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 A B S T R A C T

The non-uniform distribution of CaCO3 crystals is a ubiquitous phenomenon in biocementation, and is 
recognized as a critical factor influencing its mechanical performances. However, the non-uniform biocemen-
tation has not been thoroughly investigated due to challenges in quantitatively controlling the uniformity in 
experiments. In this study, we employ a 3D Discrete Element Method (DEM) approach to model non-uniform 
biocementation, using cementing fines to represent the CaCO3 crystals. We generate two typical distribution 
patterns often encountered in element-scale biocemented specimens at varying degrees of non-uniformity to 
assess their effects on mechanical responses. The uniform specimen exhibits the best performance, followed by 
those with a cemented hull. Specimens with axial non-uniformity show the greatest sensitivity to the degree of 
non-uniformity and the poorest mechanical performance. Failure in the specimens with axial non-uniformity 
tends to localize in the weakly-cemented layers, while the uniform specimen and those with a cemented hull 
typically develop clear shear bands that cut through the specimens. Additionally, the evolution of the force 
chain network and contact-based anisotropy further emphasizes the role of weakly-cemented regions in the 
failure process. This study quantitatively examines the influences of non-uniform biocementation and provides 
valuable insights for element-scale experiments and practical applications of biocementation techniques.
1. Introduction

Applying biological materials and processes to conventional en-
gineering activities has become a rising trend, considering the great 
potential of biological systems for engineering solutions (Mitchell and 
Santamarina, 2005; Dejong et al., 2013). Microbially induced car-
bonate precipitation (MICP) has attracted much interest as a green 
geotechnical reinforcement technique, holding the potential to reduce 
CO2 emissions relative to conventional Portland cement-based tech-
niques (DeJong et al., 2010; Okyay et al., 2016). The MICP process 
has been investigated substantially from different perspectives, as a 
soil improvement technique for the bioclogging and biocementation 
effects (Ivanov and Chu, 2008). The mechanisms of biomineraliza-
tion, e.g., the formation and the evolution of the CaCO3 crystals, 
and the microscopic interactions between the bacteria and the bio-
chemical environments, have been investigated through microfluidic 
chip experiments (Wang et al., 2019; Xiao et al., 2021a; Zhao et al., 
2023). The interparticle compressive, tensile, and shear characteristics 
of biocementation bonds have been investigated through particle-scale 
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mechanical loading tests (Feng, 2015; Ham et al., 2022; Gao et al., 
2023; Xiao et al., 2023, 2024b, 2026; Sarkis et al., 2024, 2025). 
Element-scale experiments have been conducted extensively to examine 
the capability of various MICP techniques for improving the physical 
and mechanical characteristics (Montoya et al., 2013; Montoya and 
DeJong, 2015; Feng and Montoya, 2016; Cui et al., 2024; Ahenkorah 
et al., 2024; Xiao et al., 2021c, 2024a, 2022a). Furthermore, physical 
model tests and pilot tests in the field have been reported to evaluate 
the applicability and performance of MICP at larger scales (van Paassen 
et al., 2010; Ghasemi and Montoya, 2022; Xiao et al., 2022b; Wang 
et al., 2024; Liu et al., 2025).

Among all these tests, MICP can generally improve the mechanical 
properties of soils by forming interparticle bonds among sand particles. 
Unlike conventional soil improvement techniques involving inorganic 
matter only, the MICP process involves living bacteria and makes the 
entire process much more complex (Dejong et al., 2013). Taking the 
unconfined compressive strength (UCS), the mostly adopted mechanical 
property, as an example, a great dispersion has been noted under 
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Fig. 1. Illustration of the two typical MICP schemes and the corresponding non-uniform patterns in the laboratory: (a) the biogrouting scheme and the specimen 
with axial non-uniformity, and (b) the immersing scheme and the specimen with a cemented hull.
the same global CaCO3 content (𝐶𝑐) even for the same type of sand, 
despite the general positive correlation between 𝐶𝑐 and UCS reported 
by various researchers (Choi et al., 2020; Mori and Uday, 2022; Sang 
et al., 2023). From the point of view of the biocemented specimens, the 
fluctuations in mechanical responses might be caused by the variation 
in the properties of the sand matrix, e.g., the relative density, particle 
size, particle shape, etc. (Nafisi et al., 2020; Fu and Haigh, 2024; Liufu 
et al., 2023; Konstantinou et al., 2023), and the cementation properties, 
e.g., the spatial distribution, precipitation pattern, and morphological 
characteristics of the CaCO3 crystals (Cui et al., 2024; Mori and Uday, 
2022; Zhang and Dieudonné, 2023; Wang et al., 2023). Specifically, 
the non-uniform spatial distribution of CaCO3 has been recognized as 
a critical issue in MICP, hindering the extensive practical applications 
of this technique (van Paassen et al., 2010). Biogrouting, as the most 
popular MICP scheme which grouts the bacterial and cementation solu-
tions into the pore space of the geotechnical material under gravity or 
pressure, would generally induce a preference for precipitation near the 
inlet and a reduction in local CaCO3 content (𝐶𝑙) along the increasing 
length of the percolation path, as illustrated in Fig.  1(a) (Whiffin et al., 
2007; Zheng et al., 2023). With the significance of uniformity in mind, 
several modified biogrouting schemes have been proposed, e.g., the 
temperature-controlled one-phase scheme (Xiao et al., 2021b), the low-
pH one-phase scheme (Cheng et al., 2019; Cui et al., 2021; Lai et al., 
2023), and the one-phase scheme with inhibitor (Zhu et al., 2025), 
trying to improve the uniformity of CaCO3 precipitation. Besides the bi-
ogrouting scheme, another common MICP scheme would be immersing 
the pre-treatment specimen into the cementation solution and allowing 
the effective materials to permeate into the specimen, as illustrated in 
Fig.  1(b) (Zhao et al., 2014a; Li et al., 2023), in which a hull with higher 
cementation has been reported (Zhao et al., 2014b). The distribution of 
𝐶𝑙 along the percolation direction is often evaluated quantitatively to 
analyze the uniformity of the specimen, and it is generally concluded 
that a more uniform distribution of CaCO3 would lead to a better 
mechanical performance. However, an a posteriori method of analysis 
is often conducted in these studies, without detailed analysis of the role 
of uniformity, given the difficulties in controlling a priori the degree of 
non-uniformity in practical experiments.

