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Abstract
The use of the calcareous soil as a backfill material in ocean constructions faces pervasive challenges due to the significant

rate of particle fracture. To meet the requirements of marine ecological protection, a bio-cementing technique, microbially

induced carbonate precipitation (MICP), has emerged as a green method for improving the soil properties of calcareous

sands. This paper presents a detailed study on the effect of MICP on the fracture behaviours of calcareous particles and its

treating mechanism at microscopic scale level. First, individual calcareous and dolomite particles were treated by MICP for

different numbers of rounds. The increase ratio of the particle mass and the filling degree of the intra-particle pores were

then measured to evaluate the treatment effect of MICP on individual sand particles. Combining with scanning electron

microscopy measurements of the evolution of the particle morphology and internal microstructures of the calcareous

particles, the intra-particle pore filling effect as well as the surface coating effect induced by MICP treatment were directly

observed. Finally, a series of single-particle crushing tests indicated that the intra-particle pore filling effect of MICP rather

than the surface coating effect played the dominant role in improving the fracture pattern and fracture strength of

calcareous sand particles.

Keywords Calcareous sand � Intra-particle pore structure � Microbially induced carbonate precipitation � Particle fracture �
Treatment effect

1 Introduction

Calcareous sands are primarily composed of calcium car-

bonate minerals, and they are widely distributed in the

warm and shallow seas of the world’s tropical and sub-

tropical regions. As calcareous sediments are mainly

formed by the weathering of the skeletal remains of marine

organisms, such as corals, foraminifera and shells, cal-

careous sands are characteristic of complex particle mor-

phologies and abundant intra-particle pores. As a result,

they usually exhibit distinct mechanical properties from

those of ordinary quartz sands. For example, although the

complex-shaped particles of calcareous sands form a loose

fabric within the soil structure, the inter-particle locking

effect usually results in a high internal friction angle at low

stress conditions [3, 5]. More significantly, due to the weak

intra-particle pore structure, calcareous sands are highly

susceptible to particle fracture and degradation at high

stress conditions [6, 23, 43]. Therefore, calcareous sands

are regarded as ‘special soils’ in most engineering

applications.

With the development of offshore and oceanic engi-

neering, calcareous sands have become the most commonly

used backfilling materials for reclamation work, building

foundations, road embankments and airport runways.

However, the significant rate of particle fracture when

using such sands gives rise to a large number of difficult

engineering problems, such as the inadequate bearing

capacity of foundations and drilling piles and the overlarge

settlement of road embankments and airport runways under

cyclic loading [2, 15, 16]. Moreover, the fine contents of

calcareous sands, with a loose fabric and a high saturation,

are highly vulnerable to soil liquefaction during
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earthquakes [33, 45, 46]. To solve these engineering

problems, it is necessary to improve the mechanical

properties of calcareous sands through reinforcing tech-

niques, such as mechanical compaction [38], chemical

grouting [44], cement grouting [34] and geotextile rein-

forcement [41]. As ocean engineering sites are located far

offshore, these conventional terrestrial methods for soil

improvement are restricted by the need for mechanical

equipment, material transport and suitable construction

environments. More importantly, chemical and cement

grouting may cause serious oceanic pollution and damage

the marine ecological environment. Therefore, an innova-

tive and environmentally friendly soil improvement

method for calcareous sands is urgently needed for the

development of offshore and ocean engineering.

Recently, a bio-cementing technique, microbially

induced carbonate precipitation (MICP), has emerged as a

‘green’ geotechnical method for the improvement of

ground soil. A widely applied MICP process is based on

urea hydrolysis by Sporosarcina pasteurii, a microbe with

strong activity in natural soils, even in acidic and saline

environments [1, 4, 9, 17, 20, 27, 45]. These bacteria can

hydrolyse urea into carbonate ions with high efficiency,

then rapidly produce calcite crystals in a calcium source

environment. The MICP process can be expressed by the

following equations.

