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ABSTRACT 

Microbially induced carbonate precipitation (MICP) is an emerging technique for enhancing the mechanical properties of granular 
soils. Although several experimental studies have reported increased shear strength in MICP-treated soils at both peak and residual 
states, other findings have shown reductions in residual strength compared to untreated soils. This study uses the discrete element 
method (DEM) to investigate the mechanisms governing the residual strength of bio-cemented sands. The results indicate that 
residual strength may decrease when carbonate precipitates in the form of grain-bridging patterns. In that case, the introduction 
of carbonates alters the contact network and may induce metastable configurations, particularly when the bonds are weak or non- 
cohesive. These conf igurations are prone to strain localisation upon shearing, leading to the development of shear bands and a 
reduction in residual strength. Conversely, higher cohesive strength enhances microstructural stability, offsetting the weakening 
effects of localisation. The residual strength of bio-cemented sands is therefore governed by two competing mechanisms, namely 
bond-induced stabilisation and instability-driven localisation. 

1 Introduction 

Microbially induced carbonate precipitation (MICP) and enzyme 
induced carbonate precipitation (EICP) are promising methods 
for enhancing the mechanical performance of soils. Both pro- 
cesses promote the precipitation of calcium carbonate ( CaCO 3 ) 
within the soil pore space, where it can act as a cementing agent 
that binds soil grains together. As a result, soils treated with MICP 
or EICP typically exhibit increased stiffness and strength [ 1–8 ], 
highlighting the potential of these methods for improving soil 
mechanical behaviour. 

Experimental studies showed that bio-cementation can affect 
the mechanical behaviour of the treated soil, with the strength 
improvement being highly dependent on the carbonate content 
[ 5, 9–11 ]. Specifically, the bio-cemented sample with a relatively 

low carbonate content shows a slight improvement in peak and 
residual strengths compared to the uncemented sample. As the 
carbonate content increases, both the peak and residual strengths 
of the bio-cemented sample increase. Of particular interest to this 
study is the residual strength. In general, the residual strength 
of bio-cemented samples is higher than that of the uncemented 
sample [ 5, 12, 13 ]. This observation aligns with the intuitive 
expectation that bio-cementation should enhance soil strength at 
all deformation stages, including the residual state, even if the 
improvement is modest or negligible. However, some studies have 
shown that bio-cemented soils can exhibit a lower strength than 
uncemented soils at the residual state. Such reduction in residual 
strength has not been observed in classical cemented soils or 
rocks. This counterintuitive phenomenon has been observed, yet 
remains unexplained, in reported experiments on bio-cemented 
soils [ 13–18 ]. The relevant data is summarised in Figure 1 . 
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FIGURE 1 Experimental evidence illustrates cases where the resid- 
ual strength of bio-cemented soil is lower than that of uncemented soil. 
The presented data from Gao et al. [ 15 ] and Nafisi et al. [ 17 ] were obtained 
from drained triaxial compression tests under 100 kPa of confinement, 
and the data from Xiao et al. [ 13 ] was tested in drained condition with 20 
kPa of confinement. The initial void ratio is 0.612, 0.752 and 0.796 for Gao 
et al., Nafisi et al., and Xiao et al., respectively. The stress ratio is defined 
here as the deviatoric stress divided by the confining pressure. 𝑚𝑐 is the 
carbonate content by mass. 

Understanding the residual strength of bio-cemented soils is of 
critical engineering importance, particularly for assessing their 
mechanical behaviour at large deformations. In slope stability 
problems, for instance, the state of stress and strain is generally 
non-uniform along the potential failure surface; some zones may 
have reached and softened beyond peak strength, while others 
are still mobilising it. This spatial variation in mobilised strength 
is central to understanding progressive failure mechanisms and 
ensuring realistic stability assessments in bio-cemented slopes. 

