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ABSTRACT The low bearing capacity of calcareous sand challenges island reef engineering. While microbially
induced calcite precipitation (MICP) is an emerging reinforcement method, it suffers from brittleness and low
mineralization efficiency. This study proposes a novel composite strategy combining MICP with discarded mask fibers
(DMF) and waste glass powder (GP) to address these limitations. Both DMF and GP individually boost microbial
mineralization by offering nucleation sites, enhancing bacterial retention, and improving Ca”" utilization. The composite
system significantly outperformed pure MICP. Optimal strength was achieved at a ratio of 6 mm 0.2% DMF and 13 um
4% GP (by weight of sand), yielding a maximum unconfined compressive strength (UCS) of 1327 kPa. This is a 136%
increase in UCS and a 143% increase in the toughness index over the MICP-only group. Furthermore, the synergy
improved deformation performance, with the deformation index surging by 396% under 12 mm 0.2% DMF and 13 pm
4% GP. GP particles fill voids to densify the cementation matrix, while the DMF network provides bridging action,
enhancing ductility. Microstructural analysis confirms a robust framework of dense GP-CaCO; clusters interconnected
by the DMF network. This research presents a novel, sustainable solution utilizing upcycled waste for island reef
construction.
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1 Introduction calcareous sand are prone to excessive post-construction

settlement, rendering them unable to meet essential

Calcareous sand, an abundant resource in tropical marine
regions, is a key fill material used in offshore reclamation
and the building of island reefs. However, its biogenic
origin, derived from the weathered fragments of marine
life, including corals and shells, endows it with inherently
problematic engineering properties [1-3]. These include
high intraparticle porosity, extreme particle irregularity,
significant crushability, and low natural bearing capacity
[4-7]. Consequently, foundations built on untreated
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bearing capacity and stability requirements [8]. As such,
ground improvement techniques are indispensable for
enhancing its mechanical performance.

Microbially induced calcite precipitation (MICP) has
emerged as an effective ground improvement approach
for these foundations, garnering considerable attention in
geotechnical engineering for its environmental sustaina-
bility, low energy consumption, and minimal site
disturbance [9-14]. While the CaCO; cementation
induced by MICP effectively bonds sand particles to
improve strength, stiffness, and resistance to liquefaction
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[15-18], two significant challenges hinder its practical
application. First, the treated sand often exhibits
undesirable brittle fracture behavior [19-21], which
compromises its deformation tolerance. Second, the low
bacterial adsorption efficiency on the highly porous
calcareous substrate results in an inefficient and non-
uniform distribution of CaCO; [22], necessitating costly
and time-consuming multi-phase treatments [23,24].
These limitations currently restrict the field-scale
deployment of MICP in critical infrastructure projects.

Numerous scholars are dedicated to improving MICP
reinforcement technology to enhance its efficiency and
material performance to overcome these limitations. Xiao
etal. [25] utilized microfluidic chips to visualize the
heterogeneous growth mechanisms of CaCOj, crystals and
bacterial distribution during MICP, finding that low
calcium chloride (CaCl,) concentrations contribute to
more uniform bacterial diffusion. Furthermore, Zhao
etal. [26] demonstrated that optimizing urease and
cementing solution concentrations, particularly lower
cementing solution levels, can enhance MICP crystal
uniformity and efficiency. Banik and Sarkar [27]
conducted consolidated undrained cyclic triaxial testing
on MICP-treated sand to evaluate the effects of different
bacterial strains, treatment duration, and wetting—drying
cycles on the shear modulus and damping ratio. Xiao
et al. [28] demonstrated that combining bio-hydrogel and
MICP treatment significantly improved the water
retention capacity and surface strength of sand. However,
despite significant progress in process refinement [29,30],
single process optimization methods still face challenges
in thoroughly addressing the brittle behavior of treated
sand and the low bacterial adsorption efficiency.

