. Clear differences are observed among the
different BS groups. To facilitate comparison, the average
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density of each group was used for subsequent analysis.
The density decreases slightly with higher BS content.
Regarding the BS content effects (Fig. 4(a)), the density
decreases from 1.76-1.77 g/em’ (45% BS content) to
1.71-1.72 g/em® (55% BS content), corresponding to a
reduction of 2.41%-2.94%. These results indicate that
higher BS content produces a decrease in BC-specimen
density.

Further analysis is conducted to assess the effect of
water-reducing admixtures on the density of BC-speci-
mens. No clear monotonic relationship between admix-
ture content and density can be observed. Overall, the
density remains approximately constant or varied only
slightly. At the BS contents of 45%, 50%, and 55%, the
density ranges are 1.76-1.78, 1.73-1.76, and 1.71-1.72
g/cm3, respectively. Comparisons between PCE and
melamine, the effect of water-reducing admixtures on
density is minor as no clear trends can be observed,
suggesting that the type and content of water-reducing
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Fig. 4 Density of BC-specimens with PCE and melamine: (a) PCE; (b) melamine.
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admixture are not dominant factor controlling density
variation.

3.3 Stress—strain curves

Figures 5 and 6 show typical stress-strain curves for BC-
specimens with PCE and melamine, respectively. For all
the tested curves, the axial stress increases linearly with
axial strain during the initial stage, representing the
elastic deformation phase of BC-specimens. Subsequent-
ly, the rate of increase in axial stress gradually slows
down, continuing to rise nonlinearly to a peak, represen-
ting the plastic deformation stage. Beyond the peak, as
axial strain further increases, the curve exhibits a
downward trend, indicating that the BC-specimens
exhibit obvious strain-softening characteristics.

As shown in Figs. 5 and 6, the peak stress decreases
with higher BS content but shows different changes with
water-reducing admixtures. In contrast, the strain at peak
stress increases, suggesting a progressive shift toward
more ductile failure. For the BCP group, the peak strain
increases from 1.10%—1.56% (45% BS content) to
1.18%—-1.80% (55% BS content). Similarly, it increases
from 1.09%—-1.68% to 1.27%-2.00% in BCM group.
These observations indicate that higher BS content
substantially alters the stress—strain curves. The BC-
specimens failure mode shifts from brittle to more ductile
behavior. In contrast, water-reducing admixture content
has a weaker effect on the stress—strain curves, causing

Bio-carbonated RMC flowable soil with CDG
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3.4 Unconfined compressive strength and £,

The UCS and E, of BC-specimens are determined from
the stress—strain curves. The UCS and Es, represent the
strength and stiffness of the material, respectively.
Figures 7 and 8 summarize the UCS and Ej; results for
BC-specimens with PCE and melamine, respectively. It
can be found that the UCS decreases monotonically with
higher BS content (Figs. 7(a) and 8(a)). The UCS
decreases from 1.36 MPa (45% BS content) to 0.73 MPa
(55% BS content), corresponding to reduction of 46.32%
compared to the 45% BS content. These results indicate
that higher BS contents hinder strength development of
BC-specimens. Moreover, at the same BS content, the
UCS decreases with higher PCE content (Fig. 7(a)). For
example, at the 45% BS content, the UCS decreases from
1.36 MPa (BC group) to 1.21 MPa (BCP group) with 1%
PCE content, corresponding to an 11.03% reduction. In
contrast, the UCS increases with higher melamine content
(Fig. 8(a)). At the 45% BS content, the UCS reaches 1.47
MPa (BCM group) at the 1% melamine content,
representing an 8.09% increase compared to the BC
group. Overall, PCE decreases the strength of BC-
specimens, whereas melamine enhances the strength.
Moreover, Es, also decreases with higher BC content
(Figs.7(b) and 8(b)). Es, decreases from 115.45 MPa
(45% BS content) to 67.96 MPa (55% BS content),
corresponding to a 41.13% reduction. This result suggests

only slight quantitative changes rather than any that higher BS content reduces the stiffness development
pronounced change in the overall curve shape. in BC-specimens. Further analysis shows that BC content
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Fig. 5 Stress—strain curves of BC-specimens with PCE: (a) CBS = 45%; (b) CBS = 50%; (c) CBS = 55%.
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Fig. 6 Stress—strain curves of BC-specimens with melamine: (a) CBS = 45%; (b) CBS = 50%; (c) CBS = 55%.
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variability in Es is larger than the differences associated
with changes in water-reducing admixture content,
indicating a limited content effect on stiffness.
Nevertheless, water-reducing admixture type influences
stiffness to some extent. At the 45% BS content, the E,
values range of the BCP and BCM groups are
92.43-11545 and 112.79-118.81 MPa, respectively.
Compared with PCE, the melamine produces a narrower
E, range, indicating more stable stiffness. Overall,
melamine has a smaller influence on stiffness variability
than PCE on BC-specimens.