CO NH2ð Þ2 þ 2H2O ! 2NHþ
4 þ CO2�

3 ð1Þ

Ca2þ þ CO2�
3 ! CaCO3ðsolidÞ ð2Þ

The earlier applications of MICP for soil improvement

were mainly applied to the commonly used quartz sands

[1, 4, 7, 31, 35]. Recently, MICP treatment has also been

applied to the soil improvement in marine calcareous sands

[8, 10, 18, 19, 21, 47, 48]. A large number of experimental

studies have confirmed that MICP treatment produces

calcite cement inside the soil matrix, thereby reducing the

permeability and improving the stiffness and strength for

both kinds of granular soils. Subsequently, successful

applications in field tests have proven that MICP treatment

is a promising method to reduce the settlement and enhance

the bearing capacity and liquefaction resistance of foun-

dations [12, 26, 30, 42, 45]. Close inspection of the liter-

ature reveals that research on MICP has mainly focused on

the optimisation of treatment techniques and the evaluation

of treatment effects on soil properties. These studies have

reported several difficult challenges to the application of

MICP, such as the spatial heterogeneity of calcite precip-

itation inside the treated samples [24, 32, 36] and the brittle

failure of the treated samples, which have very low residual

strengths under loading [4, 7, 19, 22].

An understanding of the microscopic mechanism of

MICP treatment holds the key to meeting these challenges

and rationalising the different treatment effects on quartz

sands and calcareous sands. For quartz sands, it is generally

believed that MICP produces a calcite coating on the par-

ticle surface and a calcite filling into inter-particle pores,

which result in calcite cementing or bridging between the

contacting particles [7, 28, 37]. This greatly enhances the

soil stiffness and strength. Due to the critical role of par-

ticle fracture in determining the mechanical properties of

granular soils, such as compressibility, shear strength and

critical state behaviours [6, 23, 43], the effect of MICP on

the particle fracture of granular soils is an important sci-

entific issue; however, it has rarely been addressed. Xiao

et al. reported that MICP treatment substantially restrained

the particle breakage of quartz sands [47]. They attributed

the treatment mechanism to the extra energy dissipation

induced by the inter-particle calcite debonding, rather than

to the enhancement of particle fracture strengths. With

regard to calcareous sands, the abundant surface holes and

intra-particle pores provide favourable biochemical envi-

ronments for bacterial adsorption and calcite precipitation,

and the mechanism of MICP is more complicated than that

for quartz sand. Moreover, the effect of the intra-particle

pore filling induced by MICP on the fracture behaviours of

calcareous particles themselves, and the underlying

mechanism of particle fracture, remain unclear. Therefore,

a key scientific question is arisen: How to quantify the

intra-particle filling effect by MICP treatment on the mit-

igation of the particle crushing nature of calcareous sands.

The objective of this study was to investigate the effect

of MICP on the fracture behaviours of calcareous sand

particles and to deduce its treating mechanism at micro-

scopic scale level. Individual calcareous particles were first

treated by MICP for different numbers of rounds. To dis-

tinguish between the surface coating effect and intra-par-

ticle pore filling effect of MICP, dolomite particles without

intra-particle pores were chosen as the control group. The

particle mass and the filling degree of intra-particle pores

of different types of sand particles were investigated as a

function of the number of treatment rounds. Scanning

electron microscopy (SEM) measurements of the evolution

of the particle morphology and internal microstructures

provided further evidence of the treatment mechanisms of

MICP. Finally, a series of single-particle crushing tests

were conducted to investigate the diverse effects of MICP

treatment on the fracture strength and fracture pattern of

different types of sand particles.
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2 Microbially induced carbonate
precipitation

2.1 Tested sand particles

The calcareous sand chosen in this study was sampled from

the Spratly islands of the South China Sea [50]. Since the

insignificant contribution of shell deposits, a total of 210

particles without shells were randomly selected from the

screening packing, with the size ranging from 2.0 to

5.0 mm. To help distinguish the treatment effect and

mechanism of MICP specifically for calcareous sand par-

ticles, a control group of 210 dolomite particles with the

same size range was chosen. As shown by the photographs

in Fig. 1, calcareous particles have more irregular and

concave shapes than dolomite particles. The SEM images

in Fig. 1 further show that calcareous particles have

abundant surface concavities and intra-particle pores,

which are due to their bio-geological origin from coral reef

and reef limestone, whereas dolomite particles are intact

without surface concavities and intra-particle pores. In

addition, the SEM image of dolomite particles features

clear rhombohedral crystals; in contrast, no clear crystals

can be identified from the SEM image of calcareous

particles at the current scale level because the mineral of

calcareous particles is always microcrystalline or cryp-

tocrystalline due to its biological origin [25]. Therefore, in

the following sections, the crystal shape observed in SEM

images combined with the mineral phase measured by

X-ray diffraction (XRD) results are regarded as two

important indicators to distinguish between the original

mineral of calcareous particles and the newly produced

mineral by MICP.