Simultaneously, the proliferation of discarded face
masks presents a severe environmental threat. Their
primary component, polypropylene (PP) fibers from
materials like melt-blown fabric, exhibits high chemical
stability and remarkable resistance to natural degradation
[31]. Reports from international environmental organiza-
tions estimate that 15.6 billion masks entered marine
ecosystems globally in 2020 alone, contributing between
1680 and 6240 t of plastic waste [32,33]. A similar
challenge is posed by industrial waste glass, whose high
physical inertness and low recyclability make it a
significant solid waste concern. Paradoxically, the
properties of these waste materials offer synergistic
solutions to the aforementioned limitations of MICP. PP
fibers derived from masks can enhance the ductility of
treated sand, mitigating the brittle failure commonly
observed in MICP-treated calcareous sand. Concurrently,
glass powder (GP) from milled industrial waste improves
bacterial adsorption via micron-scale pore filling,
addressing key challenges of reinforcement efficiency
and uniformity while promoting sustainable material
reuse.
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It is well-established that fiber and powder materials
offer distinct advantages for reinforcement and filling
applications in geotechnical engineering [34-36].
Specifically, in the domain of combined fiber-MICP
reinforcement, existing research demonstrates that the
synergy between fiber reinforcement and microbial
mineralization can substantially enhance soil properties.
Han et al. [37] introduced PP fibers from waste masks
and observed a near 100% increase in unconfined
compressive strength (UCS) compared to fiber-free
specimens, attributing this to the bridging effect of fibers
across the cementation structure. Tang et al. [38] found
that CaCO; crystal production increased with fiber
dosage. Their scanning electron microscope (SEM)
analysis revealed continuous cementation layers on fiber
surfaces, confirming that fibers act as nucleation sites for
bacterial adsorption and mineralization. For powder-
MICP combined reinforcement, Zhao etal. [39]
conducted studies on silica powder-MICP-treated
medium-coarse sand, finding that a 3% mass dosage of
silica powder increased bacterial activity retention to
43.5%, and CaCO; production by 180%, while the dry
UCS reached 1.12 MPa (three times higher than the
control group). However, the incorporation of powder
significantly increased the brittleness of the reinforced
system [40].

While the benefits of incorporating single additives into
MICP-treated soil are well-documented, research has yet
to explore the synergistic effects of composite systems.
This study is the first to systematically investigate the use
of both discarded mask fibers (DMF) and waste GP to
reinforce MICP-treated calcareous sand. Through a series
of comparative experiments, key parameters, including
bacterial adsorption rates (BARs), Ca®' utilization, and
UCS, are quantified. Microstructural analyses using X-
ray diffraction (XRD) and SEM were also performed to
examine the influence of additive type, dosage, and size
on microbial mineralization, calcium carbonate crystal
evolution, and overall mechanical performance. By
integrating these results, this study elucidates the
underlying mechanism by which the DMF-GP composite
enhances MICP treatment, providing a theoretical and
experimental foundation for developing efficient, eco-
friendly ground improvement technologies.

2 Materials and methods
2.1 Materials

2.1.1 Calcareous sand

The calcareous sand utilized in this study, sourced from a

reef area in the South China Sea, is a typical biogenic
sediment. Its mineralogical composition, as determined
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by XRD analysis, is predominantly calcium carbonate
(> 90%), with aragonite, high-magnesium calcite (Mg-
calcite), and calcite as the primary constituents [17].
Before testing, the sand was sieved to retain particles
smaller than 1 mm, and the resulting grain size
distribution is presented in Fig. 1. Its key physical
properties were determined according to ASTM standards
[41]. The mean particle size (ds,) is 0.33 mm, the
effective particle size (d,;) is 0.16 mm, the maximum
void ratio (e,,,) is 1.15, the minimum void ratio (e,;,) is
0.65, and the specific gravity (Gg) is 2.80. The sand is
classified as a poorly graded sand based on the coefficient
of uniformity (C.), which is 2.26, and the coefficient of
curvature (C,), which is 1.12.
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Fig. 1 Calcareous sand particle size distribution and GP
particle size.

