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Abstract

Calcareous sand is widely used in marine and island reef engineering; however, its low
strength and severe particle breakage are further exacerbated under dynamic loading,
making the dynamic performance of reinforced calcareous sand critical to engineering safety.
Nevertheless, research on the dynamic characteristics of EICP /MICP-reinforced calcareous
sand remains very limited. The dynamic performance was evaluated using Split Hopkinson
Pressure Bar (SHPB) tests, and the results were compared with UCS data to examine the
effects of particle gradation and fiber content on both dynamic and static behaviors. The
results show that dynamic strength increases with calcium carbonate content (CCC) and
impact pressure. Under the same CCC, the dynamic strength is consistently higher than
the static strength, with a maximum difference of up to 2.5 MPa. Fiber incorporation
significantly enhances structural integrity, and SEM analysis reveals that this improvement
stems from effective bonding between fibers and cementitious materials. Based on the
static and dynamic test results, the optimal mix ratio for EICP-reinforced calcareous sand is
determined as 50% coarse sand content and 0.4% fiber content by mass, which provides
theoretical support and design parameters for sustainable green reinforcement of calcareous
sand foundations in marine and island reef engineering.

Keywords: EICP; SHPB; fiber; reinforcement; calcareous sand; dynamic behavior;
sustainable

1. Introduction

The development of islands and reefs is a critical engineering strategy for expanding
maritime territory and securing strategic energy channels. Since island and reef projects are
generally located in remote areas far from the mainland, the transportation of construction
materials incurs high economic and time costs. Accordingly, calcareous sand derived from
coral reef sediments is widely adopted as a local filling material [1-3]. Nevertheless, calcare-
ous sand particles exhibit high biogenic porosity (45-60%) and their uniaxial compressive
strength is only one-third that of quartz sand [4]. These mechanical weaknesses under
dynamic loading significantly limit its practical application.

Engineering practices indicate that conventional pile foundation design methodologies
are not directly applicable to calcareous sand grounds [5]. Moreover, vibro-compaction
techniques may cause significant construction disturbance to island and reef regions, which
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are characterized by limited land area and highly fragile ecological environments [6]. In
contrast, chemical grouting often involves hazardous materials like cement or epoxy resins,
posing risks of environmental pollution such as soil and groundwater contamination,
volatile emissions, and wider ecological damage [7]. Regarding the environmental foot-
print, enzyme-induced carbonate precipitation (EICP) demonstrates remarkable advantages
over cement-based grouting. The cement industry accounts for approximately 8% of global
anthropogenic CO; emissions [8], whereas EICP is conducted under ambient temperature
conditions without requiring high-temperature calcination, resulting in total carbon emis-
sions that are roughly one order of magnitude lower than those of cement production [9].
Furthermore, the ammonia by-product generated during the EICP process can be effectively
mitigated by adjusting the pH of the reaction solution [10]. These low-carbon and low-
toxicity characteristics render EICP a highly promising and environmentally sustainable
reinforcement solution for ecologically fragile island and reef environments [11].

Owing to its environmental compatibility, cost-effectiveness, and operational sim-
plicity, As sustainable alternatives that balance environmental and economic concerns,
biomimetic technologies using Microbially Induced Carbonate Precipitation (MICP) and
Enzyme-Induced Calcium Carbonate Precipitation (EICP) have attracted growing interest
in geotechnical engineering. MICP, first proposed by Whiffin (2004) [12], utilizes bacterial
urease to catalyze urea hydrolysis, inducing calcium carbonate precipitation [13-21]. Differ-
ently, EICP employs free urease extracted from plants to hydrolyze urea [22-31]. Although
the urease sources differ, their mineralization mechanisms are essentially identical: urease
hydrolyzes urea to produce carbonate ions, which react with calcium ions to form CaCOs3
precipitates that fill soil pores and bind sand particles, thereby enhancing mechanical
properties. The simplified reaction sequence is as follows [32]:

CO(NH2)2 + Hzo — 2NH3 + COZ (1)

2NH; + 2H,0 < 2NH* + 20H~ )

CO; + 20H™ +» HCO; + OH™ + CO5%~ + H,O (3)
Ca® + CO32~ — CaCO;s (4)

Extensive studies have confirmed the application potential of MICP/EICP in con-
crete repair [33], slope stabilization [34,35], foundation reinforcement [36], water cutoff
curtains [37], and sand fixation and water retention [38-43]. In terms of mechanical
properties, research on UCS under static loading is relatively well established; for in-
stance, the addition of admixtures such as fibers and biochar can achieve UCS values of
1.5-6.34 MPa [44-47]. However, studies on EICP/MICP-treated sand under dynamic load-
ing are extremely limited. Lv et al. (2025) [48] performed SHPB tests on MICP-reinforced
lime sand and found that its strength increased exponentially with strain rate. Li et al.
(2024) [49] used a two-phase method to reinforce ISO standard sand. After six cementa-
tion treatments, the dynamic strength of the specimens increased by approximately 300%
on average.

Although the mechanical properties of MICP/EICP-treated sand under static load-
ing have been extensively investigated, their dynamic response characteristics remain
insufficiently understood. Existing dynamic property data have been predominantly
obtained through low-strain-rate dynamic triaxial tests [50], whereas island and reef en-
gineering projects, which are frequently subjected to extreme loads such as typhoons,
earthquakes, and aircraft landing impacts [50-53], are more suitably characterized using
the split Hopkinson pressure bar (SHPB). To date, the only available SHPB studies have
been limited to uniformly graded silica sand or standard sand, and the combined effects
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of particle gradation and fiber reinforcement on both static and dynamic strengths have
not been systematically quantified [54]. These research gaps are particularly critical for
island reef airfields and coastal infrastructure that are repeatedly exposed to extreme
dynamic disturbances.