2.2 MICP treatment procedures

In this study, a commonly used bacterium, Sporosarcina

pasteurii (ATCC 11,859) was selected for the MICP

treatment. The bacterial cells from the frozen stock were

first grown in a liquid medium containing 20 g/L yeast

extract (NH4-YE), 10 g/L NH4Cl, 12 mg/L MnSO4�H2O

and 24 mg/L NiCl2�6H2O at a pH of 8.5 and a temperature

of 30 �C. After 24-h culture, the optical OD600 value of the

obtained bacterial suspension (BS) was measured at a

wavelength of 600 nm by an ultraviolet spectrophotometer,

reaching an ultimate range of OD600 = 1.2–1.8. The aver-

age urease activity of the bacteria was quantified by the

electrical conductivity, which was approximately

3.5–5.3 mM urea hydrolysed/min. Referring to recent

Fig. 1 Photographs and SEM images of the tested calcareous particles (upper row) and dolomite particles (lower row)

Acta Geotechnica (2023) 18:985–999 987

123



studies [1], the cementation solution (CS) for the MICP

treatment in this study was a mixture of urea (CON2H4)

and CaCl2, and the concentration of each is about 0.5 mol/

L after mixing.

To directly investigate the mechanism by which MICP

treatment affects particle fracture behaviours, the above-

described sand particles were separately treated by MICP

and then tested by single-particle crushing tests. The 210

particles of each kind were divided into seven groups of 30

particles each. The first group was the control group

without MICP treatment. From group two to group seven,

the number of rounds of MICP treatment was successively

increased by one as the group number increased. Figure 2

illustrates the detailed process of one round of MICP

treatment. The main procedures are as follows: (1) placing

the tested particles separately into a polystyrene culture

plate with 48 holes; (2) adding 0.5 mL BS into each hole to

immerse each particle; (3) placing the culture plate in an

incubator at a temperature of 30 �C for 24 h; (4) transfer-

ring these particles into a new culture plate inside the

incubator; and( 5) injecting 0.5 ml CS at the first time and

then 0.25 mL CS each day for 3 days into each hole to

trigger carbonate precipitation within each particle. In total,

one round of MICP treatment of a particle included 24 h of

immersion in BS and 96 h of exposure to CS. Figure 3

shows the morphologies of a calcareous particle and a

dolomite particle before and after five rounds of MICP

treatment. It can be observed that plentiful calcite crystals

were produced around the particle profile, forming a thick

calcite coating. This indicated the effectiveness of the

proposed MICP technique for treating individual sand

particles.

Fig. 2 Schematic diagram of procedures of one round of MICP treatment

Fig. 3 Morphologies of a calcareous particle ((a) and (b)) and a

dolomite particle ((c) and (d)) before and after MICP treatment
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3 Treatment effect and mechanism

3.1 Treatment effect

Particle mass growth due to carbonate precipitation is an

important indicator of the treatment effect of MICP

[4, 13, 39]. To quantify the particle mass growth, the

increase ratio (IR) of particle mass was calculated as

IR ¼ M �M0

M0

ð3Þ

where M0 is the original mass of an untreated particle and

M is the mass of the particle after MICP treatment. To

measure M, the particle samples were washed by deionized

water to remove the by-products after MICP treatment, and

then completely dried at the 60 �C condition. As calcare-

ous particles are rich in intra-particle pores, the density

variation of the overall particle volume is an essential

indicator of the degree to which MICP causes filling of the

intra-particle pore structure. Therefore, another index, the

filling degree (FD) of intra-particle pores, was calculated as

FD ¼ V0 M �M0ð Þ
M0 V � V0ð Þ ð4Þ

where V0 and V are the convex hull’s volume of the tested

particle before and after MICP treatment, respectively. As

illustrated by Fig. 4, the convex hull’s volume was calcu-

lated as 0:3abc, where a, b and c are the long, middle and

short axes, respectively, of the particle measured by a

vernier caliper. The empirical equation measuring the

convex hull’s volume was obtained based on the image

analysis of the X-ray micro–computed tomography (lCT)
images of 30 calcareous sand particles from the authors’

previous study [50]. The measurement of the convex hull’s

volume was briefly introduced in the Appendix. The reason

for choosing the convex hull’s volume to calculate FD is

that the surface coating comparing with the filling of intra-

particle voids has a significant impact on the change of the

convex hull. Imaging that the pure filling of intra-particle

voids can increase M but not increase V in Eq. 4, thereby

obtaining a high value of FD. Therefore, we believe FD

can depict the filling degree of intra-particle voids by

MICP.