Figures 7(c) and 8(c) show the relationship between
UCS and E, for BC-specimens with PCE and melamine,
respectively. It can be found that the higher BS content
reduces the UCS and Es, in each group, both UCS and
E,, exhibit a strong positive linear relationship R* >
0.93), and the data is well described by a linear equation.
This is consistent with the relationship between UCS and
Ey, in conventionally solidified soil [42]. This indicates
that despite BS and water-reducing admixture both
influence the strength and stiffness of BC-specimens,
they do not alter the intrinsic correlation between UCS
and Es,.

3.5 Degree of carbonation

Figure 9 shows the DC values of BC-specimens with
PCE and melamine. The DC increases with higher BS

content. DC increases from 0.28 at the 45% BS content to
0.44 at the 55% in BC group, corresponding to increases
of 57.14% compared to 45% BS content. These results
suggest that higher BS content enhances HMCs formation
and increases the degree of RMC bio-carbonation. For the
BCP group (Fig. 9(a)), the DC variation is minimal at low
PCE contents, while shows significant decreases at high
PCE content (> 0.25%). As the PCE content increases
from 0% to 1%, the DC decreases from 0.28 to 0.24 at the
45% BS content, decreasing by 15.85%. In contrast, for
the BCM group (Fig. 9(b)), the DC increases with higher
melamine content. As the melamine content increases
from 0% to 1%, the DC increases from 0.28 to 0.32 at the
45% BS content, increasing by 14.29%. These results
indicate that melamine enhances the RMC bio-
carbonation reaction, but higher PCE content (> 0.25%)
are unfavorable for HMCs formation.

3.6 X-ray diffraction

Figure 10 shows the XRD patterns of BC-specimens.
Quartz (26 = 20.88°, 26.64°, 45.82°, and 59.90°) and
kaolinite (260 = 12.08°, 20.18°, 24.84°, and 36.54°) remain
the principal minerals, with only minor changes in peak
positions and intensities. This behavior is expected
because quartz and kaolinite are the dominant
composition in the CDG, which does not participate in
RMC bio-carbonation process. In addition, peaks
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Fig. 9 DC of BC-specimens with PCE and melamine: (a) PCE; (b) melamine.

attributable to dypingite (26 = 15.14°, 30.82°, and 38.44°)
and hydromagnesite (260 = 30.22°) are identified in all
BC-specimens. Notably, compared to the BC group, the
dypingite peak at 26 = 38.44° shows lower intensity in the
BCP group, but shows higher intensity in the BCM
group. This demonstrates that the water-reducing
admixture influences the morphology of HMCs in BC-
specimens. Overall, the intensities of dypingite and
hydromagnesite peak in the BC-specimens are lower and
show minor variations. This can be attributed to the
diverse composition of CDG, the complex process of bio-
carbonated RMC, and the generation of amorphous
HMCs. Therefore, XRD has limited capability in
providing more detailed insights of HMCs, requiring
more testing and analysis.

3.7 Fourier transform infrared spectroscopy

Figure 11 displays the FT-IR spectra of BC-specimens. It
can be observed that the peaks of all BC-specimens are
primarily concentrated in the range of 400—1500 cm .
The peak at 1027 cm™' corresponds to the antisymmetric
stretching vibration of Si—O—Si bonds [43], confirming
the presence of quartz in the BC-specimens. Additionally,
the peaks of 1437 and 1486 cm ' represent the
antisymmetric stretching vibration of carbonate in HMCs
[44], indicating the HMCs generation. Compared with the
BC group, the BCP group exhibits lower intensities at
1437 and 1486 cm ', but the BCM group shows higher
intensities. This indicates that PCE inhibits HMCs
generation in the BC-specimens, but melamine promotes
it. Overall, the PCE and melamine do not substantially
alter the infrared spectral characteristics, because the low
water-reducing admixture content in the BC-specimens.