To address these issues, this study focuses on EICP-treated calcareous sand and system-
atically investigates the effects of different fiber contents and three particle size distributions
on static and dynamic strength through UCS and SHPB tests. A quantitative relationship
between calcium carbonate content and macroscopic mechanical responses is established,
and the synergistic reinforcement mechanisms are elucidated through microstructural
analysis. This study aims to provide an environmentally friendly and reliable ground
improvement strategy for island reef engineering.

2. Materials and Methods
2.1. EICP Solution Preparation

The EICP solution used in this experiment was prepared by mixing a cementation
solution (CS), consisting of 1.2 mol/L CaCl, solution and urea solution of equal concentra-
tion, with a urease solution at a volume ratio of 1:1. The detailed procedure for preparing
the urease solution followed Gao et al. [55]. The process was as follows: dried soybeans
obtained from a local market were ground into powder using a mill and sieved through a
0.2 mm mesh to ensure uniform particle size. Seventy grams of soybean flour was then
added to 1 L of deionized water and stirred with a magnetic stirrer for 30 min to obtain
a uniform suspension. The suspension was refrigerated at 4 °C for 24 h. After settling,
the upper solution was collected and centrifuged at 4 °C and 3000 r/min for 15 min. The
resulting supernatant was used as the soybean urease solution. The urease activity of the
solution used in this experiment was measured to be approximately 11.8 mmol/(L-min)
at room temperature (20 °C). The preparation of EICP reinforcement specimen and its
mechanism diagram are shown in Figure 1. In the mechanism diagram, the calcium car-
bonate cementation between the contact points of particles is highlighted to emphasize the
dominant cementation effect at these contact points. In the actual experiment, CaCOjs is
simultaneously distributed at the particle contacts in a bridging form, and also exists in the
pores and on the particle surfaces in a filling and coating form. This schematic diagram
does not represent the only form of the actual deposition morphology.

2.2. Calcareous Sand

The calcareous sand used in this study was purchased from a commercial supplier
(a local company in Henan, China) and originated from the South China Sea. Previous
studies have reported that calcareous sands from this region have calcium carbonate
(CaCOg) contents exceeding 97%, with aragonite and high-magnesium calcite identified
as the primary mineral phases [1]. Following the approach of Jiang et al. [56], the sand
was divided into two groups: fine sand with particle sizes of 0.5-1 mm and coarse sand
with particle sizes of 1-2 mm. The coefficients of curvature (C;) and uniformity (C,) for
the fine sand are 0.98 and 1.43, respectively, while those for the coarse sand are 0.98 and
1.61, respectively. Figure 1 shows the particle size distribution curves for coarse sand and
fine sand.
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Figure 1. Mechanism and production of enzyme-induced calcium carbonate specimen. Source:
drafted by the authors.

2.3. Coconut Fiber

Based on the environmental protection requirements of the South China Sea region,
natural coir fibers were adopted to enhance the specimen strength, as their renewable
characteristics and low environmental impact of degradation products align with the
concept of sustainable development. According to the study by Kou et al. [57], the Young’s
modulus of coir fiber ranges from 2.5 to 6.0 GPa, and its tensile strength ranges from 108 to
252 MPa. Natural coconut fiber used in this experiment was first washed with deionized
water to remove surface lignin and lipid impurities, then dried in an oven to a moisture
content < 2%. This treatment prevented organic residues from inhibiting subsequent EICP
reactions. To improve fiber dispersion and interfacial bonding, the fibers were cut to a
length of 5 mm, which minimizes agglomeration caused by excessive fiber length while
allowing cross-lapping to form a spatial network structure [58,59].

2.4. Treatment Methods

In this experiment, EICP-reinforced sand columns were prepared using the unsatu-
rated grouting method. The specific physical properties of the sand columns are listed in
Table 1, with specimen numbers detailed in Table 2. The abbreviations used in this paper
are summarized at the end of the paper for reference.

Table 1. Physical properties of the sand column specimens.

. . Specific Weight Volume Pore Volume
Particle Size (mm) Gravity g (cm?) (cm3)
Fine sand: 0.5-1 28 68 49.06 24.29

Coarse sand: 1-2
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Table 2. Experimental groups for EICP treated sand columns.
Content of . o Reinforcement
No. Coarse Sand (%) Fiber Content (%) Times
FC0%-CSC0%-RT2 0 0
FC0%-CSC50%-RT3 50 0
FC0%-CSC100%-RT4 100 0
FC0.2%-CSC0%-RT2 0 0.2
FC0.2%-CSC50%-RT3 50 0.2 2,3,4
FC0.2%-CSC0%-RT4 100 0.2
FC0.4%-CSC0%-RT2 0 0.4
FC0.4%-CSC50%-RT3 50 0.4
FC0.4%-CSC100%-RT4 100 0.4

Note: (1) The specimen number is fiber content followed by the proportion of coarse sand and then treatment
times, “FC” for fiber content, “CSC” for content of coarse sand and “RT” for reinforcement times. (2) Example:
FC0%-CSC0%-RT2 indicates the specimen is no fiber, fully fine sand and 2 treatment times.