Figure 5 shows the increase ratio of particle mass and

the filling degree of intra-particle pores as a function of the

number of rounds of MICP treatment. For both calcareous

and dolomite particles, the increase ratio of particle mass

sharply increased with the number of rounds of MICP

treatment, as demonstrated in Fig. 5a. However, the parti-

cle mass of the calcareous particles increased much faster

than that of the dolomite particles, and the increase ratio of

the calcareous particle mass therefore covers a much

greater range than that of the dolomite particles. These

results can be attributed to the larger specific surface area

of calcareous particles with rich surface features, which is

beneficial for bacterial enrichment and carbonate

precipitation.

As shown in Fig. 5b, the filling degree of the intra-

particle pores of the calcareous particles was much higher

than that of the dolomite particles, indicating that the intra-

particle pore structure-filling effect of MICP was pro-

nounced only for the former. Notably, for the calcareous

b

a

c

Fig. 4 A calcareous particle and its convex hull (unit: mm)
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particles, the filling degree was high for the first three

rounds of MICP treatment and relatively low afterward. In

contrast, that of the dolomite particles remained low

throughout the process of MICP treatment. This indicated

that for calcareous particles, the filling of intra-particle

pores was efficient at the earlier stage of MICP treatment,

but the efficiency significantly decreased after four rounds

of treatment. This might be attributable to the closure of

surface concavities and intra-particle pores as a result of

filling with calcite. In addition, due to the abundant intra-

particle pores and surface concaves, the variable specific

surface area of calcareous particles resulted in a high

variation of MICP products compared with dolomite par-

ticles. In consequence, the calcareous particles have larger

error bars than the dolomite particles. The microscopic

mechanism of the intra-particle pore filling effect of MICP

is discussed in detail in the following section. These results

also implied that the coating of particle surfaces gradually

replaced the intra-particle pore filling effect as the number

of rounds of MICP treatment increased.

3.2 Treatment mechanism

To illustrate the mechanism of intra-particle pore filling by

MICP, Fig. 6 shows the X-ray lCT images of a typical

calcareous particle, the identified intra-particle pore–throat

structure by image analysis and simulated streamlines of

fluid flowing across the particle. Detailed information on

the lCT scanning, identification of the intra-particle pore–

throat structure of calcareous particles and the modelling of

the fluid flowing across a calcareous particle can be found

in the authors’ previous study [50]. It can be seen that the

calcareous particle is rich in both surface concavities and

internal pores. By the image analysis of lCT images from

the authors’ previous study [50], the particle has a mea-

sured intra-particle pore porosity of approximately 0.12. In

this previous study, calcareous particles with much higher

intra-particle pore porosity were identified. The pore–throat

network (Fig. 6(b)) reveals the topological connectivity of

the intra-particle pore structure, which is a major deter-

minant of the hydraulic conductivity of porous geomate-

rials. In such a network, fluid streamlines can flow into the

deep surface holes and interconnected intra-particle pores,

thereby permeating the entire calcareous particle even

under a very low seepage pressure (Fig. 6c). These

observations therefore indicate that the BS and CS used for

MICP treatment can fill the easily accessible interior of the

calcareous particle, thereby guaranteeing the condition of

MICP process inside its surface concaves and intra-particle

pores.