In contrast to the inevitable dispersion of results in practical ex-
periments, discrete element method (DEM) modeling has been widely 
adopted to quantitatively investigate the microscopic characteristics of 
cemented granular materials under well-controlled initial and boundary 
conditions (Shen et al., 2016; Wu et al., 2018b, 2020a). Specifically, 
the DEM modeling has been adopted to explore the micromechanical 
responses of biocemented sand from various perspectives. The classical 
scheme modeling the interparticle cementation with well-established 
parallel bonds can capture the strength improvement efficiently (Feng 
2 
et al., 2017) and account for the particle-scale variations in bioce-
mentation (Zhao et al., 2025), while underestimates the post-peak 
strength due to the lack of the densification effect from the degraded 
cementation. The cohesive contact model with moment resistance, a 
simple and efficient bond model, has been adopted to capture real con-
tact properties based on high-fidelity X-ray microtomography images 
considering the effects of the cohesive contact surface area distribution 
and the percentage of cemented contacts (Sarkis et al., 2022) and 
to consider the solid-fluid interactions (Yang et al., 2025). Moreover, 
the precipitation patterns of CaCO3, the crystal features and their me-
chanical effects have been analyzed with cementing fines representing 
the CaCO3 crystals (Evans et al., 2015; Wu et al., 2023; Zhang and 
Dieudonné, 2023; Gong et al., 2023). Inspired by this scheme, speci-
mens of various non-uniform patterns and degrees of non-uniformity 
can be prepared readily by introducing non-uniformly distributed ce-
menting fines, and the role of non-uniform biocementation could be 
directly analyzed with DEM modeling in an a priori manner. In this 
study, biocemented sand specimens with two typical non-uniform pat-
terns are prepared, i.e., the specimens with axial non-uniformity and 
the specimens with a cemented hull. The global mechanical responses, 
the failure process, and the failure pattern are analyzed, along with 
the microscopic characteristics, including the interparticle contact force 
and the contact-based anisotropy. This study specifically focuses on the 
quantitative effects of non-uniform biocementation on the mechanical 
responses and will provide valuable reference to the element-scale ex-
periments and inspirations for practical applications of biocementation 
techniques.

2. Methodology

In this study, we employ a novel DEM scheme with physical entities 
representing CaCO3 crystals to generate specimens with various non-
uniform distributions of CaCO3 crystals and investigate quantitatively 
the influences of non-uniform biocementation on mechanical responses. 
The key features of this scheme are introduced herein for completeness. 
Refer to Wu et al. (2023) for more details of the DEM scheme.

2.1. Numerical biocementing scheme

The DEM scheme is characterized by a numerical biocementing 
process with fines as cementing agents, mimicking the MICP process 
in practical experiments. The pre-treatment sand specimen is prepared 
by settling a random cloud of sand particles under gravity into a 
cylindrical mold consisting of 64 vertical walls and a bottom plate. 
A top plate with 10 kPa vertical stress is introduced after the set-
tlement of the sand particles, and the gravity is removed to produce 
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a uniform distribution of the sand particles. Then, cementing fines 
are inserted randomly into the pore space of the well-prepared pre-
treatment specimen, representing the CaCO3 crystals in reality. The 
size of the fines is determined based on SEM observations, which 
also ensures that the fines can pass through the pore throats among 
sand particles. The specimen is divided into several sections, and the 
number of fines in each section is calculated based on 𝐶𝑙 to generate 
non-uniform biocementation. After that, driving forces along random 
directions are assigned to the cementing fines and settle them down 
to local stable positions, where the driving forces are balanced by 
interparticle cohesion and the normal and shear forces. The driving 
force on each cementing fines is determined following: 
𝐅𝑖 = 𝐹𝑑𝑚𝑖𝐧𝑑 (1)

where 𝐹𝑑 is a microstructural factor controlling the magnitude of the 
force, 𝑚𝑖 is the mass of the fines particle, and 𝐧𝑑 is a unit vector 
following a random spherical distribution. A higher 𝐹𝑑 would lead 
to a larger driving force during the numerical biocementing process, 
which can hardly be balanced by the cohesion and friction from a 
single sand particle, leading to a more effective microstructure and 
better mechanical responses (Wu et al., 2023). A specific value of 2.7 
m/s2 is adopted in this study after careful model calibration based on 
experimental results on MICP-treated glass beads in (Xiao et al., 2019). 
After the stabilization of the fines, interparticle bonds are assigned at 
the coarse-fine contacts and the fine-fine contacts to generate a stable 
biocemented specimen. The vertical walls of the mold can be removed 
thereafter, and the specimen is ready for loading.

