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Fracture of Interparticle MICP Bonds under Compression

Yang Xiao, M.ASCE'; Wentao Xiao, S.M.ASCE?; Huanran Wu?; Yi Liu, Ph.D.% and Hanlong Liu, Ph.D.°

Abstract: Microbiologically induced calcium carbonate precipitation (MICP), as a promising reinforcement technique, has been investi-
gated extensively through element and model tests. However, tests on the particle-scale behaviors of MICP bonds are rarely conducted
yet, which constrains the development of constitutive and numerical models of MICP-treated sands. In this paper, a set of devices is designed
to form MICP bonds between spherical quartz beads (SQBs) and spherical calcareous beads (SCBs) and investigate the microscopic com-
pression behavior of the interparticle MICP bonds in comparison with portland cement (PC) bonds. The experimental results reveal that the
PC bonds are the strongest, whereas the MICP bonds between SQB are the weakest. A higher cementation degree leads to higher strength and
smaller dispersion among parallel specimens, while a larger interparticle distance causes smaller strength and greater dispersion. Identified
with force—displacement curves and optical photos, the PC-treated SQB specimens are dominated by brittle failure, the MICP-treated SQB
specimens can present ductile or brittle failure, and possible grain crushing is observed in the MICP-treated SCB specimens. Scanning elec-
tron microscopy (SEM) images suggest better interfacial bonding for the MICP-treated SCB specimens than for the MICP-treated SQB spec-
imens. Gravity-related inhomogeneity is observed in the MICP bonds, whereas a homogeneous dense microstructure is observed in the PC
bonds. DOI: 10.1061/IJGNAL.GMENG-8282. This work is made available under the terms of the Creative Commons Attribution 4.0

International license, http:/creativecommons.org/licenses/by/4.0/.