2.1.2 Glass powder and discarded mask fiber

The GP used in this study was derived from waste soda-
lime glass. The GP was prepared through a two-stage
comminution process, beginning with coarse crushing of
waste soda-lime glass in a jaw crusher and concluding
with fine grinding in a planetary ball mill. Subsequent
sieving yielded three distinct, narrowly graded fractions.
For this study, the particle sizes of these fractions, namely
74, 28, and 13 pm (corresponding to 200-mesh, 500-
mesh, and 1000-mesh standard sieves, respectively), were
characterized solely by the nominal apertures of the
standard sieves employed. X-ray fluorescence (XRF)
analysis revealed the primary chemical composition of
the GP to be SiO, (69.2 wt.%), Na,O (11.4 wt%), CaO
(9.5 wt%), Al,O4 (3.4 Wt%), and MgO (2.5 wt%) [42,43].
The GP had a specific gravity of 2.73. Its ultrafine
particle size (13—74 pm) creates a high specific surface
area, which enhances interfacial contact with the sand
grains. This, in turn, facilitates microbial colonization and
subsequent bio-cementation during the MICP process.
The DMF utilized in this study were sourced from
single-use medical masks, which consist of two outer
spunbond non-woven layers and an inner melt-blown PP
fabric layer [44]. The melt-blown fabric, serving as the
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core filtration medium, consists of ultrafine PP fibers
featuring extensive specific surface areas and strong
adsorption capabilities. To ensure sterility and comp-
liance with testing standards, the collected masks first
underwent a decontamination process, being dried in an
oven at 105 °C for 24 h. This thermal treatment was
confirmed not to significantly alter the mechanical
properties of the fibers [45]. Subsequently, the metal
strips and non-woven layers were manually removed
from the dried masks to eliminate non-fiber impurities
that might interfere with experimental results. For fiber
preparation, the melt-blown PP layer of the mask was cut
into strips with a width of 1 mm, which were then further
trimmed into fibers with target lengths of 3, 6, 9, 12, and
15 mm. After the cutting process, the prepared DMF was
dried again in an oven at 50 °C for 6 h to remove any
residual moisture adsorbed during handling.

2.1.3 Bacteria and cementation media

The ureolytic bacterium Sporosarcina pasteurii (ATCC
11859) was selected to catalyze the hydrolysis of urea
[46,47]. The bacteria were cultivated in a liquid medium,
the composition of which is detailed in Table 1. Before
inoculation, the medium’s pH was adjusted to 9.0 with
1 M NaOH. Bacterial solution was inoculated into the
sterile medium at a 1:10 volume ratio and incubated for
24 h at 30 °C with continuous agitation at 210 r/min in a
thermostatic shaker. The resultant bacterial culture
reached an optical density (ODy,) of 1.3 and exhibited a
urease activity of 2.4 mmol-L '-min"'. These parameters
confirmed the culture’s high activity and suitability for
the subsequent MICP reinforcement experiments.

Table 1 Composition of culture medium

Reagent Concentration
Yeast extract 20 g/L
NH,CI 10 g/L
MnCl,-6H,0 24 mg/L
MnSO,-H,0 10 mg/L
Distilled water 1000 g/L

The cementation solution (CS) is the core reaction
medium for the MICP process. It provides both the urea
substrate for enzymatic hydrolysis and the calcium ions
(Ca%) required for CaCO; mineralization, while also
offering nutritional support for bacterial metabolic
activity [48-50]. For this study, the CS consisted of an
equimolar solution of urea and CaCl, at a concentration
of 0.5 M. This specific concentration and 1:1 molar ratio
were selected to ensure a balanced supply of substrate for
urease catalysis and calcium for carbonate precipitation.
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2.2 Sample treatment

Three types of composite mixtures were prepared for this
study by uniformly blending dry sand with varying
dosages of either DMF, GP, or a combination of both.
Each mixture was then carefully layered and compacted
into a custom-designed, separable polyvinyl chloride
(PVC) mold (internal dimensions: 40 mm diameter x 80
mm height, Fig. 2(a)) to achieve a uniform initial density.
The mold assembly consisted of a PVC pedestal and two
semi-circular segments, designed to preserve specimen
integrity upon removal.

All MICP treatments were conducted at a controlled
ambient temperature of 25 °C. The multi-stage grouting
procedure, illustrated schematically in Figs. 2(b) and 2(c),
involved a repeating cycle. The cycle began with the top-
down injection of 75 mL of bacterial suspension using a
peristaltic pump at a constant rate of 2 mL/min. A 6-h
retention period was then observed to allow for sufficient
bacterial adsorption onto the solid matrix. Following this,
75 mL of the CS was injected at the same flow rate. The
specimen was then left undisturbed for a 12-h curing
period to facilitate CaCO,; precipitation. This entire
injection and curing cycle was repeated six times to
achieve the desired level of cementation.

Upon completion of the six treatment cycles, any
residual salts and unreacted reagents were removed by
flushing the specimen twice with 200 mL of deionized
water at a flow rate of 2 mL/min.