Notably, the contacts between the sand particles are pure frictional, 
while those involving fines are cohesive initially with interparticle 
bonds and purely frictional upon bond breakage. The purely frictional 
contact is simply governed by a linear force–displacement law and a 
Coulomb-type friction. The normal stiffness and the shear stiffness are 
determined as:

𝑘𝑛 =
𝑘1𝑘2

𝑘1 + 𝑘2
(2)

𝑘𝑠 =𝜈𝑘𝑛 (3)

where 𝑘𝑖 = 2𝐸𝑖𝑟𝑖, with 𝑖 = 1, 2, are the normal contact stiffness of 
the particles; 𝑟𝑖 are the radii of the particles; 𝐸 and 𝜈 are two stiffness 
parameters. Then, the normal and shear force are calculated as:
𝐅𝑛 = − 𝑘𝑛𝑢𝑛𝐧𝑛 (4)

𝐅𝑠 = −min(𝑘𝑠𝑢𝑠, 𝐹𝑛tan(𝜙))𝐧𝑠 (5)

where 𝑢𝑛 and 𝑢𝑠 are the relative normal and shear displacement, respec-
tively; 𝐧𝑛 and 𝐧𝑠 are the unit normal and shear vector of the contact, 
respectively; 𝜙 is the interparticle friction angle. The bond strength is 
characterized by a maximum tensile force and a maximum shear force:
𝐹max𝑛 =𝑐min(𝑟1, 𝑟2)2 (6)

𝐹max𝑠 =𝑐min(𝑟1, 𝑟2)2 + 𝐹𝑛tan(𝜙) (7)

where 𝑐 is the bond strength parameter which is assumed to be the 
same for tensile and shear forces for simplicity; and 𝐹𝑛tan(𝜙) represents 
the Coulomb-type frictional shear force limit. With consideration of 
the physical cementing agents and the reproduction of the complex 
particle-scale microstructure, the bonded contact model is adequate 
to capture the mechanical responses of interest after a careful model 
calibration without an explicit consideration of moments.

2.2. Model set-up for uniaxial compressive tests

Uniaxial compression tests are conducted on the prepared bioce-
mented specimens with loading plates at the top and the bottom of 
the specimen. The prototype of the simulation is uniaxial compression 
experiments on biocemented spherical glass beads with three levels 
3 
Table 1
Microscopic parameters for the sand and CaCO3 particles.
 Material Particle density

(kg/m3)
𝑟 (mm) 𝐸 (MPa) 𝜈 𝜙 (◦) 𝑐 (MPa) 

 Sand grain 2350 60–90 13.0 0.6 26.6 /  
 CaCO3 crystal 2710 11.54 84.5 0.6 26.6 3.7  

of cementation (𝐶𝑐 = 6.0%, 10.4%, 13.5%) (Xiao et al., 2019), chosen 
specifically to avoid the shape effect of the sand particles. The height-
to-diameter ratio of the specimen is 2:1, the same as that of the physical 
specimen. The radii of the sand particles are scaled up by 600 times 
to speed up the simulation, while maintaining a uniform distribution 
based on the monosized glass beads of 0.1–0.15 mm in radius. The 
pre-treatment specimen consists of around 2300 sand particles, which 
is determined based on parametric analyses with less than 5% fluctua-
tions among parallel realizations. The specimen has an initial porosity 
of 0.406, corresponding to a relative density of 40%. Notably, a typical 
biocemented specimen of moderate cementation level (𝐶𝑐 = 10.4%) has 
around 40,000 fines. The internal friction angle between the plates and 
the particles is 11.3◦ with a friction coefficient of 0.2. A nominal axial 
strain rate of 5×10−3 s−1 is adopted to guarantee the quasi-static loading 
condition. The microscopic parameters of the model are calibrated 
based on the experimental data, e.g., the parameters governing the 
stiffness (𝐸 and 𝜈), the bond strength (𝑐), and the microstructure 
(𝐹𝑑). The calibrated model parameters for the DEM particles, listed 
in Table  1, are capable of reaching a good agreement between the 
numerical and the experimental results for various levels of uniform 
biocementation (Wu et al., 2023).

2.3. Specimens with non-uniform biocementation

In physical experiments, the uniformity of the biocementation is 
often evaluated with the distribution of local CaCO3 content (𝐶𝑙) within 
the specimen (Xiao et al., 2021b; Cheng et al., 2019). With physical 
entities representing the CaCO3 crystals in the soil matrix, numerical 
avatars of the biocemented sand specimens with various non-uniform 
patterns and degrees of non-uniformity could be reproduced directly 
as designed with the DEM scheme. In contrast to the complex ex-
perimental conditions leading to possible inconsistent outcomes, those 
influencing factors besides the well-designed non-uniform biocementa-
tion could be well-controlled, which makes it possible to evaluate the 
role of uniformity precisely. Specifically, specimens with a moderate 
level of cementation (𝐶𝑐 = 10.4%) are adopted herein, allowing the 
possible fluctuations in 𝐶𝑙 for different regions in the specimen.

A typical non-uniform pattern in element-scale specimens is the 
axial non-uniformity which occurs during the biogrouting into cylin-
drical specimens along the axial direction as shown in Fig.  1(a). It 
has been widely reported that 𝐶𝑙 may vary along the axial direction 
in this case, presenting higher 𝐶𝑙 near the inlet and lower 𝐶𝑙 near 
the outlet. Linear distribution of 𝐶𝑙 along the axial direction of the 
specimen can be adopted as a simplification of this typical scenario. 
The distribution of CaCO3 can be affected by many factors, e.g., the 
pH, the temperature, the additions in cementation solution, and the 
direction of the solution flow (Ma et al., 2022; Xiao et al., 2021b; Ma 
et al., 2021; Zheng et al., 2023; Cheng et al., 2019). Following the 
numerical biocementing scheme, specimens with different degrees of 
non-uniformity along the axial direction are prepared by dividing the 
specimen into 8 layers and inserting different numbers of cementing 
fines accordingly. A typical specimen with axial non-uniformity is 
presented in Fig.  2(a), illustrating a decreasing level of cementation 
from the top to the bottom of the specimen in 8 layers.