Each reinforcement cycle consisted of pre-mixed grouting and CS cyclic grouting. The
pre-mixed solution comprised 30 mL of urease solution and 30 mL of CS, whereas the
cyclic grouting solution contained 60 mL of CS. The preparation process was as follows:
68 g of calcareous sand was prepared with coarse-to-fine ratios of 1:0, 1:1, or 0:1, where the
coarse fraction ranged from 1-2 mm and the fine fraction from 0.5-1 mm. A predetermined
fiber content (0%, 0.2%, or 0.4% by weight) was then mixed uniformly into the sand. After
thorough mixing, the prepared sand mixture was transferred into a cylindrical mold. The
pre-mixed solution was then poured onto the top surface of the sand column, and the
effluent collected from the bottom was recirculated to the top approximately ten times
to ensure uniform infiltration throughout the specimen. Finally, CS grout was injected
through the column from top to bottom using a peristaltic pump at a constant flow rate of
10 mL/min to complete the circulation process. After 24 h, the first reinforcement cycle was
completed. The number of reinforcement cycles set in this study was 24, so the samples
after 48 h of reinforcement cycles has been marked as the sample with 2 treatment times.
For UCS tests, two parallel specimens were prepared for each condition, this sample size is
consistent with previous studies [60] on bio-cemented sands. For SHPB tests, nine parallel
specimens were prepared for each treatment condition.

After reinforcement, the specimens were removed from the acrylic molds, gently
rinsed with deionized water to remove residual soluble salts, and oven-dried at 65 °C
for 24 h. The final specimens were cylindrical, with a diameter of 50 mm and a height of
25 mm. The final specimens were cylindrical, with a diameter of 50 mm and a height of
25 mm. The dry density of the specimens was determined by the ratio of the dry mass
to the total volume, yielding a value of approximately 1.39 g/cm3. Based on the specific
gravity of the calcareous sand (Gs = 2.76) [1] and the measured dry density, the initial void
ratio was calculated to be approximately 1.00. This relatively high void ratio is consistent
with the characteristic porous nature of calcareous sands and falls within the typical
range reported for such materials. The initial porosity was accordingly calculated to be
approximately 50%.

2.5. Unconfined Compression Strength (UCS) Test

Dried EICP-reinforced sand column specimens were end-trimmed and tested using
a universal testing machine at a loading rate of 1.0 mm/min in accordance with the
geotechnical test standard GB/T 50123-2019 [61]. The test was terminated when a stable
residual stress appeared, and the peak axial stress was taken as the UCS value. Two
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parallel specimens were tested for each reinforcement condition, and the average value
was adopted as the final test result.

2.6. Split Hopkinson Pressure Bar (SHPB) Test

The split Hopkinson pressure bar (SHPB) test is a well-established technique for eval-
uating the dynamic mechanical behavior of materials subjected to high strain rates. The
experimental apparatus consisted of an incident bar, a transmission bar, a specimen clamp-
ing system, and a high-speed data acquisition system. The incident bar and transmission
bar are a pair of high-precision cylindrical metal rods, both fabricated from high-strength
alloy steel to ensure their elastic properties and low stress wave attenuation [62]. At the
beginning of the experiment, a strike bar is launched at high velocity to impact one end
of the incident bar. The kinetic energy from the strike bar is converted into a compressive
stress wave that travels along the incident bar. This stress wave acts as the excitation
source for the experiment, moving through the incident bar and reaching the specimen
positioned at its center, where it imparts the impact. The stress wave then propagates into
the transmission bar, traveling along it as an elastic wave. The transmission bar ensures the
stable propagation of this wave, preventing any distortion. Pulse shaping technique was
implemented by employing a spindle-shaped striker, which effectively mitigates waveform
dispersion, facilitates dynamic stress equilibrium, and enables approximately constant
strain-rate loading on the brittle EICP-reinforced calcareous sand specimens. The incident
bar and transmission bar had lengths of 400 mm and 2500 mm, respectively, with a diam-
eter of 50 mm. The bar material had a density of 7880 kg/m? and an elastic modulus of
210 GPa. The longitudinal wave velocity was 5172 m/s.

During testing, the EICP-reinforced calcareous sand specimen was carefully positioned
between the incident and transmission bars. A pneumatic launcher propelled a bullet
against the free end of the incident bar, generating an incident stress wave. Upon reaching
the specimen-bar interface, part of the wave was reflected back into the incident bar, while
the remainder was transmitted through the specimen into the transmission bar. High-
sensitivity strain gauges attached to the surfaces of both bars simultaneously recorded the
time histories of the incident, reflected, and transmitted waves (Figure 2a).

According to the one-dimensional elastic wave theory and assuming stress equilibrium,
the difference between the incident and reflected wave amplitudes was used to calculate the
average strain rate within the specimen. The amplitude of the transmitted wave was then
used to determine the dynamic stress, allowing the construction of dynamic stress—strain
curves. The formula is as follows:

o(t) = E( 2 )eta) ©)
Ht) = _?w) 6)
e(t) = —%. ;eT(T)dT (7)

where ¢; denotes the strain in the output bar caused by the transmitted pulse, while ¢,
represents the strain in the output bar induced by the reflected pulse. E, A and Cy stand for
Young’s modulus, the cross-sectional area, and the elastic wave velocity of the pressure bars,
respectively. A; and L are the cross-sectional area and length of the specimen, respectively.
Equation (5) indicates that the dynamic stress is proportional to the transmitted strain
amplitude; Equation (6) shows that the strain rate is determined by the reflected strain
amplitude, with the negative sign indicating opposite wave direction; and Equation (7)
obtains the cumulative dynamic strain by integrating the reflected strain history.
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Figure 2. Split Hopkinson pressure bar (SHPB) setup and test signals: (a) schematic diagram of the
Hopkinson bar system, (b) original waveform, and (c) verification of data validity. Source: drafted by
the authors.