Introduction

Microbiologically induced calcium carbonate precipitation (MICP)
is a new microbial reinforcement technique in geotechnical engi-
neering (DeJong et al. 2006; Whiffin et al. 2007; DeJong et al.
2010; Harkes et al. 2010; Al Qabany et al. 2012; Chu et al.
2012; Al Qabany and Soga 2013; He et al. 2020; Ma et al. 2022)
and has been regarded as a green reinforcement technique with
broad prospects (Whiffin et al. 2007; DeJong et al. 2010; Consoli
et al. 2012; DeJong et al. 2013; Rahmannejad and Toufigh 2018;
Irani and Ghasemi 2021; Xiao et al. 2022b). The urease-producing
bacteria are widely used as the active bacteria in the MICP tech-
nique, and the biochemical reaction process is summarized as fol-
lows (Whiffin et al. 2007; Mortensen et al. 2011; Zhao et al. 2014;
Cheng et al. 2019): NH,~CO-NH, +2H,0 — 2NHJ + CO%‘, and
Ca’* 4+ CO3~ = CaCOs]. Generally, the cementing mechanism of
MICP is different from traditional cementing materials, such as
portland cement (PC), lime, asphalt, and resin (Consoli et al.
2012; Toohey et al. 2013; Wang et al. 2019a, e). CaCOj crystals
can form effective cementation among soil particles to improve
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the physical and mechanical properties of soils, such as increasing
unconfined compressive strength (Cheng et al. 2013; Chu et al.
2014; Soon et al. 2014; Venda Oliveira et al. 2015; Liu et al.
2019; Wen et al. 2019; Xiao et al. 2019b; Pan et al. 2020; Sharma
et al. 2021; Sun et al. 2021b), splitting tensile strength (Venda
Oliveira et al. 2015; Nafisi et al. 2019; Xiao et al. 2019b;
Ahenkorah et al. 2020), shear strength (Montoya and DelJong
2015; Gao et al. 2019) and liquefaction resistance (Sasaki and
Kuwano 2016; Feng and Montoya 2017; Xiao et al. 2018, 2019a;
Zamani and Montoya 2019; Riveros and Sadrekarimi 2020;
Mousavi and Ghayoomi 2021; Sun et al. 2021a; Lee et al. 2022),
reducing compressibility (Lee et al. 2013; Lin et al. 2016; Cardoso
etal. 2018; Gao et al. 2019; Montoya et al. 2019; Xiao et al. 2021d)
and particle breakage (Xiao et al. 2020a), decreasing permeability
(Chu et al. 2013; Martinez et al. 2013; Soon et al. 2014; Proto et al.
2016; Jiang and Soga 2017; Pham et al. 2018; Montoya et al. 2019;
Yang et al. 2019; Ma et al. 2021; Montoya et al. 2021), increasing
thermal conductivity (Venuleo et al. 2016; Martinez et al. 2019,
Wang et al. 2020; Xiao et al. 2021b), and improving erosion resis-
tance (Adams et al. 2013; Jiang and Soga 2017; Jiang et al. 2017;
Wang et al. 2018; Jiang et al. 2019; Fattahi et al. 2020; Liu and Gao
2020; Liu et al. 2021; Xiao et al. 2022c, e). In addition, a large
number of physical model tests (van Paassen et al. 2010b; Montoya
et al. 2013; Gomez et al. 2017, 2018; Nassar et al. 2018; Darby
etal. 2019; San Pablo et al. 2020; Xiao et al. 2020b, 2022d; Zamani
et al. 2021) and field pilot trials (Gomez et al. 2015; Xiao et al.
2022¢) have shown that the strength of solidified soil is closely re-
lated to the CaCO; content. The higher the CaCOj3 content, the bet-
ter the macroscopic mechanical properties of the MICP-treated
samples (Gomez et al. 2017; Cheng et al. 2019; Xiao et al.
2019c). Furthermore, detailed microstructural observations with
scanning electron microscopy (SEM) (Whiffin et al. 2007; DeJong
et al. 2010; van Paassen et al. 2010a; Terzis and Laloui 2019; Xiao
et al. 2019b) and X-ray computed tomography (Dadda et al. 2017,
2019; Mahawish et al. 2019) have revealed that the mechanical
properties of MICP-treated sands are mainly controlled by the ef-
fective cementation between particles. A series of microfluidic
tests have been conducted to observe the in situ deposition of
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CaCOgs; in porous media in real time (Wang et al. 2019c¢, d, 2021,
Xiao et al. 2021a, 2022a). Moreover, theoretical and numerical in-
vestigations have also been conducted to further investigate the
particle-scale cementing mechanism and its effects on the macro-
scopic mechanical properties of MICP-treated sands. Based on
thermodynamics, Xiao et al. (2021c) developed a constitutive
model for MICP-treated sands to capture the effects of biocemen-
tation and its microstructural degradation on the static and dy-
namic mechanical responses. In recognition of the multiscale
nature of cemented and uncemented sands, discrete element
method (DEM) (Cundall and Strack 1979; Wang and Leung
2008) and continuum-—discrete coupled multiscale methods (Wu
et al. 2018; Liang and Zhao 2019; Kularathna et al. 2021; Zhao
et al. 2021, 2022) have been widely used to investigate the micro-
scopic mechanisms of macroscopic mechanical properties. As the
key components of DEM, the mechanical characteristics of the in-
terparticle contacts and cementations have drawn much attention.
Therefore, Jiang et al. (2012) have specifically designed experi-
mental instruments to investigate the mechanical characteristics
of contacts and cementations between particles (Jiang et al.

2013). Besides, Wang et al. (2017) conducted a series of uniaxial
compression and shear tests on artificially cemented sand particles,
proposed three failure modes, and emphasized the influence of
contact morphology (Wang et al. 2019b). Recently, Ren et al.
(2021) carried out tensile and monotonic shear tests of interparticle
CaCOj; bonds using chemical solutions. Ham et al. (2022) investi-
gated the tensile and shear strength of MICP bonds with grain-
scale experiments. However, the compressive characteristics of
MICP bonds are rarely investigated with experiments at the
grain scale yet. In this study, a set of devices is specifically de-
signed, consisting of a compression loading device and a high-
definition digital camera, to achieve in situ observation of the com-
pression failure process of interparticle MICP bonds. Effects of
granular material, cementing material, interparticle distance, and
cementation degree on the compressive strength and failure
mode of the interparticle bonds are explored. The grain-scale com-
pressive mechanical characteristics of interparticle MICP bonds in
this study lay a microscopic mechanical foundation for the multi-
scale constitutive modeling and numerical simulation of MICP-
treated sands.
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Fig. 1. Preparation of the MICP-treated specimens composed of two particles in the biocementing mold through the mixture of the cementation sol-
ution from the silicone tube and bacteria solution from the steel tube, and the grain-scale loading device for cemented specimens.
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Experimental Details and Testing Procedures