Besides the axial non-uniformity, a radial non-uniformity is ex-
pected in the immersing scheme in which the effective materials per-
meate into the specimen from the outer surface to the inner core, as 
shown in Fig.  1(b) (Li et al., 2023; Cheng et al., 2020). In contrast 
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Fig. 2. Illustration of the typical specimens with non-uniform distribution of CaCO3 particles and the distribution of 𝐶𝑙 for the specimens with (a) axial non-
uniformity and (b) a cemented hull.
to the well-investigated CaCO3 distribution along the axial direction 
in the previous scenario, the CaCO3 distribution along the percolation 
direction in this situation is not well investigated despite the report 
of a hard shell on the specimen surface (Li et al., 2023; Zhao et al., 
2014b). From analogy to the biogrouting scheme, it is reasonable 
to assume a gradual reduction in 𝐶𝑙 from the outer surface to the 
inner core of the specimen along the infiltration path. Specimens with 
different degrees of non-uniformity in this scenario are prepared by 
dividing the specimen into 5 layers of graded hulls whose thickness 
is 1/5 of the radius of the specimen and inserting different numbers 
of cementing fines accordingly. The distribution of CaCO3 along the 
middle section of the specimen with graded hulls is presented in Fig. 
2(b), while the sketch illustrates the decreasing cementation from the 
free surface to the core in 5 layers, presenting non-uniform cementation 
along the radial direction. These specimens are referred to as specimens 
with a cemented hull, in comparison with the specimens with axial 
non-uniformity.

It is essential to quantify the degree of non-uniformity for analyses 
of the effects of non-uniform biocementation. 𝐶𝑙 for a specific region 
in the numerical specimen can be calculated using the mass of fines in 
that region and assuming a uniform pre-treatment dry density of soil 
particles. Then, the degree of non-uniformity can be determined as: 
𝐷𝑢 = max(𝐶 𝑖

𝑙 )∕min(𝐶
𝑖
𝑙 ) (8)

where 𝐶 𝑖
𝑙  represents 𝐶𝑙 for all the different layers within a specific 

specimen and is controlled bounded away from 0 to guarantee that the 
definition of 𝐷𝑢 is physically meaningful. Notably, 𝐷𝑢 defined here is a 
simple index to compare the degree of non-uniformity for layered spec-
imens with a smooth gradient. More comprehensive descriptors under 
the random field model, e.g., the coefficient of variation, the char-
acteristic length, can be further adopted to characterize the complex 
heterogeneity patterns in reality (Zhao et al., 2025). Three non-uniform 
specimens are prepared in this study for each pattern of non-uniformity. 
S-A1, S-A2, and S-A3 are those with axial non-uniformity with increas-
ing 𝐷𝑢. The distribution of fines along the axial direction is presented in 
Fig.  2(a) in terms of 𝐶 , in comparison with the uniform specimen S-H0. 
𝑙

4 
The 8 layers of S-H0 present largely the same 𝐶𝑙, while S-A3 has the 
highest 𝐷𝑢 with the lowest 𝐶𝑙 (6.6%) for the bottom layer. Meanwhile, 
S-R1, S-R2, and S-R3 are those with a cemented hull with increasing 𝐷𝑢. 
The distributions of fines along the radial direction are presented in Fig. 
2(b) in terms of 𝐶𝑙, in comparison with S-H0. The uniform specimen 
presents largely constant 𝐶𝑙 along the radial direction, while S-R3, with 
the highest 𝐷𝑢, has a nearly uncemented core (𝐶𝑙 = 2.5%).

3. Results and discussion

The mechanical responses of the specimens with the two different 
non-uniform patterns, i.e., those with axial non-uniformity and those 
with a cemented hull, are presented in this section. The roles of non-
uniform biocementation on the stress–strain relation and the failure 
pattern in terms of particle motion are analyzed, with discussions on 
the global mechanical performance, the failure process, and the force 
chain evolution.

3.1. Responses of specimens with axial non-uniformity

The stress–strain relations of the three specimens with axial non-
uniformity (S-A1, S-A2, and S-A3) are shown in Fig.  3(a), in comparison 
with S-H0. The variations of UCS and the secant modulus (𝐸50) with 
𝐷𝑢 are presented in Fig.  3(b). S-H0 has a 𝐷𝑢 of 1.1 along the axial 
direction, indicating a rather uniform distribution of CaCO3, and the 
largest 𝐷𝑢 for the specimens with axial non-uniformity is 2.4 for S-A3. 
The increase in 𝐷𝑢 leads to a quasi-linear decrease in UCS with S-H0 
presenting the highest strength. As 𝐷𝑢 increases from 1.1 for S-H0 to 2.4 
for S-A3, UCS of the specimen decreases apparently from 132.1 kPa to 
96.5 kPa with 27% reduction. It is interesting to note that the strength 
of S-A3 is apparently larger than that of the uniform specimen with 
the lowest 𝐶𝑙 (6.6%), which is around 40 kPa as reported in Wu et al. 
(2023). Similar to strength, S-H0 presents the highest stiffness. Notably, 
the reduction in stiffness is not as apparent as that in strength. The 
smallest 𝐸50 is 8.35 MPa for S-A3 with the largest reduction of 9% from 
9.16 MPa for S-H0.
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Fig. 3. Global responses of the specimens with axial non-uniformity. (a) Stress–strain relations of the specimens with various degrees of non-uniformity; (b) 
variations of UCS and 𝐸50 with 𝐷𝑢; failure patterns of (c) the uniform specimen S-H0 and (d) the one with high degree of non-uniformity S-A3 in terms of fields 
of deviatoric strain (𝜖𝑞), particle rotation (𝜃) and particle displacement (𝐮).
Source: The data for S-H0 is adapted from Wu et al. (2023).
Failure mode is another significant aspect of the mechanical re-
sponse and is often characterized by fields of strain and particle move-
ment in numerical modeling. The failure patterns of the uniform spec-
imen (S-H0) and the one with the largest 𝐷𝑢 (S-A3) are illustrated 
in Fig.  3(c–d) with the fields of the deviatoric strain 𝜖𝑞 , the particle 
rotation 𝜃, and the particle displacement 𝐮. The local strain tensor 
(ϵ) in DEM can be derived based on Voronoi tessellation of the sand 
particles in the specimen (Catalano et al., 2014). The local deviatoric 
strain is then derived from the microscopic strain tensor following: 
𝜖𝑞 =