A prerequisite for valid SHPB data reduction is dynamic stress equilibrium during
loading. According to one-dimensional elastic wave theory, this requires

g;(t)ter(t) =& (t) (8)

where ¢; ¢, and ¢; represent the amplitudes of the incident stress wave, the reflected stress
wave, and the transmitted stress wave, respectively.

Figure 2b presents the original SHPB waveforms, while Figure 2c compares the stress
histories at both specimen ends, calculated from¢;(t) + &,(t) and &;(t). The close agreement
between the two curves throughout loading confirms that dynamic stress equilibrium was
achieved and maintained, validating the recorded data and ensuring the reliability of the
derived parameters [63,64].

2.7. Determination of Calcium Carbonate Content

As the acid-washing method is fundamentally based on dissolving calcium carbonate
with hydrochloric acid and measuring the resulting mass loss of the insoluble residue
to determine the calcium carbonate content, its application is not feasible for calcareous
sand substrates. Since the substrate used in this study is itself a carbonate mineral, this
method can only measure the total calcium carbonate content and cannot isolate the in-
cremental portion actually precipitated during the EICP process. Therefore, in this study,
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a mass comparison method was adopted to determine the amount of calcium carbonate
precipitated. After the consolidation process is completed, the specimen is removed from
the mold and gently rinsed with deionized water to eliminate any residual soluble salts. The
specimen is then placed in an oven at 70 °C and dried for 24 h under constant-temperature
conditions. Once drying is complete, the specimen is weighed, then the calcium carbonate
content can be calculated by subtracting the mass of the original calcareous sand and the
mass of the fibers from the total dry mass of the specimen.

2.8. Micro Structure Analysis

A small amount of sand was extracted from the sand column model, dried in an oven
at 65 °C, and observed under a scanning electron microscope to evaluate the effectiveness
of EICP reinforcement from a microscopic perspective. The electron microscope used in the
experiment was a Zeiss Sigma 500 electron scanning microscope (Carl Zeiss Microscopy
GmbH, Jena, Germany), with a working distance ranging from 1 to 50 mm. At an accel-
erating voltage of 1 kV, the resolution is 1.6 nm, and at 15 kV, it can reach 0.8 nm. The
magnification ranges from 12 to 1,000,000 times, with an accelerating voltage range of
0.02 kV to 30 kV. The electron gun is a Schottky hot-field emission gun. The electron beam
current is 5 pA to 20 nA, with a beam stability better than 0.2%/h and noise resistance better
than 1%/h. The column features a magnetic-free design, ensuring imaging of ferromagnetic
materials and enabling high-resolution imaging of ferromagnetic substances.

3. Results and Discussion
3.1. Fragmentation Characteristics

Figure 3 shows specimens fractured during two different testing. The SHPB specimens
are shown on the left: the upper-left image shows the specimen without fibers, and the
lower-left image shows the specimen with fibers. The UCS specimens are shown on the
right: the upper-right image shows the specimen without fibers, and the lower-right image
shows the specimen with fibers. During SHPB testing, the specimen without fibers exhibited
brittle fracture. Owing to insufficient material strength, these specimens disintegrated
completely into fine granular fragments, losing nearly all structural integrity. The specimen
with fibers also experienced brittle fracture but exhibited completely different fracture
characteristics. Despite the damage, the specimens largely retained their overall integrity,
typically forming continuous shear zones or exhibiting longitudinal splitting. The resulting
fragments were relatively large and preserved partial features of the original geometry. The
same pattern of specimen damage was observed in UCS testing: the specimen without fibers
was severely damaged, while the specimens with fibers were locally damaged with only a
small amount of sand particles peeled off. This behavior suggests that under extremely high
loading rates, stress waves propagate rapidly through the cementitious matrix and particle
interfaces. Because the impact energy cannot be dissipated through a limited number of
cracks, multiple cracks nucleate and propagate simultaneously, ultimately resulting in
pulverized failure. In contrast, fibers bear some of the impact energy, converting it into
the tensile deformation energy of fibers, hindering crack propagation, and maintaining the
integrity of the fragments.
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Figure 3. Failure performance during UCS and SHPB testing. Source: drafted by the authors.

3.2. The Relationship Between UCS and CCC

As shown in Figure 4, the strength of all static test specimens increases with rising
calcium carbonate content (CCC). The coarse-to-fine sand ratio exerts only a minor influ-
ence on specimen strength at fiber contents of 0% and 0.2%. However, at a fiber content
of 0.4%, specimens with 50% coarse sand achieve the highest strength, whereas those
containing 100% coarse sand exhibit the lowest strength. CCC increased from 3.42% to
14.92%, while UCS rose from 0.19 MPa to 3.39 MPa. At the same fiber content, specimens
with a coarse-to-fine sand ratio of 1:1 showed the most rapid increase in unconfined com-
pressive strength (UCS) with calcium carbonate content (CCC), exhibiting an accelerating
upward trend (Figure 4b). For pure fine sand in Figure 4a (0:1 ratio), the growth of UCS
with CCC was approximately linear. For pure coarse sand in Figure 4c (1:0 ratio), the
increase was the slowest, with a slightly lower rate at high CCC compared with the 1:1
mixture. This behavior can be attributed to the moderate void structure of the 1:1 gradation,
which facilitates uniform calcium carbonate bonding. In both alternative cases, strength
development is limited: the very small voids in pure fine sand hinder solution permeability,
and the large voids in pure coarse sand compromise precipitation uniformity.
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Figure 4. UCS of samples with different fiber content under static pressure: (a) 0%, (b) 0.2%, and
(c) 0.4%. Source: drafted by the authors.