To directly observe the mechanism of intra-particle pore

filling by MICP, a calcareous particle sample was crushed

after five rounds of MICP treatment and its major fragment

was selected for SEM scanning. Figure 7 shows the SEM

images of the fracture surface and partial enlarged details

of the calcareous particle. Large internal pores can be

observed on the fracture surface (Fig. 7a). From the

enlarged detail of a particle corner (marked as A), two

crystal forms can be identified, namely phanerocrystalline

and cryptocrystalline. A distinct boundary between these

two crystal forms is clearly observed, as marked by the red

curve. This represents the boundary between the original

particle profile and the newly produced calcite coating

formed by MICP treatment. From the enlarged detail of the

central area of the fracture surface (marked as B), numer-

ous phanerocrystalline crystals can be also seen to densely

Fig. 5 Development of the increase ratio of particle mass and filling degree of intra-particle pores of with the increased number of rounds of

MICP treatment
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accumulate within a narrow band (marked by two red

parallel lines in the last subplot), which is probably an

original (i.e., pre-treatment) intra-particle pore of the cal-

careous particle.

To directly prove the intra-particle pore filling was the

calcite crystals produced by MICP, XRD phase identifi-

cation was carried out on the materials located at different

areas of the MICP-treated particle. A calcareous particle, a

dolomite particle, and the coating and filling materials

(from areas A and B in Fig. 7) were separately grinded into

powder to prepare three samples for the XRD phase

identification. Figure 8 demonstrates the identified mineral

phases of these three test materials. The XRD analytical

result demonstrated that the main constituent minerals of

Fig. 6 a lCT images of a typical calcareous particle, b Pore–throat structure of intra-particle pores, c Simulated streamlines of fluid flowing

across the particle

A

B

A

B

Fig. 7 SEM images of a fracture surface and partial enlarged details of a calcareous particle fragment
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the calcareous particle, dolomite particle and MICP pro-

duct are aragonite, dolomite and calcite, respectively.

Combining with the SEM result, this finding directly

indicates that MICP induced the intra-particle pore filling

of calcareous sands.

4 Particle fracture behaviours

4.1 Particle fracture pattern

The single-particle crushing test is a widely accepted

method for investigating the fracture behaviours of gran-

ular soil particles [11, 14, 29, 40, 49]. To evaluate the

effect of MICP treatment, a series of single-particle

crushing tests was conducted to investigate the fracture

strength and fracture pattern of the tested particles. Fig-

ure 9 shows the loading apparatus used and the loading

process of a tested calcareous particle. The apparatus

mainly includes a loading frame, a loading system, a load

cell, a displacement sensor and a data collection and con-

trol system. To conduct a single-particle crushing test, the

upper loading platen was actuated by the loading system at

a downward speed of 0.1 mm/min to uniaxially compress

the particle until major failure. The load cell and the dis-

placement sensor continuously recorded the force and

displacement of the upper loading platen. Meanwhile, a

high-speed microscope camera was used to capture the

fracture process of the particle under loading.

As the MICP treatment produced both a surface coating

effect and an intra-particle pore filling effect, the changes

in microstructure in terms of particle morphology and

intra-particle pore structure had a significant influence on

the fracture strength and fracture pattern of the particles

subjected to uniaxial compression. Therefore, it is

important to distinguish the roles of these two treatment

effects in the change in particle fracture behaviours, and

the underlying mechanism of fracture. Figure 10 shows the

observed fracture patterns of all the tested particles, and

Fig. 11 shows the force–displacement curves of the chosen

calcareous and dolomite particles displayed in Fig. 10.

Based on the shape of the force–displacement curves, the

intensity of the particle fracture and the number of gener-

ated fragments, the particle fracture events can be classified

into two types, namely major splitting and global

comminution.

The particles with the major splitting pattern were

characterised by a clear major peak in the force–displace-

ment curve (Fig. 11a), with only two or three large frag-

ments generated after loading (Fig. 10a). The force–

displacement curve presented a nonlinear Hertzian-type

contact response before the peak and subsequently a brittle

failure of the particle after the peak. This fracture pattern

mainly occurred for the particles with a regular shape and

an intact internal structure. In contrast, for the particles

with the global comminution pattern, many minor peaks

appeared before the major peak in the force–displacement

curve (Fig. 11b), and numerous small fragments were

produced during the progressive failure process (Fig. 10b).

This fracture pattern is probably attributable to the irregular

particle shape and intra-particle pore structure. To evaluate

the particle fracture strength, the maximum tensile stress

within the particle volume during the loading process was

calculated by the following equation [11, 14, 40].

r ¼ 0:9
Fmax

d2
ð5Þ

where Fmax is the loading force at the major peak of the

force–displacement curve and d ¼
ffiffiffiffiffi

bc
p

is the equivalent

diameter of the tested particle.