2.3 Test method

2.3.1 Bacterial adsorption rate

The efficacy of MICP is critically dependent on the
adsorption of bacteria onto sand particles [40,51]. This
complex process is governed by a multitude of
physicochemical interactions, which are, in turn, influen-
ced by factors such as the sand’s surface properties, its
pore network structure, solution chemistry, and the
intrinsic characteristics of the bacteria. Therefore, BARs
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were systematically measured to investigate how DMF
and GP modulate this critical parameter. The results
provide fundamental insights and empirical data essential
for optimizing MICP technology and advancing its
reinforcement efficiency. The BAR was determined as

per Eq. (1) [51]:

M, - M
= 2 %100%,
M

1

BAR = (1)
where M, and M, represent the ODy,, of the bacterial

suspension before and after passing through the specimen
and a subsequent retention period, respectively.

2.3.2 Calcium ion utilization rate

The calcium ion utilization rate (S) is a key metric for
evaluating the efficacy of the MICP mineralization
efficiency. The concentration of Ca’" in solution was
determined by EDTA titration [37]. The utilization rate
was then calculated using the following expression:

S = (1 - C"“V')x 100%, @)

bV,

where ¢, is the molar concentrations (M) of the EDTA
titrant; ¢, is the molar concentrations (M) of CaCl, in the
CS; a is the volume (mL) of the EDTA titrant consumed,
while b is the volume (mL) of the CS used. V|, represents
the initial volume (mL) of the CS, and V; is its final
volume (mL) after preparation for titration.

2.3.3  Unconfined compressive strength test

The UCS of the specimens was measured using a SANS
microcomputer-controlled electronic compression testing
machine. A constant loading rate of 1 mm/min was
applied during the UCS tests [52,53]. The resulting
pressure and displacement were continuously docu-
mented. The UCS test was terminated based on explicit
criteria to define the failure point. Specifically, loading

Rubber tube /‘ Calcareous
- sand sample
E— =

N

N

Bacterial Waste liquid

fluid Peristaltic pump

(©)

Fig. 2 Grouting process and device schematic diagram: (a) reinforcement mold; (b) incorporation sequence in treatment; (c) treatment

process.
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was stopped when the axial strain of the specimen
reached 20% [54], or when the applied load dropped to
below 80% of the peak load, whichever occurred first.

The study was divided into four main groups: a control
group (only MICP-treated sand), a single-additive group
with DMF (D-M), a single-additive group with GP (G-
M), and a composite group with both DMF and GP (D-G-
M). In the single-additive series, the influence of DMF
was investigated at dosages of 0.1%, 0.2%, 0.3%, and
0.4% (by mass of sand) and at lengths of 3, 6, 9, 12, and
15 mm. Similarly, the effect of GP was tested at dosages
of 2%, 4%, and 8% and with particle sizes of 74, 28, and
13 um. For the composite reinforcement tests, the design
was based on the optimal parameters obtained from the
single-additive experiments. The fiber parameters were
kept fixed while varying either the GP dosage or its
particle size to study their synergistic interactions. All
specimens were subjected to the consistent MICP
treatment protocol at an initial relative density of
approximately 50%. The detailed test conditions for all
groups are listed in Table 2.

2.3.4 X-ray diffraction test and scanning electron
microscope test

XRD analysis was performed to identify the crystalline
phases of the precipitated CaCO, and to evaluate the
influence of the incorporated additives (DMF and GP) on
mineralogy. Following the UCS tests, fragments from the
core of each specimen were collected and ground into a
fine powder (particle size < 100 um) for analysis. The
XRD patterns were collected over a 26 range of 10° to
70° with a scanning speed of 4°/min and a step size of
0.01°. The identification of mineral phases and the
estimation of their relative dosages were conducted by
analyzing the resulting diffraction patterns, allowing for a
quantitative assessment of the additives’ impact on
crystal formation [55].

SEM was employed to investigate the microstructural
characteristics of the reinforced specimens. Four distinct
sample types were selected for analysis, corresponding to
the main experimental groups. The primary objectives

Table 2 Unconfined compression test condition
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were to examine the morphology and distribution of the
precipitated CaCO,, its bonding with the sand grains, and
its interaction with the incorporated fibers (DMF and
GP).