3.8 Scanning electron microscopy

Figure 12 illustrates the SEM image of all BC-specimens.
For BC group (Figs. 12(a) and 12(b)), CDG particle

1 1: Quartz 2: Kaolinite
3: Dypingite 4: Hydromagnesite
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Fig. 10 XRD patterns of BC-specimens.
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surfaces are covered by HMCs, mainly rosette-like
dypingite/hydromagnesite (D/H). The three-dimensional
network structure formed by HMCs significantly
enhances the structural integrity and density of BC-
specimens. Additionally, bubble shells are observed in
BC group, approximately 270 um in size. Compared to
the BC group, the BCP group exhibits a more porous and
loose structure with obvious cracks, as well as increases
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the bubble shells quantity and enlarges the size to 427 um
(Fig. 12(c)). These results indicate that PCE has a
detrimental effect on the microstructure of BC-speci-
mens. Moreover, elliptical microorganism impressions
are observed at the center of D/H (Fig. 12(d)), indicating
that microorganisms play a crucial role in the nucleation
process of HMCs. In contrast, the BCM group exhibits a
more integrated structure with notably reduced porosity,
and the bubble shell size is observed to decrease to 427
pm (Figs. 12(e) and 12(f)). This highlights that melamine
positively contributes to optimizing the structural

integrity and density of BC-specimens.

4 Discussion
4.1 Feasibility and mechanism

All these tested results demonstrated that the novel FSS
by combining CDG and bio-carbonated RMC satisfied
the flowability and strength requirements of the Chinese
standard T/BGEA 001-2019 [3]. By adding water-
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reducing admixtures (PCE and melamine), the flowability
of all the specimens was significantly improved and the
strength requirements were sustainedly changed.
Increasing BS content increased the slump flow and DC,
but decreased the mechanical properties. The maximum
slump flow (30.60 cm) occurred at 55% BS with 1%
melamine (Fig. 3(b)). The maximum UCS (1.47 MPa)
was obtained at the 45% BS with 1% melamine
(Fig. 8(b)). With the higher water-reducing admixture
content, the slump flow was improved. The UCS and DC
generally decreased with higher PCE content, whereas
both increased with higher melamine content. Overall, the
BS content, as well as the water-reducing admixture type
and content significantly changed the flowability,
mechanical properties and the microstructures of the FSS.

It should be emphasized that all tests in this study were
carried out under standard laboratory curing conditions
(28 d, 30 °C, 95% RH). The conclusions are applicable to
conventional backfill engineering scenarios under mild
environmental conditions, including roadbed backfill,
pipeline trench backfill, and foundation pit backfill.
Actual field conditions such as temperature, humidity,
groundwater environment, and construction technology
may affect the working performance of FSS. Therefore,
the laboratory results can provide a reliable reference for
engineering design, but field applicability and scale
effects need to be further verified in practical
engineering. Moreover, this study only investigated a
limited range of material mix proportions and mainly
focused on basic flowability and mechanical properties.
Other key engineering indicators such as shear strength,
permeability, erosion resistance, and long-term durability
have not been tested. Therefore, the engineering
applicability of this novel FSS needs to be further
verified.

The flowability of the BC-specimens primarily
originates from the relatively high liquid-phase content
introduced by the BS after all materials are mixed. As a
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liquid medium, the BS provides the dispersion
environment for CDG and RMC particles, which reduces
their direct contact and agglomeration. Moreover, the BS
can reduce the surface tension during the process of urea
hydrolysis, thereby weakening particle agglomeration
[45]. On this basis, water-reducing admixture molecules
adsorb onto the particle surfaces. By enhancing
electrostatic repulsion and steric hindrance, it further
improves the flowability of BC-specimens.

The development of strength depends on the bio-
carbonation reaction. As shown in Fig. 13, this process
involves three stages: urea hydrolysis, RMC hydration,
and carbonation [41]. First, ureolytic bacteria hydrolyze
urea, producing ammonia and carbonates, which provide
key reactants for carbonation. Concurrently, RMC
hydration generates brucite with weak bonding
properties. Subsequently, the carbonation reaction occurs
between carbonates from urea hydrolysis and brucite
from RMC hydration, producing HMCs with strong
bonding properties. These HMCs form a three-
dimensional network structure within the BC-specimen,
effectively cementing the loose CDG particles, thereby
imparting integrity and strength. The cured BC-
specimens exhibit typical strain-softening behavior
(Figs. 5 and 6). Under external loading, the HMCs
skeletal structure occurs gradually failure, correspon-
dingly accompanied by initial elastic deformation, plastic
deformation, and final failure. Through the entire process
mentioned above, the BS content, as well as the water-
reducing admixture content and type significantly
influence the macroscopic properties of the BC-
specimens.