The particle-scale mechanical characteristics of interparticle bioce-
mentation are likely affected by the properties of particulate mate-
rials. Quartz and calcareous sands are the two common materials
encountered in the MICP treatment (Cui et al. 2017; Liu et al.
2019; Xiao et al. 2022d). Given the great impact of particle
shape on the mechanical responses (Xiao et al. 2019c¢, d), spherical
quartz beads (SQBs, i.e., glass beads from BKMAM, Changde,
Hunan) and spherical calcareous beads (SCBs, i.e., homemade nat-
ural coral sands from the South China Sea) are adopted as the par-
ticles for cementation. A diameter of 6 mm is adopted for all the
beads to eliminate the effect of particle size. The spherical beads
are cleaned and oven-dried before the experiments. The diameter
of the bead is measured with a micrometer with an accuracy of
0.001 mm, and the mass is weighed with an analytical balance
with an accuracy of 0.001 g before cementation. MICP-treated two-
particle specimens were prepared with a homemade grain-scale bi-
ocementing system. The sketch of the biocementing mold and the
detailed sketch of the biocementing process are shown in Fig. 1.
The holes in the top cap of the mold were used to fix the pipes
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for transporting the bacterial and the cementation solutions. The
bottom stage of the mold contained positioning holes in pairs to
control the positions of the particles and drainage slots connecting
the holes to discharge excess solutions. The holes in the top cap
were in the middle of the corresponding pairs in the bottom stage
to ensure that the solutions drip to the center of the two particles.
Moreover, the bacterial and cementation solutions were transported
through two pipes and mixed right before dripping, which can pre-
vent pipe clogging by CaCO; effectively. A peristaltic pump was
used to pump the solutions in the pipes at constant rates. The
ratio between the rates of the two solutions was 1:4, with 7.33
uL/min for the bacterial solution and 29.33 puL/min for the cemen-
tation solution. Sporosarcina pasteurii was adopted as the active
bacteria (Xiao et al. 2022a), which can hydrolyze urea quickly.
The activated bacterial solution and sterilized glycerol aqueous sol-
ution with a volume concentration of 80% were mixed with a mix
ratio of 4:1 and then frozen to —80°C to maintain the integrity of the
solution. For MICP treatment, 1-mL of unfrozen glycerol bacterial
solution was inoculated into 500-mL of liquid culture medium and
then placed into a shaking incubator at 30°C for propagation at a
constant shaking rate of 200 rpm for 24 h. The liquid culture
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Fig. 2. Relationship between the axial force and the displacement for the MICP-treated SQB, MICP-treated SCB, and PC-treated SQB specimens

with different treatment levels and different interparticle distances under grain-scale compression loading.
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medium consisted of 20 g/L yeast extract, 10 g/L NH4Cl, 12 mg/L
MnCl, - H,0, and 24 mg/L NiCl, - 6H,0 (Xiao et al. 2019b). The
pH was adjusted to 9.2 with 1 M NaOH solution. The average ure-
ase activity of the final bacterial solution was 1.65 mM/min. The
cementation solution consisted of 0.5 mol/L calcium chloride
(CaCl,) and 0.5 mol/L urea. The distance between the particles
was controlled to be either 1 or 2 mm. The cementation degree
was controlled through time for pumping (24 h for the low cemen-
tation degree and 48 h for the high cementation degree). Thereafter,
the MICP-treated specimens were placed into deionized water and
cured for 24 h with the cementation mold. After the initial curing,
the MICP-treated specimens were taken out from the mold and
soaked into deionized water for another 48 h to further remove
the remnant CaCl, and other salts. Then, the specimens were oven-
dried and weighed to calculate the content of CaCOs. Notably, the
CaCOj; content might be apparently larger than element specimens
due to the intention to form effective bonds between two apart par-
ticles. Considering the erratic shape of the biocementation, as
shown in Fig. 1, the diameters of the cementation were measured
along three different directions with a micrometer. The mean of
the three measurements was regarded as the equivalent diameter