3 Influence of incorporated materials on
MICP process

3.1 Bacterial adsorption rate

The influence of different additives on the BAR within
the calcareous sand specimens is presented in Fig. 3. As
shown in Fig. 3(a), the BAR is significantly influenced by
both the length and dosage of DMF. As the fiber length
increased, the BAR exhibited a trend of initially rising
and then declining, consistently peaking at a fiber length
of 6 mm. This trend suggests that while increasing fiber
length up to a certain point (6 mm) enhances bacterial
adsorption, further increases beyond this threshold
diminish the effect. A possible explanation is that shorter
fibers provide a limited surface area for bacterial
attachment, resulting in lower adsorption rates.
Conversely, excessively long fibers (> 6 mm) are prone to
curling, tangling, and agglomeration, which reduces their
effective contact area with bacteria and consequently
lowers the BAR. Furthermore, DMF dosage also played a
crucial role. At dosages below 0.2%, the BAR rose with
increasing fiber dosage. However, when the dosage
exceeded 0.2%, excessive fibers may have exacerbated
agglomeration between sand particles, thereby decreasing
the adsorption rate.

The effect of GP on the BAR is illustrated in Fig. 3(b).
The results indicate that the BAR progressively increased
as the particle size of the GP decreased. This can be
attributed to the higher specific surface area of finer GP
particles, which allows them to uniformly fill micropores
between sand grains and adhere to their surfaces, thereby
providing more nucleation sites for bacterial attachment.
The GP dosage also had a notable impact. At lower
dosages (< 4%), GP was distributed relatively uniformly,
effectively increasing the surface roughness of the sand

Test group Variable type Specific parameter
MICP — _
D-M dosage 0.1%, 0.2%, 0.3%, 0.4%
length 3,6,9,12,and 15 mm
G-M dosage 2%, 4%, 8%
particle size 74,28, and 13 um
D-G-M GP dosage DMF: 0.2% (6 mm) GP: 2%/4%/8% (13 pm)
GP dosage DMEF: 0.4% (12 mm) GP: 2%/4%/8% (13 pm)

GP particle Size

DMEF: 0.2% (6 mm) GP: 4% (74, 28, and 13 pum)
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results.

grains and promoting bacterial adsorption. However, at
higher dosages (> 4%), an excess of GP may have
clogged some pore throats of the sand sample,
significantly reduced the specimen’s permeability, and
impeded the transport and subsequent adsorption of
bacteria. This interpretation was later corroborated by
SEM microstructural observations.

Figure 3(c) presents the BAR values measured for the
D-G-M group. The maximum BAR of 29.74% was
achieved at a GP dosage of 4%. This result indicates that
the combined incorporation of DMF and GP effectively
promotes microbial adsorption within the calcareous sand
matrix. A comparison of the optimal BAR values across
the four main experimental series is presented in
Fig. 3(d). The highest BAR (29.74%) was observed in the
composite D-G-M group. The single-additive G-M and
D-M groups exhibited comparable but lower rates at
23.56% and 22.68%, respectively. The lowest BAR
(19.22%) was recorded for the control group (only
MICP). These findings conclusively demonstrate that the
rational incorporation of GP and DMF can significantly
enhance the BAR in calcareous sand. This suggests that a
composite reinforcement approach holds the promise for
a more effective MICP treatment outcome.

3.2 Calcium ions utilization rate

The Ca”" utilization rates for all experimental series were
presented in Fig. 4. A consistent trend across all groups
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Fig. 4 Calcium ion utilization rate of samples under different
incorporation types.

was a gradual decline in Ca®" utilization with an
increasing number of treatment cycles. The utilization of
Ca®" depends on the continuous activity of the urease-
producing bacteria and their effective contact with the
CS. With each cycle, the newly precipitated CaCO; coats
the sand grains and partially encapsulates the bacterial
cells. This encapsulation limits mass transfer of Ca>" to
the reaction sites, which effectively reduces the reactive
contact area and slows down the reaction, hence resulting
in a decrease in utilization efficiency [56]. The control
group (only MICP) demonstrated the lowest utilization
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rate at approximately 80%. The addition of either DMF or
GP resulted in a significant increase in Ca®" utilization.
The highest utilization rate, approximately 90%, was
achieved by the composite D-G-M group. Furthermore,
the improvement in Ca®" utilization for the D-G-M group,
relative to the only MICP control group, was more
pronounced than that observed for the single-additive
DMF or GP groups. This suggests a synergistic
interaction between the fibers and powder, which
improves the specimen’s capacity to adsorb bacteria and
subsequently capture and utilize Ca®" for mineralization.