4.2 Effect of bacterial solution content
The

results demonstrated that higher BS content

significantly enhanced the slump flow (Fig. 3) and DC
(Fig. 9) of the

BC-specimens, but decreased the

o

V.
Urea Ureolytic bacteria Carbonate Ammonia
- {
» »
: Hydration Carbonation
RMC Brucite HMCs

Fig. 13 The process of bio-carbonated RMC.
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mechanical properties (Figs. 7 and 8). This is because BS
acts as a liquid medium, directly improves the flowability
of the BC-specimen. Furthermore, the high aqueous
environment provides more moisture and space for
microbial activity, which is conducive to the metabolic
activity of bacteria and the hydration of MgO [46]. This
promotes the hydration and carbonation of RMC, thereby
increasing the HMCs formation. In addition, the higher
BS content increases the total urea content in the system,
providing a stronger precursor basis for RMC bio-
carbonation, thereby increases the DC. However, the
higher BS content increases the porosity of the BC-
specimens [47]. This porosity increases offsets and even
surpasses the strength gain from the bio-carbonation,
ultimately decreasing the mechanical performance.
Therefore, in the practical application of the FSS, an
optimal BS content should be identified to achieve a balan-
ce between flowability and mechanical performance.

4.3 Effect of water-reducing admixtures

The results indicated that higher water-reducing
admixtures content improved the flowability of BC-
specimens, and melamine was observed to be more
effective than PCE. Compared with the PCE, the
melamine exhibited higher flowability, greater strength,
and more compact microstructure at the same content.
With the addition of 1% PCE and melamine, the slump
flow increased by 13.83%—15.01% and 18.94%—-35.16%,
respectively (Fig. 3). Interestingly, higher PCE content
reduced both the DC and UCS (Figs. 9(a) and 7(a)),
whereas melamine enhanced these (Figs. 9(b) and 7(b)).
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¢ @
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The water-reducing admixture type was the key factor
influencing the flowability, bio-carbonation process and
final strength of BC-specimens.

It is known that PCE molecule exhibits a comb-like
structure [48]. As shown in Fig. 14, the anionic groups
(e.g., carboxylate and sulfonate) on its backbone adsorb
onto particle surfaces, enhancing electrostatic repulsion
[49], and the hydrophilic polyether side chains extend
into the solution to generate steric hindrance, collectively
improving the flowability of BC-specimens [50].
Furthermore, it is found that PCE has no adverse effects
on the ureolytic activity of Sporosarcina Pasteurii [51].
The polyether side chains of PCE can complex with
Mg*, reducing the availability of reactants required for
bio-carbonation [52]. In addition, the strong steric
hindrance effect retards the hydration and carbonation
processes of RMC [53]. Moreover, the air-entraining
property of PCE also increases the number and size of
bubbles within the BC-specimens (Fig. 12(c)), thereby
reducing the strength of BC-specimens [54]. The higher
PCE content further enhances the aforementioned effect.
Therefore, in practical applications, the PCE content must
be carefully controlled to ensure the required flowability
while minimizing its adverse effects on bio-carbonation
and strength.

Compared to PCE, melamine demonstrates comprehen-
sive enhancing effects on the flowability, bio-carbonation
reaction, and strength of BC-specimens. It is known that
melamine acts as an anionic surfactant [32]. As shown in
Fig. 14, its negatively charged groups adsorb directio-
nally onto particle surfaces, imparting uniform surface
charge. The resulting electrostatic repulsion between

Carbonation

Carbonation

».

e @ ® &

RMC Brucite HMCs

Fig. 14 Effect of PCE and melamine on the process of bio-carbonated RMC.
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particles disrupts flocculated structures, thereby signifi-
cantly improving the flowability of BC-specimens [55].
This dispersion effect is both direct and rapid [56].
Furthermore, its weaker steric hindrance does not impede
the diffusion of water and carbonate in the system [57],
leading to a continuous increase in DC with higher
melamine content (Fig. 9(b)). This synergistic improve-
ment in fluidity and carbonation contributes to enhanced
mechanical properties. As a result, the maximum UCS of
BC-specimens was 1.47 MPa at 45% BS with 1%
melamine (Fig. 8(b)). Overall, melamine is recommended
as the preferred water-reducing admixture for achieving a
favorable balance between flowability and strength in
practical applications.

It can be seen from Fig. 14 that the conversion degree
of RMC to HMCs in the PCE is lower than that in the
melamine, which is mainly attributed to the different
molecular structures and adsorption behaviors of the two
water-reducing admixtures. Melamine has little adverse
effect on the carbonation hydration of RMC, allowing full
conversion of RMC. In contrast, the long molecular
chains of PCE wrap RMC particles and hinder the
reaction process, resulting in incomplete conversion of
RMC. Meanwhile, the dispersion efficiency of the two
admixtures also contributes to this discrepancy in mineral
conversion.