The discrete element method (DEM) has been widely used to 
reveal the underlying mechanism of soil behaviour benefiting 
from its full access to microscopic quantities [ 19–21 ]. The decrease 
in residual strength exhibited by bio-cemented soil was not cap- 
tured in DEM models for (bio-)cemented soils [ 22–25 ]. This can 
be attributed to the fact that the effects of cementation are usually 
simulated by introducing virtual bonds between soil grains 
instead of explicitly modelling cement agents [ 24, 26–29 ]. In this 
way, the cementing material (i.e., bond in DEM) is assumed to 
be located at sand grain contacts. Such a simplification leads 
to the residual strength of cemented samples equivalent to or 
above that of the uncemented sample and is not able to capture 
the post-breakage behaviour since the virtual bonds disappear 
after breakage. Moreover, the role of cementing material located 
elsewhere in the pore space of the soil is ignored. Recently, a 
3D DEM study by Zhang and Dieudonné [ 30 ] reported that the 
bio-cemented DEM specimen with a specific microstructure can 
exhibit a lower residual strength than the uncemented DEM 

specimen. In that study, DEM was used to explicitly model 
both sand and carbonate particles, with a focus on the role of 
carbonate distribution pattern (i.e., the location of carbonate 
particles with respect to the sand grains). Four typical carbonate 
distribution patterns were modelled, namely grain bridging, 
contact cementing, grain coating and pore filling. It was found 
in Zhang and Dieudonné [ 30 ] that carbonates distributed in the 
pattern of bridging (i.e., connecting grains that were initially not 

in contact) led to a reduction in the residual strength of bio- 
cemented soil compared to that of uncemented soil, while other 
distribution patterns did not lead to a reduction in the residual 
strength. However, no mechanistic explanation was provided 
on such a phenomenon. Following Zhang and Dieudonné [ 30 ], 
this paper aims to elucidate the micro-origin of the residual 
strength reduction for the bridging type of cementation, seeking 
to understand not only why but also under what conditions this 
phenomenon happens. 

This paper is organised as follows. Section 2 introduces the 
contact law and DEM model setup used in this study. In Section 3 , 
a parametric study is carried out on 2D DEM samples. The 
samples are subjected to drained biaxial compression tests. The 
effect of carbonate content, sand-carbonate cohesive strength and 
their relative elastic modulus on the macroscopic mechanical 
behaviour of bio-cemented sands with the bridging type of 
cementation are systematically evaluated. It should be noted that 
3D DEM results are also provided in Appendix A to further 
support the understanding of the mechanical behaviour of bio- 
cemented sands with the bridging type of cementation. In 
Section 4 , a detailed discussion on the microscopic observation 
during the biaxial compression tests is provided to understand the 
underlying mechanism. Finally, major findings from this paper 
are summarised in Section 5 . 

2 DEM Simulations 

2.1 Contact law 

The discrete element simulations are performed using the open- 
source platform YADE [ 31 ]. A cohesive-frictional contact model, 
based on the classical linear elastic-plastic law from [ 32 ] and 
accounting for rolling and twisting resistance, is used. 

For two spheres of radii 𝑅1 and 𝑅2 in contact, the normal force 𝑭𝑛 , 
incremental shear force Δ𝑭𝑠 , incremental rolling moment Δ𝑴𝑟 

and incremental twisting moment Δ𝑴𝑡𝑤 are calculated as: 

𝑭𝑛 = 𝑘𝑛 𝑢𝑛 𝒏 (1) 

Δ𝑭𝑠 = − 𝑘𝑠 Δ𝒖𝑠 (2) 

Δ𝑴𝑟 = − 𝑘𝑟 Δ𝜃𝑟 (3) 

Δ𝑴𝑡𝑤 = − 𝑘tw Δ𝜃𝑡𝑤 (4) 

where 𝑢𝑛 is the relative normal displacement of the two spheres, 
𝒏 is the normal contact vector, Δ𝒖𝑠 is the incremental tangential 
displacement, and Δ𝜃𝑟 and Δ𝜃𝑡𝑤 are the relative rotations due to 
rolling and twisting respectively. 𝑘𝑛 , 𝑘𝑠 , 𝑘𝑟 and 𝑘𝑡𝑤 are the contact 
normal stiffness, tangential stiffness, rolling stiffness and twisting 
stiffness respectively, which are given by: 

𝑘𝑛 = 

2 𝐸1 𝑅1 𝐸2 𝑅2 

𝐸1 𝑅1 + 𝐸2 𝑅2 

(5) 

𝑘𝑠 = 𝜈𝑘𝑛 (6) 

𝑘𝑟 = 𝛼𝑟 𝑅1 𝑅2 𝑘𝑠 (7) 
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𝑘tw = 𝛼tw 𝑅1 𝑅2 𝑘𝑠 (8) 

where 𝐸𝑖 ( 𝑖 = 1 , 2 ) is the modulus of elasticity of sphere 𝑖, 𝜈 is the 
stiffness ratio, and 𝛼𝑟 and 𝛼𝑡𝑤 are the rolling and twisting stiffness 
coefficients respectively. 