As shown in Figure 5, the strength of all static test specimens increases with increasing
CCC. At 0% coarse sand content, specimens with 0.4% fiber show the highest strength,
whereas at 50% and 100% coarse sand contents, unreinforced specimens exhibit the highest
strength. Specimens containing 0.2% fiber present the lowest strength under all coarse sand
contents. The coarse-to-fine sand ratio has a certain influence on the specimen strength;
its effect is relatively slight at 0.2% fiber content but becomes more significant at 0% and
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0.4% fiber contents. At 0% fiber content, an increase in coarse sand content improves
the static unconfined compressive strength (UCS), with the maximum strength rising
from 2.8 MPa to 4.8 MPa. In contrast, at 0.4% fiber content, increasing the coarse sand
content reduces the UCS, as the maximum strength decreases from 3.1 MPa to 1.3 MPa
when the coarse sand content increases from 0% to 100%. Under identical particle size
distributions, the influence of fiber content was evident. While the 0.0% and 0.4% fiber
groups exhibited similar relationships between UCS and CCC (with the 0.4 group slightly
slower), the 0.2% fiber group deviated markedly, generally showing lower UCS values,
slower strength growth at higher CCC, and even abnormal reductions. This phenomenon
can be attributed to non-uniform distribution of fibers in the sand, which generated weak
zones that diminished the reinforcement effect. Fibers oriented perpendicular to the impact
direction can significantly enhance the dynamic compressive strength through the crack-
bridging effect. It is hypothesized that the relatively low strength of 0.2% fiber specimens
may also be attributed to their fibers being predominantly distributed parallel to the loading
direction. By contrast, the denser fiber distribution at 0.4% enabled more effective stress
transfer through interfacial friction, partially mitigating adverse effects. Overall, UCS
increased with higher CCC, but the growth rate was strongly dependent on both particle
gradation and fiber content. Future work incorporating fiber orientation measurements is
required to validate this hypothesis.
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Figure 5. UCS of samples with different coarse sand content under static pressure: (a) 0%; (b) 50%;
(c) 100%. Source: drafted by the authors.

3.3. The Displacement Under Static Loading

According to Figure 6, a higher calcium carbonate content (CCC) leads to a greater
peak bearing capacity and a more complex failure process. A fiber content of 0.4% can
effectively alleviate stress concentrations and result in a gradual post-peak load decline.
In contrast, 0.2% fiber content leads to significantly degraded mechanical properties due
to uneven fiber distribution. For a fixed cementation time and fiber content (Figure 6a),
specimens with a 1:1 coarse-to-fine sand ratio achieved the highest peak load of 7000 N,
while pure fine and coarse sand specimens both reached approximately 5000 N. The 1:1
graded specimen exhibited a single sharp peak, whereas pure sand specimens showed
multiple sequential peaks. For a fixed gradation and fiber content (Figure 6b), increasing
CCC improved peak bearing capacity and complicated the failure process. At low CCC,
specimens failed in a scattered manner. At medium CCC, multiple peaks appeared due to
progressive failure of weak cemented zones. At high CCC, the curve showed an initial peak
from skeleton collapse followed by a secondary strengthening stage. For a fixed gradation
and cementation time (Figure 6¢), specimens with 0.4% fiber reached a peak load of about
5620 N with a gradual post-peak decline, owing to interfacial friction that alleviated stress
concentrations. By contrast, unreinforced specimens failed abruptly after reaching the peak
load. The 0.2% fiber group exhibited a much lower peak load and unclear failure stages
due to uneven fiber distribution.

Based on the results in Figures 4-6, the optimal mix ratio was determined as a coarse-
to-fine sand ratio of 1:1 with a fiber content of 0.4%.

3.4. The Stress—Strain Curve Under Dynamic Loading

The optimal mix ratio for EICP-reinforced calcareous sand specimens was determined
through static loading tests as 50% coarse sand content. In the subsequent dynamic loading
tests, this optimal mix ratio was adopted, and three impact gas pressures (0.25 MPa,
0.35 MPa, and 0.45 MPa) were applied using a Hopkinson pressure bar to investigate the
strain rate effect of the specimens.
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Figure 6. Stress-displacement curves of samples with different treatment conditions under static
pressure: (a) coarse sand contents, (b) reinforcement times, and (c) fiber contents. Source: drafted by
the authors.

Figure 7 presents the dynamic stress—strain curves of the specimens under different
impact gas pressures. For the non-fiber specimens (FC0%), as the impact gas pressure
increased from 0.25 MPa to 0.45 MPa, the dynamic compressive strength decreased from
1.1 MPa to 0.9 MPa. For the 0.2% fiber-reinforced specimens, as the impact gas pressure
increased from 0.25 MPa to 0.45 MPa, the dynamic compressive strength increased from
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0.3 MPa to 1.8 MPa. For the 0.4% fiber-reinforced specimens, as the impact gas pressure
increased from 0.25 MPa to 0.45 MPa, the dynamic compressive strength increased from
0.6 MPa to 1.3 MPa.