and then used to estimate the cross-sectional area, which can be
adopted to further calculate the strength of the biocementation. Be-
sides MICP, PC was used to bond SQB, serving as a control group.
The cement slurry was prepared using a water—cement weight ratio
of 0.6. The interparticle cementation was prepared with a silicone
tube of 10 mm in length. The inner diameter of the tube is 4 mm
for the low cementation degree and 5 mm for the high cementation
degree, respectively. A quartz bead was clamped to one end of the
silicone tube, and the cement slurry was filled into the tube from the
other end, which would be sealed by the second quartz bead there-
after. The specific distance between the two particles by PC treat-
ment is the same as that by MICP treatment. The silicone tube
was removed after setting it for 3 days. Then, the specimens
were immersed in deionized water and cured for 28 days. The
final specimens were oven-dried and weighed, and the diameters
of the cementation were measured along two different directions
with a micrometer. As shown in Fig. 1, a particle-scale loading de-
vice (Tensile & Compression Module, Schwerte, Germany) with a
set of fixtures was designed for the compression tests on the
bonded two-particle specimens, considering the particular size
and shape of the specimen. The measuring range of the
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Fig. 3. Variations of the peak force, strength, and secant modulus with the cementation level for the MICP-treated SQB, MICP-treated SCB, and
PC-treated SQB specimens with different treatment levels and different interparticle distances.
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compression force sensor is 10 kN, and the acquisition accuracy is
0.1 N. Displacement-controlled loading was adopted with a loading
rate of 0.1 um/s. The deformation process of the specimen, includ-
ing the initiation and the development of the cracks, was in situ re-
corded with a full-frame digital camera (Nikon D810, Tokyo,
Japan). After the compression tests, some representative speci-
mens, including particles, interparticle bonds, and particle-bond in-
terfaces, were observed by the SEM instrument (Waltham,
Massachusetts) to examine the detailed microstructure. In this
study, a series of particle-scale compression tests were organized
into four MICP-treated SQB, four MICP-treated SCB, and four
PC-treated SQB groups with two cementation levels and two inter-
particle distances. Parallel specimens are prepared to ensure six sets
of valid data considering the dispersion.

Experimental Results and Discussions

Fig. 2 shows the force—displacement curves of MICP-treated SQB,
MICP-treated SCB, and PC-treated SQB specimens of different ce-
mentation levels and interparticle distances under axial