√

2
3devϵ ∶ devϵ, where devϵ is the deviatoric strain tensor and ‘‘:’’ 

represents the double contraction. The scalar field of particle rotation 
(𝜃) is illustrated with a cloud of spheres, while the radii of the spheres 
are scaled based on the magnitude of the particle rotation to empha-
size those with large particle rotation and downplay those with small 
5 
rotation. The displacement (𝐮) field of the sand particles is illustrated 
with arrows pointing to the directions and the lengths of the arrows 
representing the magnitudes. Refer to Wu et al. (2023) and Catalano 
et al. (2014) for more detailed calculations of the relevant quantities. 
S-H0 presents clear T-shaped shear bands in the middle of the specimen, 
cutting through the specimen into several pieces, as presented in Fig. 
3(c). The failure mode of S-A3 is characterized as shear bands as 
well. However, the failure of S-A3 is apparently localized in the lower 
region of the specimen, corresponding to the low-cementation layer 
with 𝐶𝑙 of 6.6%. The displacement field illustrates a symmetric pattern 
in which the particles are squeezed out from the center of the specimen 
as presented in Fig.  3(d). The collaboration of the three quantities 
indicates that the failure of S-A3 is conical shear bands within the 
low-cementation region, leaving a less deformed cone in the center.
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The stress–strain relations and the failure patterns presented in Fig. 
3 indicate that the axial non-uniform distribution of CaCO3 would 
affect the global mechanical responses significantly. The strength of the 
biocemented specimen decreases apparently with the increase in 𝐷𝑢. 
Particularly, the strength of the non-uniform specimen is smaller than 
the uniform specimen with the same 𝐶𝑐 , but higher than that with the 
lowest 𝐶𝑙. The failure pattern transits from shear bands in the middle 
of the uniform specimen to those constrained in the low-cementation 
region of the non-uniform one with the increase in 𝐷𝑢.

3.2. Responses of specimens with a cemented hull

The stress–strain relations of the three non-uniform specimens with 
a cemented hull are presented in Fig.  4(a), with that of S-H0 for com-
parison. The variations of UCS and 𝐸50 with 𝐷𝑢 are presented in Fig. 
4(b). S-H0 has a 𝐷𝑢 of 1.2 along the radial direction, suggesting a rather 
uniform distribution of CaCO3, while the largest 𝐷𝑢 for specimens with 
a cemented hull is 5.9 for S-R3. The possibility of a nearly uncemented 
core in the specimens with a cemented hull is the reason for the much 
larger 𝐷𝑢 than those with axial non-uniformity. The strength of the 
uniform specimen S-H0 is still the highest. However, the decrease in 
strength caused by the radial non-uniformity is not as apparent as that 
by the axial non-uniformity. UCS decreases abruptly with the initial 
increase in 𝐷𝑢. The UCS of the specimen decreases from 132.1 kPa for S-
H0 to 123.4 kPa for S-R1, presenting a 7% reduction when 𝐷𝑢 increases 
from 1.2 to 1.4. However, further increase in 𝐷𝑢 does not affect UCS 
apparently. As 𝐷𝑢 increases further from 1.4 for S-R1 to 5.9 for S-R3, 
the UCS of the specimen decreases mildly from 123.4 kPa to 114.1 kPa. 
Moreover, at the same 𝐷𝑢, the specimen with a cemented hull presents 
apparently higher strength than that with axial non-uniformity. For 
instance, at the same 𝐷𝑢 of 2.4, S-A3 presents a UCS of 96.5 kPa, while 
S-R2 presents a 24% higher UCS of 119.3 kPa. The reduction in pre-
peak stiffness with 𝐷𝑢 for the specimens with a cemented hull is modest 
and comparable with that for those with axial non-uniformity. S-R3 
with 𝐷𝑢 of 5.9 even presents slightly higher 𝐸50 than S-R2 with 𝐷𝑢
of 2.4.

The failure patterns of the specimen with the largest 𝐷𝑢 (S-R3) are 
presented in Fig.  4(c), with the fields of 𝜖𝑞 , 𝜃, and 𝐮. A single shear band 
can be identified based on the collaboration of the three quantities, 
cutting the specimen from the upper corner to the lower corner with 
a band angle of 59◦. In comparison with the uniform specimen S-H0, 
the non-uniform specimens with a cemented hull tend to form more 
localized failure, with a clear shear band cutting through the specimen. 
Notably, a relatively diffuse failure region is observed in the center of 
S-R3 based on the field of particle rotation and deviatoric strain, in 
accordance with the low-cementation core.

Generally, the specimens with a cemented hull present better me-
chanical responses with apparently higher UCS and slightly higher 
stiffness in comparison with those with axial non-uniformity. This 
might be attributed to the confinement effects from the cemented hull. 
The initial failure of the weak core is confined by the outer strong 
hull and retard the global failure of the specimen. The phenomenon 
that the reduction in strength does not vary significantly with the 
increase in 𝐷𝑢 is possibly caused by the competition between the 
increase in the confinement from the cemented hull and the reduction 
in strength of the low-cementation core. In contrast, the local failure 
of the weak layer dominates the global failure of the specimens with 
axial non-uniformity. The detailed failure process and mechanism of the 
specimens with the two patterns of non-uniformity will be discussed in 
the following sections.

3.3. Temporal and spatial evolution of debonding events

The debonding responses are the key factors to characterize the fail-
ure mechanism of cohesive granular materials. The normalized debond-
ing number of different regions can be determined as: 𝑁̂ = 𝑁∕𝑁 , 
𝑏
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where 𝑁 is the number of broken bonds and 𝑁𝑏 is the total number 
of bonds in that region. The evolution of 𝑁̂ with 𝜖𝑎 for the typical 
specimens is presented in Fig.  5. The evolution for S-H0 is presented 
for reference with layers partitioned along the axial direction in Fig. 
5(a) and along the radial direction in Fig.  5(c). The vertical dashed lines 
indicate the 𝜖𝑎 of the peak stress. The total debonding number decreases 
apparently for the specimens with high degree of non-uniformity, in 
line with the apparent reduction in UCS.