3.3 Calcium carbonate crystallization characteristics

Figure 5 presents the XRD patterns and calcium
carbonate crystal compositions of optimally reinforced
specimens under various admixture incorporation stra-
tegies. The only MICP control group’s diffraction pattern
exclusively showed characteristic peaks for aragonite (A)
(69.86% mass fraction) and calcite (C) (30.14%),
indicating that MICP under these conditions predominant-
ly forms metastable aragonite. Incorporating only GP led
to the emergence of a vaterite (V) diffraction peak. Simulta-
neously, aragonite dosage decreased to 54.11%, calcite
slightly increased to 34.37%, and vaterite accounted for
11.52% of the crystalline phases. This suggests that GP
alters the crystal growth environment, favoring the
formation of thermodynamically unstable vaterite. For
specimens incorporating only DMF, the aragonite mass
fraction further decreased to 47.73%, calcite increased to
36.53%, and the vaterite dosage rose to 15.74%. This
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outcome indicates that DMF more significantly promotes
vaterite formation compared to GP.

Notably, the co-incorporation of GP and DMF resulted
in calcite becoming the predominant crystalline phase
(43.58%), surpassing aragonite. Vaterite dosage further
increased to 21.33%, while the aragonite proportion
decreased to 35.09%. These results demonstrate that the
synergy between the two admixtures significantly
modulates the crystal precipitation pattern, preferentially
forming calcite, the thermodynamically most stable
polymorph and mechanically superior polymorph, as the
dominant crystalline product.

This preference for calcite with GP and DMF co-
incorporation is explained by two primary mechanisms:
more efficient bacterial adsorption (Fig. 3) and enhanced
Ca®" utilization (Fig. 4). The increased bacterial
adsorption offers a higher density of nucleation sites
essential for calcium carbonate precipitation. Simultane-
ously, improved Ca®" utilization ensures a sustained ion
supply, creating conditions conducive to preferential
calcite precipitation. Additionally, the synergistic effect
of GP filling inter-particle voids and DMF providing a
fibrous scaffold refines the precipitation environment,
thereby promoting crystallization into calcite, the most
stable polymorph owing to its lower energy state.

4 Mechanical performance improvement
effect

4.1 Unconfined compressive strength

Figure 6 illustrates the influence of various admixtures on
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Fig.5 XRD patterns of samples under different incorporation types: (a) MICP group; (b) G-M group; (c¢) D-M group; (d) D-G-M group.
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the UCS of MICP-treated calcareous sand. As shown in
Fig. 6(a), for all considered fiber length conditions, when
the dosage of DMF reached 0.2%, the specimens
exhibited optimal reinforcement and achieved maximum
UCS. At a given fiber dosage, specimens reinforced with
6mm fibers demonstrated the highest UCS. This finding
is consistent with the previously observed trend in
bacterial solution adsorption rates, suggesting a strong
correlation between the BAR and the resulting strength of
the treatment specimens.

The particle size of GP significantly influences the
specimen UCS (Fig. 6(b)). A peak UCS of 867 kPa was
achieved with 13 um GP at a 4% dosage, marking a
54.3% improvement over the only MICP control and
substantially outperforming specimens treated with GP
grain sizes of 28 and 74 um. The efficacy of GP stems
from its ability to fill inter-granular micro-pores and
adsorb onto sand grain surfaces. These mechanisms
increase the surface area for microbial attachment and
offer more nucleation sites for microbially induced
calcium carbonate precipitation, thus improving inter-
granular cementation. Conversely, GP dosage above 4%
resulted in excessive particle accumulation, causing pore
clogging and reduced bacterial adsorption, which
ultimately diminishing the UCS strengthening effect.

Specimens treated with a combination of GP and DMF
demonstrated a UCS that initially increased with GP
dosage, reaching a maximum of 1327 kPa when the GP
dosage was 4%, and then gradually decreased.