Figure 12 shows the proportion of tested particles with

different fracture patterns, and boxplots of the fracture

strengths of particles with different fracture patterns, as a

function of the number of rounds of MICP treatment. For

both kinds of tested particles without MICP treatment, the

proportion of particles with the global comminution pattern

was much larger than that with the major splitting pattern.

For calcareous particles, the dominance of the global

comminution pattern is mainly attributable to their intra-

particle pore structures, whereas for the dolomite particles

it can probably be explained by their rough surface textures

and weak inter-crystal faces. With successive rounds of

MICP treatment, the proportion of the major splitting

pattern for both kinds of tested particles gradually

increased, whereas that of the global comminution pattern

gradually decreased. However, this trend was more pro-

nounced for the calcareous particles. It can be inferred that

the intra-particle pore filling effect rather than the surface

Fig. 8 XRD phase identification of the test materials
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coating effect of MICP makes the greater contribution to

strengthening the weak microstructures of sand particles. In

addition, it was noticed that the particles with the major

splitting pattern had higher average fracture strengths than

those with the global comminution pattern. This result also

indicated that the transition of the fracture pattern from

global comminution to major splitting directly contributed

to the reinforcement of the particle fracture strength.

4.2 Particle fracture strength

To investigate the effect of MICP treatment on the particle

fracture strength, the distributions of particle survival

probability were plotted together with the corresponding

Weibull fitting curves of the tested particles with different

numbers of rounds of MICP treatment (Fig. 13). The

Weibull distribution of particle survival probability for a

group of tested particles was fitted by the following

equation [11, 14, 40].

Microscope 
camera

Load cell

Upper platen

Lower platen

Displacement 
sensor

Particle sample

Control Panel

Loading frame

Fig. 9 Loading apparatus used and loading process of a tested calcareous particle

Fig. 10 Fracture patterns of the tested particles: a Major splitting and b Global comminution
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Ps ¼ exp � r
r0

� �m� �

ð6Þ

where Ps is the survival probability of a tested particle with

the stress of r, r0 is the obtained characteristic fracture

strength of this particle group and m is the obtained Wei-

bull modulus, indicating the variability of the fracture

strength of this particle group. r0 and m were measured by

using a least-squares method on the data points in Fig. 13.

As shown in Fig. 13, the curve of particle survival

probability continuously shifts to the right with the

increasing number of rounds of MICP treatment, especially

for the calcareous particles. This indicates that a particle

treated more times had a higher survival probability than a

particle treated fewer times when it is subjected to loading,

which is evidence for the significant reinforcing effect of

MICP on the fracture strength for both kinds of sand par-

ticles. However, the rightward shifting of the curves with

progressive rounds of MICP treatment differs notably

between the two kinds of particles, as described in the next

paragraph. This is consistent with the obtained r0 and

m values of the tested particles as a function of the number

of rounds of MICP treatment, as plotted in Fig. 14.

For both kinds of tested particles, r0 first increased and

then decreased with the increasing number of treatment

rounds (see Fig. 14a). Taking calcareous particles for

example, r0 rapidly increased until the fifth round of MICP

treatment but slightly decreased after the sixth round of

MICP treatment. This indicates that the effect of MICP on

the particle fracture strength depends on the number of

rounds of treatment. This result is consistent with the

development of the intra-particle pore filling degree of

calcareous particles plotted in Fig. 5b, and it reveals that

the limited filling degree of intra-particle pores at the late

stage of MICP treatment led to the limited effect of treat-

ment on the particle fracture strength. More importantly,

the rate of increase of r0 for the calcareous particles was

much higher than that for the dolomite particles. This

indicates that the intra-particle pore filling effect rather

than the surface coating effect of MICP played the domi-

nant role in reinforcing the fracture strength of calcareous

sand particles. As demonstrated in Fig. 14b, the m value

mostly increased with the increasing number of MICP

treatment rounds, especially for the calcareous particles,

which indicates that the intra-particle pore filling effect by

MICP treatment is beneficial for reducing the variability of

particle fracture strengths. However, for dolomite particles,

a sharp decrease of m value from four to five treatment

rounds was observed, which phenomenon might be resul-

ted from the unstable microstructure of the surface coating

calcite produced by MICP treatment. This result is also

consistent with the increased proportion of particles

exhibiting the major splitting pattern following MICP

treatment (see Fig. 12). In conclusion, the intra-particle

pore filling effect of MICP can be identified as the

Fig. 11 Force–displacement curves of a typical calcareous particle and a typical dolomite particle with different fracture patterns: a Major

splitting and b Global comminution
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fundamental mechanism by which this treatment improves

the particle fracture behaviours of calcareous sand

particles.