In terms of the role of axial non-uniformity, the distribution of 
debonding events for S-H0 is largely symmetric as presented in
Fig.  5(a). Layers 4 and 5 present the most debonding events, followed 
by Layers 3 and 6. Specifically, the layers close to the loading plates 
present marginal debonding events. In terms of the role of radial 
non-uniformity, the distribution of debonding events for all 5 layers 
along the radial direction presents similar pre-peak responses in terms 
of 𝑁̂ with marginal debonding events, distributed evenly among the 
specimen, as presented in Fig.  5(c). The inner core (Layers 1, 2, and 
3) presents higher 𝑁̂ at the post-peak stage due to the intersection 
of the conjugated shear bands. The locations of the debonding events 
are presented in Fig.  6(a) with the color of the dots indicating the 𝜖𝑎
at which the debonding events occur. Specifically, the middle inset 
displays the debonding events immediately after the stress peak. The 
pre-peak debonding events, as presented in the left inset, distribute 
evenly among the whole specimen as the precursor of the following 
shear bands, while marginally near the upper and lower loading plates, 
in line with the evolution of 𝑁̂ in Fig.  5(a). Immediately after the 
stress peak, a large number of debonding events occur in the middle 
of the specimen, as presented in the middle inset. The large number of 
debonding events in light green agrees with the dominance of the shear 
band with a band angle of 53◦. While the debonding events in dark blue 
in the upper region of the specimen suggest the precursor of a new 
shear band. The debonding events at 𝜖𝑎 = 2.1–2.5%, as presented in 
the right inset, present the concurrent development of the major branch 
with a band angle of 53◦ and the minor branch with a band angle of 
54◦. The diffusive distribution of debonding events at the upper right 
corner suggests a rather complex failure in that region without a mature 
shear band.

For S-A3 with a high degree of axial non-uniformity, the distribution 
of the debonding events is rather asymmetrical, with dominance of 
debonding in the lower region with less cementation, as presented in 
Fig.  5(b). The failure of S-A3 is dominated by the debonding events at 
the bottom two layers (Layers 1 and 2) with moderate debonding events 
at Layer 3. Specifically, Layers 1 and 2 present a linear increase in 𝑁̂
to 0.2 immediately after the stress peak and then increase gradually to 
constant values around 0.26. The evolution of 𝑁̂ suggests that more 
than a quarter of the bonds are broken in the two weak layers. The 
spatial evolution of the debonding events within S-A3 is presented in 
Fig.  6(b). Despite the illustration of the shear bands identified from the 
fields of 𝜖𝑞 , 𝜃, and 𝐮, the locations of the debonding events themselves 
cannot illustrate the shear bands clearly. All the pre-peak debonding 
events are located in the lower half of the specimen, and those in the 
upper half are rare exceptions. Despite the conical shear bands, the 
debonding events distribute evenly along the radial direction without 
clear identification of an intact cone-shaped region. It suggests that the 
bottom layers of the specimen are damaged under axial loading due 
to the relatively weak cementation, and the cone-shaped region with 
small strain is attributed to the constraint from the intact upper layers 
and the bottom plate.

For S-R3 with a high degree of radial non-uniformity, Layers 1, 2, 
and 3 lead the failure process due to the weakly-cemented core. The 
increases in 𝑁̂ for Layers 4 and 5 are delayed due to the higher cemen-
tation in the hull. It is the failure in Layers 4 and 5 that determines 
the global failure of this non-uniform specimen. Recall that 𝑁̂ is a 
normalized value by dividing the debonding number by the total bond 
number in the corresponding region, the debonding events in the outer 
Layers 4 and 5 are actually much more than those in the inner core. 
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Fig. 4. Global responses of the specimens with a cemented hull. (a) Stress–strain relations of the specimens with various degrees of non-uniformity; (b) variations 
of UCS and 𝐸50 with 𝐷𝑢; (c) failure patterns of the one with high degree of non-uniformity S-R3 in terms of fields of deviatoric strain (𝜖𝑞), particle rotation (𝜃) 
and particle displacement (𝐮).
Source: The data for S-H0 is adapted from Wu et al. (2023).

Fig. 5. The temporal evolution of normalized debonding number (𝑁̂) with increasing 𝜖𝑎 for the typical specimens.
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Fig. 6. The spatial evolution of debonding events for the typical specimens. Each subfigure presents the locations of debonding events within an axial strain 
increment of 5h and the color of the dots indicates the axial strain level at which the debonding events occur.
The spatial evolution of the debonding events in S-R3 is presented in 
Fig.  6(c). The debonding events in light green in the upper right corner 
in the middle inset indicate a premature shear band, besides the shear 
band with a band angle of 59◦. But the lack of debonding events in 
dark blue there and the deformation patterns in Fig.  4 suggest that the 
development of this branch of shear band is inhibited while the branch 
along the observing direction dominates the failure process. Notably, 
the shear bands are relatively thin in comparison with S-H0, suggesting 
a more brittle failure pattern.