Figure 6(d) highlights the optimal UCS values under
various admixture conditions. Specimens treated solely
with MICP had a significantly lower UCS of only
562 kPa. The UCS for specimens with only DMF was
802 kPa, and for those with only GP, it was 867 kPa.
Notably, the combined incorporation of GP and mask
fibers with MICP (D-G-M) yielded the highest UCS at
1327 kPa, which is 2.36 times greater than specimens
treated with MICP alone. This pronounced enhancement
in mechanical strength is ascribed to a synergistic effect
involving two key contributions: first, DMF provides a
fibrous scaffold that bridges particles and facilitates
calcium carbonate cementation; secondly, GP acts as a
filler for inter-granular pores and adsorbs onto particle
surfaces, thereby augmenting the effective area for
cementation. Critically, these materials work in concert to
promote bacterial adsorption and optimize Ca®" utiliza-
tion. This synergy favors the precipitation of calcite, the
crystalline phase of calcium carbonate recognized for its
superior mechanical characteristics, ultimately leading to
a more robust inter-particle cementation.

4.2 Deformation index

The influence of different admixtures on the deformation
index of microbially induced calcareous sand is
illustrated in Fig. 7. The deformation index (D) quantifies
the change in strain capacity, defined as the ratio of the
axial strain at peak unconfined compressive stress for
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Fig. 7 Effect of incorporation types on deformation index of MICP-treated calcareous sand: (a) D-M group; (b) G-M group; (c) D-G-M

group; (d) optimal incorporation results.

specimens containing DMF or GP to that of specimens
treated only with MICP. The results indicate that
increasing the DMF dosage progressively led to a higher
deformation index, with a maximum D value of 3.28
observed for specimens reinforced with 0.4% fiber
dosage. Conversely, with increasing GP dosage, the D
first increased and then decreased, reaching a peak of
2.64 at a GP dosage of 4%.

Notably, the concurrent incorporation of DMF and GP
yielded a D of 4.96 for treated specimens, significantly
superior to those reinforced with either DMF or GP
individually, or with MICP alone. This improvement in
deformation capacity is ascribed to the formation of a
flexible bridging network by the DMF, coupled with
enhanced cementation provided by an appropriate dosage
of GP.

4.3 Toughness index

Toughness serves as a comprehensive parameter reflec-
ting both the strength and deformation capacity of a
material. The toughness index (7) quantifies the energy
absorption capacity of a material before failure upon
reaching its peak stress under applied load. It is deter-
mined by integrating the area under the stress—strain
curve:

Ja
T = fo ods-V, 3)

where o is the axial stress, € is the axial strain, & is the
axial strain at final failure, and ¥ is the volume of the test
sample.

Figure 8 shows the influence of admixtures on the
specimen’s 7. A maximum 7 of 76.32 kN-mm was
achieved when DMF with a length of 6 mm were
incorporated at a dosage of 0.2%. The inclusion of fibers
with suitable dimensions and dosage facilitates the
formation of an effective, flexible bridging network.
When subjected to load, these fibers dissipate energy via
mechanisms such as tensile stretching and slippage,
thereby enabling the specimen to attain a higher peak
strain. It was also observed that the incorporation of GP
alone can enhance the specimen’s 7. Furthermore,
Figs. 8(c) and 8(d) demonstrate that the simultaneous
incorporation of GP and DMF can significantly enhance
the specimen’s toughness, achieving mechanical
properties that are both strong and ductile, as well as
tough without compromising strength.

5 Micromorphological analysis

Figure 9 displays SEM images of treated specimens
incorporating various admixtures, aimed at elucidating
the regulatory mechanisms of these admixtures on
cementation morphology during microbial-induced cal-
cium carbonate precipitation.
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For specimens treated exclusively by MICP, the large
particle size and high porosity of the calcareous sand
resulted in sparsely distributed CaCOj, crystals, primarily
located within inter-particle voids (Fig. 9(a)) and
adhering to sand grain surfaces. Consequently, effective
inter-particle cementation was limited. This observation
is attributed to the restricted attachment of microorga-
nisms solely to sand particle surfaces in the only MICP
group, leading to a markedly lower BAR relative to
groups with admixtures (as discussed in Subsection 3.1).