compression, respectively. For the symbols in the legend, that is,
“LS-x,” “HS-x,” “LL-x,” and “HL-x,” the first capital letter, “L”
and “H” represent low and high cementation degree, respectively;
the second capital letter “S” and “L” represent small (i.e., 1 mm)
and large interparticle distance (i.e., 2 mm), respectively; and the
third letter represents the number of tests. Largely similar mechan-
ical responses are observed for the three groups of specimens (i.e.,
MICP-treated SQB, MICP-treated SCB, and PC-treated SQB spec-
imens with different cementation levels and interparticle distances),
showing gradual increases in stiffness to constant values at the pre-
peak stages and abrupt force drops at the postpeak stages. The grad-
ual increase in stiffness is corresponding to the Hertz-type contacts
(Johnson et al. 1971) between the particles and the loading fixture,
while the force drop is caused by the failure of the interparticle
bond. Besides, the average peak force of the three groups of spec-
imens with low cementation and large interparticle distance is
smaller than others. The mechanical responses of the specimens
might be influenced by both the particulate material and the cemen-
tation material. More apparent dispersion of the experimental re-
sults is noted for MICP-treated SQB specimens compared with
MICP-treated SCB specimens with different granular materials,
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and PC-treated SQB specimens with different cementation materi-
als. Furthermore, MICP-treated SCB specimens show higher stiff-
ness and peak force and less ineffective bonds than MICP-treated
SQB specimens. This is possibly caused by the better interfacial
compatibility between MICP cementation and SCB due to the sim-
ilar components, which will be discussed in detail later. Given the
use of silicone tubes as molds to constrain the shape of interparticle
bonds in PC-treated SQB specimens, the portion of ineffective
bonds is much smaller. PC-treated SQB specimens have notably
larger peak force (with maximum peaks greater than 1,000 N)
than MICP-treated SQB specimens (with maximum peaks around
400 N) and SCB specimens (with maximum peaks around
600 N). Considering the large dispersion of the experimental data
and the limited number of parallel tests, scatter plots with error
bars are presented to illustrate the relations of the peak force, the
strength, and the secant modulus at peak force with CaCOj3 content
and equivalent section area (Figs. 3 and 4). Although several spec-
imens are described as ineffective bonds based on the peak forces,
bias might be caused if we simply remove these data from the data-
set. On the other hand, outliers in terms of peak forces are identified
following the 1.5/pp rule, in which they are defined as data points
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more than 1.5 times the interquartile range (Ipr= Q3 — Oy, where
Q1 is the first quartile and Qj is the third quartile) beyond the quar-
tiles (Q; and Q;). Five outliers are identified in this way, namely,
MICP-treated SQB specimen (HS-4), MICP-treated SCB specimen
(LS-1), and PC-treated SQB specimens (LS-4, LL-3, and HL-6),
with at least five remnants in each group. The mean values and
the standard deviation for the error bars are calculated, excluding
those outliers. It can be seen from Figs. 3 and 4 that the peak
force of MICP-treated SQB specimens increases apparently from
low cementation to high cementation with the increases in
CaCOj; content and equivalent section area for both interparticle
distances of 1 and 2 mm. The average peak force of specimens
with an interparticle distance of 1 mm is 312 N for the high cemen-
tation group and 158 N for the low cementation group. Compara-
tively, the average peak force of specimens with a distance of
2 mm is 187 N for the high cementation group and 72 N for the
low cementation group. The increase in interparticle distance de-
creases the peak force apparently, and this decrease is more signifi-
cant for the low cementation group. Specifically, Group LL of
MICP-treated SQB specimens presents small strength with similar
CaCOs; content but dispersive equivalent section area, suggesting
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Fig. 5. Typical axial force—displacement curves and failure processes with crack propagation various failure modes for the MICP-treated SQB,
MICP-treated SCB, and PC-treated SQB specimens with different treatment levels and different interparticle distances.
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great dispersion in the internal structure of the MICP bonds. It is
interesting to note that the strength and the secant modulus for
Groups LS, HS, and HL are in the same range, although the
lower cementation degree and larger interparticle distance increase
the intragroup dispersion with more ineffective interparticle bonds.
Figs. 3 and 4 also display the peak force, the strength, and the se-
cant modulus versus the CaCO; content and the equivalent section
area for the MICP-treated SCB specimens, respectively. In general,
the mechanical responses of MICP-treated SCB specimens are
qualitatively similar to those of MICP-treated SQB specimens,
while the peak force, the strength, and the modulus of MICP-
treated SCB specimens are all larger. Similar to the MICP-treated
SQB specimens, the peak force for both interparticle distances in-
creases apparently with the increase in cementation degree. The av-
erage peak force of specimens with 1-mm interparticle distance is
396 N for the high cementation degree, whereas 181-N for the
low cementation degree. For those with 2-mm interparticle distance,
the average peak force is 283 and 105-N for the high and low cemen-
tation degrees, respectively. Notably, the equivalent section area in-
creases with the cementation degree as well, which diminishes the
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differences in strength. Moreover, the average strength and the av-
erage secant modulus decrease mildly with the increase in the inter-
particle distance, although both CaCOj; content and equivalent
section area increase, which might be a potential cause of the weaker
specimen with higher porosity (Zamani and Montoya 2018; Xiao
et al. 2021d). Notably, as shown in Figs. 3 and 4, the dispersion
of the data points for the PC-treated SQB specimens is significantly
smaller than that for MICP-treated specimens and the dispersion
does not vary apparently with the interparticle distance due to the
well-controlled mold. Similar to those MICP-cemented specimens,
the increase in cementation degree leads to higher peak force for
both interparticle distances of 1 and 2 mm. However, the differences
in peak forces are diminished by the corresponding increase in sec-
tion area, leading to closer strength for the four groups. As to the se-
cant modulus, the average values for Groups LS, HS, and LL are
similar, while that for Group HL is slightly larger possibly due to
the combining effects of bond thickness and diameter considering
the limited dispersion of the data.