5 Conclusions

Particle fracture plays an important role in determining the

macroscopic mechanical properties of calcareous sands.

This study investigated the effect of MICP on the fracture

behaviours of calcareous particles at particle scale level,

which provides a deep insight into understanding the

mechanical behaviours and treating effect of MICP-im-

proved calcareous sands. Seven groups of calcareous par-

ticles and seven control groups of dolomite particles were

treated with different numbers of rounds of MICP. The

corresponding effects and mechanisms for the two kinds of

sand particles were first discussed based on the develop-

ment of particle mass and intra-particle pore filling degree

as a function of the number of treatment rounds, and by the

Fig. 12 Proportion of tested particles with different fracture patterns, and boxplots of the fracture strengths of particles with different fracture

patterns, with increasing number of rounds of MICP treatment: a For calcareous particles and b For dolomite particles
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analysis of SEM images. The effect of MICP treatment on

the fracture behaviours of the tested particles was carefully

investigated based on a series of single-particle crushing

tests. Three major conclusions are summarised below:

(1) During MICP treatment, plentiful calcite crystals

precipitated around the particle profiles, forming a

thick calcite coating. MICP is therefore a powerful

and efficient technique for treating individual sand

particles.

(2) The increase ratio of particle mass sharply increased

with the number of rounds of MICP treatment for

both the calcareous and dolomite particles, indicating

Fig. 13 Distributions of the particle survival probability and the corresponding Weibull fitting curves of the tested particles with different

numbers of MICP treatment rounds, a For calcareous particles and b For dolomite particles

Fig. 14 a Characteristic fracture strength and b Weibull modulus of the tested particles as a function of the number of MICP treatment rounds
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a significant effect of MICP treatment on both kinds

of sand particles. For a given number of treatment

rounds, the intra-particle pore filling degree of the

calcareous particles was much higher than that of the

dolomite particles, indicating that pore filling by

MICP treatment was more efficient for the former

sand type. Moreover, the analysis of SEM images

directly demonstrated that MICP induced the filling

of the intra-particle pores of calcareous particles.

(3) With increasing numbers of rounds of MICP treat-

ment, the dominant fracture pattern of both tested

particle types gradually transitioned from global

comminution to major splitting, and the characteris-

tic fracture strength significantly increased as well.

However, the increase in the characteristic fracture

strength was much faster for the MICP-treated

calcareous particles than for the MICP-treated

dolomite particles. The enhancement of the fracture

strength of calcareous particles by MICP only

continued up to a limited number of treatment

rounds. Together, the findings revealed that the intra-

particle pore filling effect rather than the surface

coating effect of MICP played the dominant role in

improving the fracture pattern and fracture strength

of the calcareous sand particles.

Appendix: Calculation of convex hull’s
volume

A convex hull is defined as the minimal region containing

all line segments consisting of any two points inside. An

intrinsic function in Python3.8 was used to generate the

convex hull, and calculate its volume Vcon of a given par-

ticle, as illustrated in Fig. 4. An oriented bounding box

(OBB) was obtained based on a principal component

analysis (PCA) of all the voxels belonging to the particle

volume. The dimensions of the particle a, b and c are the

length, width and height of OBB. Figure 15 demonstrates

the original morphology and convex hull of 30 calcareous

particles. Figure 16 shows the correlation between the

convex hull’s volume (Vcon) and the bound box’s volume

(Vbox) for all the particles. A well linear relationship with a

slope of 0.3 was identified between these two parameters.

In practical experiments, a vernier caliper was used to

measure the dimensions a, b and c of the tested particle,

Fig. 15 Morphology and convex hull of 30 calcareous particles
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and a uniform empirical equation Vcon = 0.3abc was

adopted to approximately calculate its convex hull’s

volume.
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