3
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Figure 7. The stress-strain curves during SHPB testing under different impact gas pressures. Source:
drafted by the authors.

3.5. The Relationship Between DCS and CCC

As shown in Figure 8, The dynamic strength increases with the increase in CCC. At an
impact pressure of 0.25 MPa, specimens with 0.2% fiber content exhibit the lowest strength.
At 0.35 MPa, specimens with 0.2% fiber content show the highest strength, and the strength
growth rate decreases for all specimens. At 0.45 MPa, the strength differences among
specimens with three fiber contents are relatively small, while the strength growth rate
of specimens with 0% fiber content increases significantly. With the increase in impact
pressure, the influence of fiber content on specimen strength diminishes. The impact
pressure exerts a significant effect on specimens with different fiber contents. At all impact
gas pressures, the dynamic compressive strength increased significantly with increasing
CCC, indicating that the calcium carbonate-bonded skeleton maintained strong resistance
to dynamic loads. The data in Figures 8 and 9 were fitted using an exponential relationship
because, as mentioned in the previously cited paper, the fitted relationship between UCS
and CCC also adopted an exponential relationship. The observed trend in this study is
consistent with the CCC-strength relationship established in existing literature based on a
larger dataset [23,38,65,66]. Figure 8a indicates that at an impact gas pressure of 0.25 MPa,
specimens with 0.4% fiber content achieved comparable dynamic compressive strength at
lower CCC values than the other two specimens. Furthermore, their fitted curve exhibited
a steeper slope, suggesting that the strength of the 0.4% fiber-reinforced specimens would
surpass that of the others at higher CCC levels, highlighting their superior strengthening
efficiency. Figure 8b indicates that for CCC values exceeding 8.6%, the dynamic compressive
strength of fiber-reinforced specimens consistently exceeds that of the non-fiber specimens.
Figure 8c follows the trend observed in Figure 8a, demonstrating that fiber incorporation
significantly enhances strength at low CCC levels. At a CCC of 4.8, specimens with 0.4%
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fiber content achieved a strength of 1 MPa earlier than other specimens, whereas those with
0.2% fiber and non-fiber specimens reached the same strength threshold at higher CCC
values of 5.7 and 7.7, respectively. This progression clearly illustrates the contribution of
fiber addition to strength development, with higher fiber content leading to more efficient

performance improvement.
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Figure 8. Relationship between dynamic compressive strength and CCC of sample with different
impact gas pressures: (a) 0.25 MPa, (b) 0.35 MPa, and (c) 0.45 MPa. Source: drafted by the authors.
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Figure 9. Relationship between dynamic compressive strength and CCC of sample with different
fiber content: (a) 0%, (b) 0.2%, and (c) 0.4%. Source: drafted by the authors.

As illustrated in Figure 9, the dynamic strength increases with increasing CCC. At 0%
fiber content, specimens exhibit the highest dynamic strength under an impact pressure
of 0.45 MPa. At 0.2% fiber content, the maximum dynamic strength occurs at 0.35 MPa
when CCC is 8.2%. At 0.4% fiber content, the dynamic strength of specimens varies
slightly among the three impact pressures. Fiber content has a significant influence on
the dynamic strength of specimens under different impact pressures. At 0% fiber content,
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the strength increases rapidly under 0.45 MPa. At 0.2% fiber content, specimens show
similar strength growth trends under different impact pressures. At 0.4% fiber content,
the strength values are close across different impact pressures, indicating that the impact
pressure has a negligible effect on strength and the stability of specimens is improved. At
impact pressures of 0.25 MPa and 0.35 MPa, the strength growth rate increases with rising
fiber content, accompanied by an increase in the k-value from 0.09 to 0.23 and from 0.05 to
0.19, respectively. In contrast, at 0.45 MPa, the strength growth rate and the k-value both
decrease with increasing fiber content, with the k-value falling from 0.36 to 0.16.

3.6. Strain-Rate Sensitivity and Dynamic Strengthening Mechanisms

Under dynamic loading, the strength of EICP-reinforced calcareous sand signifi-
cantly exceeds its static strength, a phenomenon fundamentally attributed to the inherent
strain-rate sensitivity of geomaterials. This section systematically analyzes the dynamic
strengthening mechanisms from three scales—particle scale, crack scale, and cementation
scale—and validates them with the experimental results of this study.

The first mechanism is particle inertia effect. During quasi-static loading, calcareous
sand particles have sufficient time to rearrange and adapt to external loads; loose particles
can undergo structural reorganization through rolling and sliding, thereby dissipating
energy to some extent and reducing local stress concentrations. However, under SHPB
dynamic impact, the loading duration is extremely short, typically only tens to hundreds
of microseconds, and stress waves propagate through the specimen at very high velocities.
Under such conditions, relative sliding between particles is forcibly constrained, and the
load transfer path shifts from frictional sliding between particles to forced compression of
the particle skeleton and cementation failure. This inertial confinement effect causes a sharp
increase in inter-particle contact forces, significantly enhancing both the initial stiffness and
peak load-bearing capacity of the material.

The second mechanism is crack propagation resistance. Under static loading, due to
the slow increase of load, cracks tend to develop along the path of least energy consumption,
ultimately forming one or a few major cracks. This progressive failure mode results in
relatively limited resistance during crack propagation. However, under dynamic loading,
since a single crack cannot obtain sufficient time and energy to propagate continuously,
the impact energy must be dissipated by activating more secondary cracks, leading to a
significant increase in total fracture surface area and thus greatly enhancing the energy
consumption required for crack propagation. This also explains why SHPB specimens
disintegrate completely into fine particles.