The normal, shear, rolling and twisting resistances are equal to: 

𝐹𝑚𝑎𝑥 
𝑛 = 𝜎coh min ( 𝑅1 , 𝑅2 ) 

2 (9) 

𝐹𝑚𝑎𝑥 
𝑠 = ||𝑭𝑛 || tan 𝜑′

𝑐 + 𝜎coh min ( 𝑅1 , 𝑅2 ) 
2 (10) 

𝑀𝑚𝑎𝑥 
𝑟 = ||𝑭𝑛 ||𝜂𝑟 min ( 𝑅1 , 𝑅2 ) (11) 

𝑀𝑚𝑎𝑥 
tw = ||𝑭𝑛 ||𝜂tw min ( 𝑅1 , 𝑅2 ) (12) 

where 𝜎𝑐 𝑜 ℎ is a cohesive strength parameter which controls the 
adhesion forces in the normal and tangential directions. In this 
study, cohesion is introduced only at sand-carbonate contacts 
(S-C); therefore, 𝜎𝑐 𝑜 ℎ specifically denotes 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
. 𝜑′

𝑐 is the contact 
friction angle, and 𝜂𝑟 and 𝜂𝑡𝑤 are the resistance coefficients of 
rolling and twisting, respectively. 

2.2 Sample preparation 

In a 1 m × 2 m domain, 10,000 spherical particles are randomly 
generated with all the particle centres located in a single layer. 
Four rigid walls are used as the boundary condition, representing 
a simplification compared to the flexible membrane used in phys- 
ical tests. The 2D condition is simulated by placing the centres 
of all spheres on the same plane and blocking the translation 
and rotations in the out-of-plane direction. The radius expansion 
method is adopted for isotropic compression, during which the 
radii of the particles increase until the sample reaches a target 
confining pressure 𝑝0 (kPa). After that, the radius expansion is 
then turned off to fix the size of the particles. The radii of sand 
grains are uniformly distributed with an average diameter ( 𝑑50 ) of 
13.62 mm and a size ratio ( 𝑑𝑚𝑎𝑥 ∕𝑑𝑚𝑖𝑛 ) of 2. Then the inter-particle 
friction angle is adjusted to reach a target void ratio of 0.225. Note 
that the void ratio in 2D is defined as the area of voids to the area 
of solids in the plane in which the centres of particles lie. In the 
meantime, the rigid walls are controlled by a servomechanism 

to maintain the confining pressure. After the generation of the 
host sand sample with target void ratio and confining pressure, 
CaCO 3 particles are introduced into the host sand sample [ 33 ]. 
All the CaCO 3 particles are deployed at sand grain gaps to form 

the bridging type of distribution as demonstrated in Figure 2 . It 
should be noted that the SEM image presented in Figure 2a is used 
solely to establish the physical basis for the bridging cementation 
concept modelled in our DEM simulations. 

The DEM samples are subjected to drained biaxial compression 
tests. The sand particle parameters are calibrated so that the 
stress-strain response of the uncemented DEM specimen closely 
matches the experimental results reported by Nafisi et al. [ 5 ], as 
compared in Figure 3 . Following that, the Young’s modulus of 
carbonate particle is set to be 0.9 times that of sand particles [ 35 ]. 
The sand-carbonate cohesion ( 𝜎𝑆− 𝐶 

coh ) is adjusted for the bridging 

sample with 𝑚𝑐 = 2.2% to ensure its peak deviatoric stress ratio 
matches that observed in the cemented specimen with equivalent 
𝑚𝑐 from Nafisi et al. [ 5 ]. The remaining contact parameters of 
carbonate particles, including 𝜑′

𝑐 , 𝛼𝑟 , 𝛼𝑡𝑤 , 𝜂𝑟 , 𝜂𝑡𝑤 , are assumed to 
be the same as those of the sand particles [ 30 ] due to the lack 
of experimental data. Overall, the DEM model reproduces the 
magnitudes of the peak and residual strength of the experimental 
results, and captures the key mechanical effects of cementation, 
including increased stiffness and enhanced dilatancy compared 
to the uncemented specimen. The adopted DEM parameters are 
summarised in Table 1 . 