4.4 Advantages and limitations

The results indicated that the novel FSS from CDG and
bio-carbonated RMC possessed significant technical
advantages and engineering applicability. Firstly, this
approach enables efficient resource recovery from CDG,
reducing reliance on natural aggregates in backfilling
projects. Secondly, as a low-carbon binder, RMC requires
substantially lower energy consumption and generates
fewer carbon emissions compared to OPC. Additionally,
unreacted MgO and Mg(OH), can continuously absorb
atmospheric CO,, further reduce carbon footprint and
align with carbon neutrality goals. Furthermore, this
study comprehensively investigated the effects of BS
content and water-reducing admixtures on the flowability,
bio-carbonation, mechanical properties and mechanism of
BC-specimens, thereby broadening its potential applica-
tion. Based on these advantages, this material and method
can be widely applied in backfilling projects with strict
environmental constraints and limited construction space,
offering a sustainable and efficient solution for modern
engineering practices.

However, this study has several limitations that should
be addressed in future work. Firstly, only typically used
PCE and melamine water-reducing admixtures with a
content range of 0%—1% were investigated. But other
water-reducing admixtures such as naphthalene and lignin
types, and higher content ranges were not considered.
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Secondly, the influence of water-reducing admixtures on
the mechanisms of urea hydrolysis, RMC hydration, and
carbonation remains incompletely understood, and more
detailed microstructural characterization at finer scales is
required to clarify these processes. Further experimental
work should evaluate additional mechanical properties of
BC-specimens, including shear strength, permeability
resistance, and flexural strength. Moreover, the long-term
durability under various environmental conditions should
be investigated to better evaluate the practical engineering
applicability of this FSS. It should be emphasized that the
microstructural characterization in this study mainly
relies on XRD, FT-IR and SEM observations, which are
local and typical qualitative analysis methods. Therefore,
the conclusions of this study are reasonable inferences
based on micromorphology rather than strict quantitative
conclusions. Further quantitative characterization (e.g.,
pore size distribution and porosity) will be supplemented
in future research.

5 Conclusions

This study explored the feasibility of the novel FSS by
combining the CDG and bio-carbonated RMC. Through a
series of laboratory tests, the effects of BS, PCE and
melamine water-reducing admixtures on the slump flow,
density, mechanical properties, and DC were systema-
tically revealed. The influence of PCE and melamine on
composition and microstructure was also explored to
reveal the fundamental origins. The main conclusions are
summarized as follows.

1) The novel FSS prepared from CDG and bio-
carbonated RMC is feasible. The slump flow increased
with higher BS and water-reducing admixtures content. In
contrast, The UCS decreased with higher BS and PCE
contents, whereas it increased with higher melamine
content. At the same BS and water-reducing admixture
content, BC-specimens with melamine exhibited superior
overall performance than those with PCE. The maximum
slump flow of 30.60 cm occurred at 55% BS with 1%
melamine, and the maximum UCS of 1.47 MPa was
obtained at the 45% BS with 1% melamine. This novel
FSS successfully combined high strength with excellent
flowability.

2) Although higher BS content significantly improved
flowability and the RMC bio-carbonation process, it
adversely affected the development of mechanical
properties. This is because BS acts as a liquid medium,
providing the moisture and space necessary for microbial
activity, thereby promoting the hydration and carbonation
of RMC. However, the higher BS content also increased
porosity, which offset and even surpassed the strength
gain derived from bio-carbonation. Therefore, a suitable
BS content must be identified to balance flowability and
strength effectively.
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3) The addition of PCE adversely affected the
mechanical properties of BC-specimens and inhibited the
bio-carbonation process of RMC. At 45% BS and 1%
PCE content, the UCS and DC were 1.21 MPa and 0.24,
respectively, corresponding to reductions of 11.03% and
15.85% compared to the BC group. This result was
mainly attributable to the air-entraining property of PCE,
its strong steric hindrance effect, and its complexation
with Mg2+, which collectively inhibited bio-carbonation
and hindered the formation of HMCs.

4) Melamine enhanced the mechanical properties of
BC-specimens and promoted the bio-carbonation process
of RMC. At 45% BS and 1% melamine content, the UCS
and DC reached 1.47 MPa and 0.32, respectively,
representing increases of 8.09% and 14.29% compared to
the BC group. This improvement was attributed to the
abundant anionic groups on melamine molecules, which
adsorbed onto particle surfaces and enhanced electrostatic
repulsion and dispersion. Moreover, the adsorption of
melamine can facilitate Mg2+ availability in the system,
thereby promoting RMC bio-carbonation and HMCs
formation.
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