The third mechanism is the rate-dependent behavior of calcium carbonate cementation
bridges. The calcium carbonate crystals generated by EICP form cementation bridges at
particle contact points, and these bridges are one of the primary sources of specimen
strength. Under static loading, the cementation gradually deteriorates, manifesting as a
relatively gentle failure process. However, under dynamic loading, the brittle fracture
behavior of calcium carbonate bridges exhibits significant rate sensitivity. High strain rates
prevent the bridges from undergoing slow damage accumulation, causing them to undergo
brittle fracture at levels closer to their theoretical strength. Meanwhile, the fracture of
CaCOg bridges not only consumes energy but also generates fine particles that may fill
surrounding pores, increasing the contact area and friction coefficient between particles,
thus maintaining certain residual strength even after failure. This mechanism is consistent
with the trend observed in this study, where dynamic strength increases significantly with
increasing calcium carbonate content (CCC).

Furthermore, the fiber-bridging effect cannot be overlooked. Under dynamic loading,
the interfacial bond resistance between fibers and the matrix exhibits significant strain-rate
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sensitivity. High strain-rate loading substantially increases the resistance to fiber pull-out,
requiring the fibers to overcome greater interfacial shear strength to slide out of the matrix.
Meanwhile, the fracture mode of the fibers themselves under dynamic loading may also
shift from tensile fracture to shear fracture, further increasing energy dissipation. Therefore,
the fiber-bridging effect is significantly enhanced under dynamic conditions, effectively
delaying crack propagation and substantially improving the dynamic toughness and overall
strength of the specimens. Specimens with 0.4% fiber content exhibited block-like failure
during SHPB testing, while unreinforced specimens completely disintegrated, indicating
that fiber incorporation effectively maintains the integrity of the fragments.

To quantitatively characterize the strain-rate sensitivity discussed above, the dynamic
increase factor (DIF), defined as the ratio of dynamic compressive strength to static uncon-
fined compressive strength, was calculated for each condition. Table 3 summarizes the
average strain rates, dynamic compressive strengths, and corresponding DIF values for
all tested conditions. The DIF values increase with increasing strain rate across all fiber
contents, confirming the significant strain-rate sensitivity of the EICP-reinforced calcareous
sand. Among the three fiber contents, the 0.2% fiber-reinforced specimens exhibit the
highest DIF values, indicating that the fiber-bridging effect is most effectively activated
under dynamic loading at this fiber dosage. Notably, the 0.4% fiber-reinforced specimens,
despite exhibiting the highest static UCS, show lower DIF values compared to the 0.2%
group. This is because their higher static strength baseline leaves less room for relative am-
plification, although their absolute dynamic strength remains at a relatively high level. The
unreinforced specimens (FC0%) show the lowest DIF values, suggesting limited strain-rate
sensitivity in the absence of fibers.

Table 3. Dynamic compressive strength and DIF of specimens with varying fiber contents.

No. Strain Rate (S—1) DCS (MPa) DIF
FC0%-IGP0.25-¢: 107 s ! 107 1.88 1.04
FC0%-IGP0.35-¢: 128 s 1 128 1.97 1.09
FC0%-IGP0.45-¢: 168 51 168 2.01 1.12
FC0.2%-1GP0.25-¢: 109 s~1 109 1.67 2.01
FC0.2%-1GP0.35-¢: 142 1 142 2.60 3.13
FC0.2%-1GP0.45-¢: 169 s~1 169 3.01 3.62
FC0.4%-IGP0.25-¢: 111 s~} 111 1.77 1.46
FC0.4%-IGP0.35-¢: 205 s~ 1 205 2.13 1.77
FC0.4%-IGP0.45-¢: 216 s~} 216 2.66 2.20

In summary, the dynamic strength enhancement of EICP-reinforced fiber-reinforced
calcareous sand is not governed by a single mechanism but results from the synergistic cou-
pling of particle inertial confinement, multi-crack competitive propagation, rate-dependent
fracture of CaCOs bridges, and enhanced fiber-bridging under dynamic loading. These
mechanisms interact synergistically at high strain rates, collectively leading to dynamic
strength significantly exceeding static strength, with the enhancement magnitude increas-
ing with rising strain rate.

3.7. Data Comparison

At the same CCC, the dynamic strength is higher than the static strength. Both
strengths increase with increasing CCC and exhibit an exponential relationship with CCC.
The dynamic strength increases from 0.85 MPa to 3.8 MPa as CCC rises from 4.2% to 10.9%,
while the static strength increases from 0.19 MPa to 3.39 MPa with CCC rising from 3.62% to
14.92%. The observed exponential correlation between UCS and CCC was consistent with

https://doi.org/10.3390/su18157903


https://doi.org/10.3390/su18157903

Sustainability 2026, 18, 7903

19 of 24

UCS+DCS (MPa)