3 Macroscopic Response 

In this section, 2D DEM samples are subjected to drained biaxial 
compression tests. A parametric study is carried out to investigate 
the effect of carbonate content ( 𝑚𝑐 ), sand-carbonate cohesion 
( 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
), carbonate/sand stiffness ratio ( 𝐸𝑐 ∕𝐸𝑠 ) and confining pres- 

sure ( 𝑝0 ) on the mechanical response, specifically the residual 
strength of the bridging type of cemented samples. The four 
parameters considered in the parametric study are listed in 
Table 2 . It should be noted that this study derives insights from 

2D DEM simulations because it is easy to visualise quantities or 
features, such as strain localisation (if any) and microstructure 
evolution in two dimensions [ 20, 21, 36, 37 ]. However, results 
from equivalent 3D DEM simulations are provided in Appendix A 

and used to support the understanding of the macroscopic 
mechanical behaviour. 

3.1 Effect of Carbonate Content 

Figure 4 shows the stress–strain response and volumetric 
behaviour of samples with different carbonate contents from 

drained biaxial compression tests under 100 kPa of confinement. 
𝐸𝑐 / 𝐸𝑠 = 0.9 and 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
= 200 MPa in the bridging samples presented 

in Figure 4 . It can be seen that for all the carbonate contents 
under consideration, all the cases show a reduction in residual 
strength compared to the uncemented sample. This suggests that 
the increase in carbonate content in the considered range does 
not eliminate this phenomenon. The same finding holds with the 
3D DEM simulation presented in Figure A1a,b . 

To validate the DEM model, the results for the sample with 𝑚𝑐 

= 1% and 2.2% are further compared against laboratory test from 

Gao et al. [ 15 ], as shown in Figure 5 . The experimental cemented 
sample with 𝑚𝑐 = 0.79% exhibits a characteristic behaviour: it 
achieves a higher peak strength compared to the uncemented 
sample (dashed black line), but its residual strength at large 
strains is lower than that of the uncemented sample. The DEM 

simulations at different carbonate contents successfully repro- 
duce this qualitative behaviour. Both DEM cemented samples 
show enhanced peak strength but reduced residual strength 
compared to the DEM uncemented sample. 

3.2 Effect of Sand-Carbonate Cohesion 

Figure 6 shows the effect of sand-carbonate cohesion ( 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

) on 
the stress-strain and volumetric behaviour of bridging type of 
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FIGURE 2 (a) Microscopic observation on bio-cemented sands showing grain-bridging cementation, the SEM image is from van Paassen [ 34 ]; (b) 
Illustration of a 2D DEM cemented sample with the bridging type of cementation. 

FIGURE 3 Comparison of DEM simulations and experimental results from Nafisi et al. [ 5 ]: (a) stress-strain behaviours; (b) volumetric responses. 
𝐸𝑐 ∕𝐸𝑠 = 0.9 and 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
= 200 MPa for the cemented DEM specimen with 𝑚𝑐 = 2.2% in this plot. All tests are conducted under 100 kPa of confining 

pressure. 

samples tested under 100 kPa of confinement. 𝐸𝑐 / 𝐸𝑠 = 0.9 and 
𝑚𝑐 = 2.2% in the bridging samples presented in Figure 6 . It can 
be seen that 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
plays a crucial role in the residual strength of 

cemented samples. The residual strength of the bridging sample 
with a low 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
is lower than that of the uncemented sample. 

With the increasing of 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

, the residual strength of the bridging 
type of sample increases to the same level as the uncemented 
sample and finally exceeds the uncemented sample. It should be 
noted that a case with 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
= 0 MPa is also included in Figure 6 . 

In this case, the carbonate particles are non-cohesive. The case 
with 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
= 0 MPa also shows a reduction in the residual strength 

compared to the uncemented sample, indicating that the bridging 
pattern is one of the key factors that lead to such behaviour. 
In terms of volumetric behaviour, those bridging samples that 
exhibit a lower residual strength than the uncemented sample 
show a lower enhancement in dilatancy. As 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
increases, the 

sample tends to dilate more. The 3D DEM results presented in 
Figure A1c,d confirm the same finding as observed in Figure 6 . 
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TABLE 1 Properties of particles used in the 2D DEM simulations. 