In the F-M group, as depicted, DMF formed a skeletal
network by connecting with sand particles through
CaCO; cementation. The inclusion of DMF enhanced
bacterial adsorption and calcium ion utilization efficiency
compared to the only MICP group, thereby promoting
greater CaCO, precipitation. Consistent with prior
studies, DMF, interacting with microorganisms on sand
particle surfaces, directed CaCO; crystallization to the
fiber-sand interface, establishing robust DMF-Sand
bridging structures [57]. This mechanism improved the
specimens’ strength, deformation capacity, and tough-
ness. Notably, the incorporation of 15 mm long fibers led
to bending, entanglement, and agglomeration due to their
excessive length. Reduced CaCO; precipitation was
observed on fiber surfaces within these agglomerates,

diminishing the overall reinforcement efficacy.

The SEM micrograph for the G-M group is presented in
Fig. 9(c). GP offered numerous adsorption sites for
microorganisms. The subsequently adsorbed bacteria
facilitated increased CaCO; formation, leading to GP-
CaCO; composite structures. These GP-CaCO, structures
optimized the microstructure of the MICP-treated
calcareous sand in two principal ways: first, they
effectively filled inter-granular pores, significantly
enhancing the material’s density; second, they promoted
uniform CaCO; deposition across sand particle surfaces,
resulting in a more continuous and denser cementation
network compared to the only MICP group. Such
microstructural enhancements markedly improved the
mechanical performance of the calcareous sand, notably
its UCS and deformation capacity.

Figure 9(d) reveals the microstructure of specimens
from the D-G-M group. GP furnished ample adsorption
sites for microorganisms, forming GP-CaCO; structures
with the precipitated calcite. These structures filled voids,
increasing soil density and cementation strength.
Concurrently, DMF acted as a binding agent, intercon-
necting the GP-CaCO; structures, which further
augmented the mechanical properties of the composite
material.
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Fig. 9 SEM images of specimens with different reinforcing methods: (a) MICP group; (b) D-M group: 0.2% DMF (6 and 15 mm); (¢) G-M
group: 4% GP (74 pm); (d) D-G-M group: 4% GP (13 pm) + 0.2% DMF (6 mm).

6 Conclusions

This study proposes a novel composite reinforcement
strategy that synergistically integrates MICP with DMF
and waste GP. It investigates the effects of these additives
on microbial mineralization, mechanical properties, and
microstructural evolution of calcareous sand. The main
conclusions are as follows.

1) Individual incorporation of DMF or GP enhances
bacterial adsorption and Ca”" utilization in MICP, while
facilitating the conversion of calcium carbonate to the
thermodynamically stable calcite. The combined incor-
poration further boosts bacterial adsorption and Ca’"
utilization and markedly optimizes microbial mineraliza-
tion efficiency, with the optimal dosage identified as
6 mm 0.2% DMF and 13 pm 4% GP.

2) Individual DMF incorporation induces a deforma-
tion-dominated toughening mechanism through fiber
bridging, enhancing the sample’s deformation capacity.
In contrast, individual GP incorporation mainly boosts
UCS by filling sand pores, promoting a strength-led
toughening mechanism. For combined incorporation,
DMF and GP overcome the limitations of individual me-
chanisms, yielding a rigid-flexible synergy mechanism:
DMFEF’s fiber network enhances deformation resistance,
while GP’s pore-filling reinforces cementation strength.
This synergy optimizes mechanical properties, realizing a
balance between high strength without brittleness and
high toughness without weakness.

3) The lack of microbial adsorption sites in pure
calcareous sand leads to CaCO; cement dominated by
porous, discontinuous curled clusters. Individual DMF
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incorporation enhances cementation continuity and pore-
filling efficiency via the DMF-sand anchorage structure.
Individual GP incorporation achieves uniform cementa-
tion by filling pores with fine particles, forming a discrete
GP-CaCO; structure. Combined DMF-GP incorporation
synergistically integrates these advantages: the discrete
GP-CaCO; structure is tightly linked through DMF’s
bridging effect, cementing the system into a more robust
integral structure.

The synergistic effect resulting from the combined
incorporation of DMF and GP overcomes the
performance limitations of individual materials through
multi-link coupling. This approach offers an efficient and
environmentally friendly composite enhancement strategy
for the engineering application of MICP technology in
calcareous sand reinforcement. Notably, this research is
constrained by its focus on short-term mechanical and
mineralization properties determined under controlled
laboratory settings, thus lacking evaluation of long-term
stability —against complex environmental stresses.
Additionally, given the use of small-scale indoor samples,
the adaptability and engineering effectiveness of the
optimized scheme must be verified at a larger scale,
which points to the primary direction for future research
efforts toward practical application.
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