3.4. Evolution of contact-based anisotropy

The interparticle contact system and its anisotropy is useful for 
analyzing and understanding the deformation mechanism of granular 
materials. Considering the large number of fines and their roles to 
8 
provide cohesion for the structure, the focus is put on the interparticle 
contacts between sand particles herein. The contact-based fabric is 
a convenient way to characterize the microscopic evolution of the 
interparticle contact system. The contact-normal-based fabric tensor 
can be defined following Guo and Zhao (2014) and Oda (1982): ψ =
1
𝑁𝑐

∑

𝐧𝑐 ⊗ 𝐧𝑐 , where 𝑁𝑐 is the number of sand-sand contacts in the 
region of interest, 𝐧𝑐 is the contact normal vector for a sand-sand 
contact, and ‘⊗’ is the dyadic operator. Furthermore, the anisotropic 
intensity of the interparticle contact system in 3D can be quantified 
with a scalar: 𝐹𝑎 =

√

3∕2𝐅𝑎 ∶ 𝐅𝑎, where 𝐅𝑎 = 15∕2devψ is the deviatoric 
fabric tensor, and ‘:’ denotes the double contraction operator (Guo and 
Zhao, 2016).

The evolution of the anisotropic intensity for the typical specimens 
is presented in Fig.  7. Unlike the good correlation between anisotropic 
intensity and deviatoric stress for noncohesive granular material under 
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Fig. 7. The evolution of anisotropic intensity with axial strain for the typical specimens.
confinement (Guo and Zhao, 2013), the evolution of 𝐹𝑎 herein presents 
distinct features from the stress–strain relations. In terms of the role of 
axial non-uniformity, 𝐹𝑎 of most layers in S-H0 present trends similar 
to the total 𝐹𝑎, where 𝐹𝑎 increases rapidly at the initial stage and 
then increases mildly to the peak-stress state. A second surge in 𝐹𝑎 is 
noted after the peak stress, which is related to the burst in debonding 
events and the corresponding redistribution of the contact force from 
the initial cohesion-dominated framework to the post-failure friction-
dominated structure. 𝐹𝑎 increases rapidly to a peak and then decreases 
gradually due to the intense reduction in stress at the post-peak stage. 
Notably, the two layers close to the loading plates (Layers 1 and 8) 
presented a marginal increase in 𝐹𝑎 due to the marginal debonding 
events and the lateral constraints from the loading plates. For S-A3 
with a high degree of axial non-uniformity, 𝐹𝑎 for the lower half of 
the specimen presents trends similar to S-H0, with a second increase 
after the stress peak due to the debonding process. In contrast, 𝐹𝑎 for 
the upper half of the specimen decreases directly after the stress peak 
due to the local unloading process and the few debonding events.

The evolution of the anisotropic intensity in terms of the role of 
radial non-uniformity is presented in Fig.  7(c–d). Generally, the trends 
of 𝐹𝑎 for the two specimens are similar, with an initial rapid increase 
followed by a gradual growth at the pre-peak stage and a second 
increase with a gradual decrease at the post-peak stage. The different 
layers of S-H0 present similar pre-peak responses, while the inner 
core displays slightly higher 𝐹𝑎 at the post-peak stage. For S-R3, the 
innermost layer (Layer 1) presents the highest 𝐹𝑎 from the initial state, 
due to the initial insufficient cementation, while the outer hull (Layer 
5) presents the lowest 𝐹𝑎. Moreover, the fluctuations for Layer 1 at the 
post-peak stage are a distinct feature from other layers, possibly due to 
insufficient cementation and the consequent unstable evolution of the 
force chain network.
9 
3.5. Force chain network

While the evolution of 𝐹𝑎 depicts a global picture, it is more 
intuitive to observe the force chain network at key stages directly. The 
evolution of the force chain network for the typical specimens is illus-
trated through snapshots at the peak-stress state, the peak-anisotropy 
state, and the final state in Fig.  8. The contact forces between coarse 
particles are presented with cylinders, and the color of the cylinder 
represents the magnitude of the force. Note that the diameter of the 
cylinder is adjusted for a better presentation of the individual insets 
and is not strictly proportional to the magnitude among different 
snapshots. For the uniform specimen S-H0, the force chain network at 
the peak-stress state presents strong force chains with dark color dis-
tributed uniformly among the specimen without apparent localization. 
Moreover, the strong force chains present clear dominance along the 
vertical direction, while the weak ones present various directions. At 
the peak-anisotropy state, the magnitude of the contact forces reduces 
and the number of strong forces decreases apparently with apparent 
localization in the shear bands. At the final state, the magnitude of the 
contact forces and the number of strong forces decrease further due to 
the coupling effects of the post-peak reduction in axial stress and the 
degradation of the microstructure. The development of the shear band 
leads to the formation of the upper and the lower pyramids contacting 
in the middle of the specimen. A clear force chain can be noted from 
the top plate to the bottom plate through the center of the specimen.

The force chain networks for S-A3 with a high degree of axial non-
uniformity are presented in Fig.  8(b). The force chain network at the 
peak stress state is similar to that of S-H0, while the concentration of 
strong forces in the weak layers near the bottom plate is noted. The 
force chain network at the peak-anisotropy state is distinct from that 
of S-H0, with apparent strong forces in the lower part of the specimen. 
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Fig. 8. The force chain network of the typical specimens at key stages.
At the final state, a relatively sparse force chain network is noted in 
the weak layer, mainly due to the microstructural degradation of the 
weakly-cemented zone. The force chain networks for S-R3 with a high 
degree of radial non-uniformity are presented in Fig.  8(c). The force 
chain networks at different states are largely the same as those of S-
H0. At the peak-anisotropy state, clear alignment of the vertical strong 
forces in the shear band is observed. This phenomenon can be explained 
by the intense in-band debonding events and the corresponding post-
failure contacts between the coarse particles (Wu et al., 2020b). The 
force chain network at the final state presents a chain of strong forces 
from the top to the bottom, penetrating the specimen along the axial 
direction, with local intensity crossing the shear band region.
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3.6. Practical implications