Fig. 5 shows two typical force—displacement curves for MICP-
treated SQB specimens, characterized by Mode 1 and Mode 11

T
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Fig. 6. SEM images from sketch of cemented specimens: (a) postfailure interfacial characteristics of the MICP-treated SQB specimens; (b) postfai-
lure interfacial characteristics of the MICP-treated SCB specimens; and (c) upper and bottom parts of MICP bond and PC bond.
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failure. The prepeak behaviors for the two failure modes are qual-
itatively similar, presenting increasing stiffness, which is consistent
with the Hertz contact theory (Johnson et al. 1971). As to the post-
peak responses, Mode I failure represents a rather brittle behavior,
characterized by a sharp force drop after the peak without apparent
residual strength. On the contrary, Mode II failure represents a duc-
tile response, featured by a gradual reduction in force at the post-
peak stage. The right optical photos present the typical failure
process of Mode II specimens. The specimens are first compacted
under axial load, presenting no apparent change on the surface of
the cementation (Point A). At the force peak, spalling is observed
between the quartz beads and the MICP cementation at its margin,
while the main body of the cementation remains intact (Point B).
With the further increase in axial displacement, a clear crack begins
to initiate from one side of the interparticle bond (Point C) and pen-
etrates through the entire bond (Point D), accompanying the contin-
uous decrease in axial force. The cementation is finally crushed into
pieces with marginal residual strength (Point E). It is noteworthy
that the failure processes observed from optical photos are similar
for the Mode I failure, except that the force—displacement curves
present no residual strength at the postpeak stage. For MICP-
treated SCB specimens in Fig. 5, some of them show the same fail-
ure modes (Modes I and II) as the MICP-treated SQB ones, while a
different failure mode (Mode III) accompanied by apparent particle
breakage is also observed. The force—displacement curve for Mode
III failure presents an unsteady increase in force with an axial dis-
placement, which can be characterized into three stages, that is, an
initial increase in axial force (Stage a: 0—B), followed by a plateau
stage and the second increase in axial force (Stage b: B—D), and
the apparent postpeak force drop (Stage c¢: D—E). In terms of the
failure process of the specimen, spalling is observed at the end of
Stage a (Point B), similar to the pattern at the force peak of
Modes I and II specimens. A minor intraparticle crack begins to ap-
pear with the further increase in axial force during Stage b (Point C)
with the initiation of a major crack at the force peak (Point D). The
postpeak force drop is accompanied by the overall breakage of
SCB into pieces (Point E). As to PC-treated SQB specimens in
Fig. 5, most of them present Mode I failure with rather brittle me-
chanical responses and no residual strength. Compared with MICP-
treated SQB specimens, the failure of PC-treated specimens under
compression is more sudden and brittle. No visible cracks are ob-
served at the force peak (Point B), and the failure of the interparticle
bond is characterized by a sudden crack and the burst of bond frag-
ments, accompanied by the abrupt force drop (Points C and D). The
sudden brittle failure of the cement bonds is in line with the uncon-
fined mechanical responses of brittle rock and strong cement. The
difference between PC-treated and MICP-treated specimens is
caused by the cementing materials, which suggests that the com-
pressive strength and the brittleness of the portland cement in
this study are much higher than their counterparts of CaCOj3 pro-
duced by MICP. The MICP-treated SCB specimens present higher
strength and stiffness than the MICP-treated SQB ones, which is
mainly caused by the different material properties of the particles.
While optical photos have been used to observe the failure process,
SEM photos are adopted to analyze the detailed mechanisms. The
SQB presents a smooth surface without intraparticle pores
[Fig. 6(a)], whereas the SCB has a relatively rough surface with in-
traparticle pores [Fig. 6(b)]. Besides, the chemical composition of
SCB is CaCOs;, the same as that of MICP bonds, while that of
SQB is SiO,. The internal pores and the chemical composition of
CaCOs lead to lower particle strength of the SCB (Stocks-Fischer
et al. 1999; Coop et al. 2004), which is responsible for the particle
breakage of SCB in the Mode III failure. The rougher surface and
the same chemical composition as the cementation may influence
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the interfacial characteristics. The postfailure particle-cementation
interfaces are presented in Figs. 6(a and b) for MICP-treated SQB
and SCB samples, respectively. The surface of the SCB after break-
age is covered by lots of remnant CaCO3, and that of the SQB after
breakage is smooth, similar to that of the pretreated SQB. More-
over, the zoomed views of the particle side and the cementation
side for the MICP-treated SQB specimens show smooth surfaces
with marginal defects, suggesting an adhesive failure (Bennett
et al. 1974). On the contrary, the zoomed views of MICP-treated
SCB specimens present radial textures on both sides, matching
each other, suggesting a cohesive failure near the interface (Bennett
et al. 1974; Ren et al. 2021). The difference in fracture types be-
tween MICP-treated SQB and SCB specimens suggests better in-
terfacial bonding between the MICP cementation and the SCB,
which may cause the higher strength and stiffness of MICP-treated
SCB specimens as compared with the MICP-treated SQB ones. The
PC-treated SQB specimens present much higher strength and stiff-
ness than the MICP-treated ones, attributed to the different cement-
ing materials. Microstructural features of MICP and PC bonds are
observed with SEM [Fig. 6(c)]. It is interesting to observe the dif-
ferent features of CaCO; at the upper and the bottom parts of the
MICP bond formed following the dripping method. The upper
part of the MICP bond consists of loosely packed spherical
CaCOgj crystals. In contrast, the CaCOj at the bottom is relatively
dense, with no apparent pores, and most of the crystals are in the
form of densely packed rhombohedral crystals, with minor spheri-
cal crystals. As compared with MICP bonds, the microstructure of
PC bonds is relatively homogeneous, with no apparent pores.