W

N

the trends reported in previous studies [27,42,65,66], thereby corroborating the reliability of
the data obtained in this work. As shown in Figure 10, the UCS under static loading in this
study is considerably higher than those reported in [4,65,66]. In addition, the UCS under
dynamic loading in this study was higher than that in previous works [65,66] at comparable
CCC levels. A comparison of the compressive strength under dynamic and static loading
conditions reveals that, at the same CCC, the compressive stress of specimens under
dynamic loading is on average approximately 1.5 MPa higher, with a maximum increase
of 2.5 MPa, compared to those under static loading conditions. This result demonstrates
the enhanced strength and superior impact resistance of the EICP-reinforced calcareous
sand, ensuring greater structural stability under dynamic loading. Compared with existing
studies, this paper obtained higher static and dynamic compressive strengths under similar
calcium carbonate content (CCC). The synergistic effect of particle gradation (1:1 mix of
fine and coarse sand) and fiber dosage (0.4%) was systematically optimized, leading to a
more stable load-bearing skeleton and a more uniform stress transfer path. This specific
combination has rarely been systematically discussed in previous research. This study is
the first to systematically compare the strength differences of EICP-cemented calcareous
sand under static and dynamic loading conditions at the same CCC. Such dynamic-static
strength comparison data are still relatively scarce in the existing literature, revealing that
biocemented calcareous sand exhibits significant strain rate sensitivity. Therefore, Figure 11
not only provides a comparison of strength values but also intuitively demonstrates the
unique contribution of this study in elucidating the synergistic enhancement mechanism
of EICP and fibers, as well as its dynamic resistance advantages. This is of great reference
value for island and reef engineering structures subjected to transient or impact loads.

® Dynamic loading test results (this study)
A Static loading test results (this study)

X EICP Nuepane et al. (2015)

AEICP Park et al. (2014) ®
O EICP Cui et.al. (2024)

2 4 6 8 10 12 14 16
CCC (%)

Figure 10. Relationship between compressive strength and CCC obtained from dynamic and static
tests: comparison between the present study and previous studies. Comparative literature data are
presented as: open crosses for Nuepane et al. (2015) [65]; open triangles for Park et al. (2014) [66];
and open diamonds for Cui et al. (2024) [4]. Source: drafted by the authors.
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Figure 11. SEM images of samples: (a) sample with 0.4% fiber after UCS test, (b) sample without
fiber after UCS test, (c) sample with 0.4% fiber after SHPB test, and (d) sample without fiber after
SHPB test. Source: drafted by the authors.

3.8. SEM Microscopic Analysis

Scanning electron microscopy (SEM) observations revealed that the CaCOj3 precipitates
consisted of a mixture of blocky and platy morphologies. The blocky particles were
predominantly distributed on sand grain surfaces, whereas the platy crystals were more
frequently observed bridging adjacent particles, contributing to interparticle cementation.
Under dynamic testing, in specimens with fibers, sand particles are cemented to the fibers
by calcium carbonate, leading to a stronger structure. However, local fracture of the fibers
still occurs. In specimens without fibers, the sand particles are broken upon impact. Under
static testing, in specimens with fibers, sand particles adhere to the fibers, and no obvious
damage is found at the interfaces between fibers and sand particles. In specimens without
fibers, the inter-particle connection between sand grains is relatively weak. Scanning
electron microscopy (SEM) observations revealed that after static loading, CaCOj3 crystals
predominantly appeared as plate-like or block-like structures, filling the voids between
sand particles and cementing them into a cohesive matrix, as shown in Figure 11a,b.
Damage mainly occurred at the interfaces within the cementitious phase or between the
cementitious material and sand particles, and the resulting crack paths were relatively
simple and clearly defined. After dynamic loading, fiber-containing specimens exhibited
good bonding (Figure 11c), while non-fiber specimens showed particle fragmentation
(Figure 11d), indicated disruption of the internal bonding network within the specimens,
confirming the macroscopic phenomenon of complete specimen disintegration observed
under impact loading.
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4. Conclusions

This study examined the engineering properties of calcareous sand cemented with
coconut fiber via enzyme-induced carbonate precipitation. The investigation was conducted
under both dynamic and static loading conditions, considering different fiber addition
ratios and coarse sand contents, and analyzed the micro-scale mechanisms underlying the
observed strength variations.

1.  SHPB tests indicate that fiber incorporation significantly enhances dynamic strength,
and the dynamic compressive strength of both non-fiber and fiber-reinforced speci-
mens increases with increasing impact pressure. Based on static and dynamic tests,
the optimal mix ratio for EICP-reinforced calcareous sand is determined as 50% coarse
sand content and 0.4% fiber content.

2. Dynamic strength increases with both calcium carbonate content (CCC) and impact
pressure. Under identical CCC conditions, the dynamic strength consistently exceeds
the static strength, with a maximum difference of up to 2.5 MPa. Both strengths
exhibit an exponential correlation with CCC.

3. Fiber incorporation significantly enhances the dynamic strength of EICP-reinforced
specimens. Impact pressure has a significant effect on the strength of specimens with
different fiber contents: as the impact pressure increases, the influence of fiber content
on specimen strength gradually decreases.

4. SEM observations confirm that the strength improvement is attributed to the bonding
between fibers and cementitious materials and the filling of inter-particle voids by
CaCOs precipitates. In practical applications, particular attention should be paid to
achieving uniform fiber distribution, as locally excessive or insufficient fiber content
may compromise the reinforcement effectiveness.
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Abbreviations

CCC Calcium carbonate content

CS Cementation solution

CsC Content of coarse sand

DCS Dynamic compressive strength

DIF Dynamic increase factor

EICP Enzyme-Induced Calcium Carbonate Precipitation
FC Fiber content

MICP Microbially Induced Carbonate Precipitation
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RT Reinforcement times

SEM Scanning electron microscopy
SHPB Split Hopkinson pressure bar
ucs Unconfined compressive strength
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