The 3D DEM modeling indicates that the uniform specimen has 
the highest strength and stiffness among all the investigated cases, 
which suggests that it is beneficial to explore advanced biocementa-
tion techniques to improve the uniformity of CaCO3 precipitation in 
order to improve the mechanical performance. Notably, Eq. (8) can 
be readily generalized for the quantitative assessment of the degree 
of non-uniformity in practical applications with local CaCO3 content 
(𝐶𝑙) by sampling from different regions. Considering the practical 
applicability, the biogrouting scheme has better potential for field 
implementation. As reviewed by Zheng et al. (2023), various attempts 
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have been made to mitigate the non-uniform distribution of CaCO3
precipitation, and these attempts can be assorted into the methods 
to assist bacterial adsorption in the two-phase techniques, and the 
methods to delay the formation of CaCO3 in the one-phase techniques. 
Although element-scale experiments are widely adopted to compare 
the mechanical performance among different techniques, the degree of 
non-uniformity might be underestimated given the much larger scale 
for the field applications. From a practical point of view, it is of special 
interest to measure the distribution of 𝐶𝑙 along the grouting direction 
at the larger scale (Yang et al., 2023), and evaluate 𝐷𝑢 based on the 
distribution of 𝐶𝑙. The good correlation between 𝐷𝑢 and the mechanical 
performance in this study provides a basis to estimate the larger-
scale mechanical responses. Besides, another valuable insight from the 
numerical modeling would be the reasonable range for estimating the 
strength of the biocemented specimen. The UCS of the non-uniform 
specimen with axial non-uniformity would be lower than that of the 
uniform specimen with the global CaCO3 content (𝐶𝑐), and higher 
than that of the uniform one with the minimum local CaCO3 content 
(min(𝐶𝑙)).

For the specimen with axial non-uniformity, an increase in 𝐷𝑢 sig-
nificantly reduces its mechanical performance. In contrast, an increase 
in 𝐷𝑢 does not affect the mechanical responses significantly for the 
specimens with a cemented hull. Based on the same 𝐶𝑐 , the specimens 
with a cemented hull generally have higher strength and stiffness 
than those with axial non-uniformity. This implies that the techniques 
tending to form specimens with a cemented hull, e.g., the soaking or 
immersing methods, have a higher efficiency in comparison with those 
tending to form axial non-uniformity, e.g., the biogrouting methods. 
Hence, the soaking or immersing methods might be more appropriate 
for bio-construction with MICP (Liu et al., 2023). It is beneficial to form 
bricks and other construction members in the factory through the pre-
mixing and immersing methods (Liu et al., 2021). The cemented hulls 
can protect the construction members effectively and provide enhanced 
mechanical performance. Moreover, it is reasonable to conduct a quick 
judgment of the uniformity for element-scale experiments, by observing 
the failure pattern of the specimen (Mori and Uday, 2022). Those pre-
senting global failure with shear bands are likely to possess a relatively 
uniform distribution of CaCO3, while those presenting local failure may 
have defects and increase the dispersion of the experimental results.

4. Conclusions

This study presents a 3D DEM modeling of the non-uniform bio-
cementation with cementing fines representing the CaCO3 crystals. 
The focus has been put on a widespread phenomenon in biocemented 
sand, i.e., the non-uniform distribution of the CaCO3 precipitation. 
Two typical distribution patterns frequently observed in element-scale 
specimens are reproduced: one exhibiting axial non-uniformity and 
the other featuring a cemented hull. The global mechanical responses 
and the failure mechanisms of the specimens with various degrees of 
non-uniformity are investigated in an a priori manner, and the major 
findings are summarized below.

(a) The uniform specimen has the best global mechanical response, 
with the largest strength and stiffness. The mechanical perfor-
mance of specimens with axial non-uniformity is more sensitive 
to the degree of non-uniformity than that of those with a ce-
mented hull. The specimens with a cemented hull generally 
present much better global mechanical responses than those with 
axial non-uniformity.

(b) The debonding events of the specimens with axial non-
uniformity tend to localize in the weakly-cemented layers. In 
contrast, the debonding events in the specimens with a cemented 
hull start from the weakly-cemented core, followed by those in 
the cemented hull. The confinement effects from the cemented 
hull upon the initial damage in the weakly-cemented core are 
attributed to the better global mechanical performance of the 
specimens with a cemented hull.
11 
(c) The specimens with a cemented hull present clear shear bands 
cutting through the specimens, which is similar to the uniform 
one. The larger band angle and the thinner band width suggest 
a more brittle behavior. In contrast, the specimens with axial 
non-uniformity present localized failure in the weakly-cemented 
layers. The one with a high degree of axial non-uniformity even 
forms conical shear bands and a cone-shaped region with small 
strain in the highly-damaged weakly cemented layers, under the 
constraint of the intact upper layer and the bottom loading plate.

(d) The overall evolution of the contact-based anisotropy presents 
a rapid increase at the initial stage and a mild increase there-
after to the peak-stress state, followed by a second surge to 
the peak-anisotropy state and a mild decrease thereafter. The 
different regions of the uniform specimen present similar trends, 
except for the layers close to the loading plate. The weakly-
cemented layers dominate the high-anisotropy regions for the 
specimens with axial non-uniformity, with highly concentrated 
strong contact forces. The specimens with a cemented hull are 
similar to the uniform one in this aspect, with fluctuations of the 
anisotropic intensity in the weakly cemented core suggesting a 
less stable force chain network.

The influence of non-uniform biocementation on the mechanical re-
sponses of biocemented soils is investigated through 3D DEM modeling 
in this study by modeling the two typical ideal distribution patterns 
of CaCO3 crystals in element-scale specimens with cementing fines. 
The actual distribution of CaCO3 crystals might be more complex, 
which can be identified through advanced examination techniques like 
CT scanning (Dadda et al., 2019). Moreover, this study focuses on 
the non-uniform distribution of CaCO3 at the element scale. The non-
uniformity in the field applications might be more severe and affect the 
performance of the MICP techniques. This scenario can be further in-
vestigated through multiscale modeling methods, e.g., FEM×DEM (Wu 
et al., 2018a) or MPM×DEM modeling (Liang et al., 2023).
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