Conclusions and Remarks

Compression tests are conducted on cemented two-particle speci-
mens to investigate the effects of cementing material, particle ma-
terial, cementation degree, and interparticle distance on the
particle-scale compression behavior of MICP bonds between
spherical particles. The failure process is recorded with a high-
definition digital camera, and the failure mechanism is analyzed
with SEM photos. The compression behavior of the cemented two-
particle specimen is affected by both the cementing material and the
particle material. Generally, the PC-treated specimens are stronger
than those MICP-treated ones, and the MICP bonds between SQBs
are weaker than those between SCBs. The compression behavior of
MICP bonds is significantly affected by the cementation degree and
the interparticle distance. Higher cementation degrees and smaller
interparticle distances lead to higher strength of the MICP bonds.
The increase in interparticle distance and the decrease in cementa-
tion degree cause larger dispersion among parallel specimens and
more ineffective interparticle bonds. Mode I failure with brittle re-
sponse and abrupt force drop is the dominating failure mode of
PC-treated SQB specimens. Mode II failure with ductile response
and gradual reduction in force at the postpeak stage is also ob-
served, besides Mode I failure, for MICP-treated SQB specimens.
The failure mode of MICP-treated SCB specimens is the most com-
plex, with possible Mode III failure accompanied by particle crush-
ing. SEM images indicate that the debonding in the MICP-treated
SQB specimens is an adhesive failure while that in the MICP-
treated SCB specimens is a cohesive failure, suggesting better inter-
facial bonding between the MICP bond and the SCB, which may
cause the higher strength and stiffness of MICP-treated SCB spec-
imens over MICP-treated SQB ones. The microstructure of the PC
bond is more homogeneous with no apparent pores, whereas the
MICP bond presents apparent inhomogeneity under gravity with
loosely packed spherical crystals in the upper part and densely
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packed rhombohedral crystals in the bottom of the bond. The above
findings would help to explain the effects of porosity, cementation
degree, cementing material, and particle material on the macro-
scopic mechanical responses, and serve as a valuable reference
for the precise establishment of multiscale constitutive theory and
the elaborate development of the DEM model for capturing failure
of MICP-treated soils. Nevertheless, the particle-scale mechanical
characteristics of MICP bonds are multifold, including the re-
sponses under compression, tension, shearing, rolling, and their hy-
brids. The limited dataset of compressive characteristics of MICP
bonds under well-controlled testing conditions in this study is a
good start but not enough for a quantitative basis. More
particle-scale mechanical tests under more complex MICP treat-
ment conditions and loading conditions are necessary.
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