Properties Symbol Unit 
Sand/ 

Carbonate 

Density 𝜌 kg∕m3 2650 / 2710 
Elastic modulus 𝐸 MPa 200 / 180 
Stiffness ratio 𝜈 — 0.3 / 0.3 
Friction angle 𝜑′

𝑐 
◦ 16 / 16 

Rolling stiffness 
coefficient 

𝛼𝑟 — 0.4 / 0.4 

Twisting stiffness 
coefficient 

𝛼𝑡𝑤 — 0.4 /0.4 

Rolling resistance 
coefficient 

𝜂𝑟 — 0.4 / 0.4 

Twisting resistance 
coefficient 

𝜂𝑡𝑤 — 0.4 / 0.4 

TABLE 2 Summary of parametric variations. 

Varying 
parameter Varying range 

Fixed parameter and 
value 

𝑚𝑐 (%) 1; 2.2; 3.5 𝐸𝑐 / 𝐸𝑠 = 0.9, 𝑝0 = 100 kPa, 
𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 200 MPa 
𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

(MPa) 0; 100; 200; 800 𝐸𝑐 / 𝐸𝑠 = 0.9, 𝑝0 = 100 kPa, 
𝑚𝑐 = 2.2% 

𝐸𝑐 ∕𝐸𝑠 (-) 0.1; 0.2; 0.9 𝑝0 = 100 kPa, 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 200 
MPa, 𝑚𝑐 = 2.2% 

𝑝0 (kPa) 50; 100; 200 𝐸𝑐 / 𝐸𝑠 = 0.9, 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 200 
MPa, 𝑚𝑐 = 2.2% 

3.3 Effect of Sand-Carbonate Stiffness Ratio 

The motivation for testing various stiffness ratios of carbonate 
with respect to sand ( 𝐸𝑐 / 𝐸𝑠 ) is that different materials can 

precipitate in MICP treatment, including vaterite, aragonite, 
calcite and other metastable hydrated forms [ 38–41 ]. A detailed 
review can be found in Zhang et al. [ 35 ]. These precipitations 
exhibit different elastic moduli, ranging from 25 GPa to 91.28 GPa, 
which leads to 𝐸𝑐 / 𝐸𝑠 varying from 0.3 to 1.2, given that elastic 
modulus of quartz sand is around 77 GPa. Figure 7 shows the 
effect of the ratio of 𝐸𝑐 / 𝐸𝑠 on the stress-strain and volumetric 
behaviour of bridging type of samples, with 𝑚𝑐 = 2.2% and 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
= 

200 MPa tested under 100 kPa of confinement. It can be found that 
the ratio of 𝐸𝑐 / 𝐸𝑠 affects the residual strength of the bridging type 
of sample with respect to the uncemented sample. Specifically, 
a lower 𝐸𝑐 / 𝐸𝑠 leads to a minor difference in the residual strength 
between the bridging type of sample and the uncemented sample. 
When 𝐸𝑐 approaches 𝐸𝑠 , e.g., at 𝐸𝑐 = 𝐸𝑠 , the bridging type of 
sample shows a reduction in the residual strength. The observed 
trend agrees with the 3D DEM results presented in Figure A1e,f . 

In the case of calcite as the precipitation, which is observed in 
most MICP experiments, 𝐸𝑐 / 𝐸𝑠 is around 0.9, lying in the range 
which exhibits lower residual strength than the uncemented 
sample. This again suggests that it is possible for bridging type 
of bio-cemented soils to exhibit a lower residual strength than 
uncemented soil. 

3.4 Effect of Confining Pressure 

Figure 8 shows the effect of confining pressure on the stress–
strain behaviour of bridging type of samples (with 𝑚𝑐 = 2.2%, 
𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 200 MPa and 𝐸𝑐 / 𝐸𝑠 = 0.9). It can be seen that the bridging 
sample exhibits a lower residual strength than the uncemented 
sample across all confining pressures examined. This agrees 
with the experimental observations, as shown in Figure 1 , in 
which such a phenomenon is observed from triaxial compression 
tests under different confining pressures. However, while this 
phenomenon persists at all confinement levels, the reduction 
in residual strength becomes less pronounced with increasing 
confining pressure. The observed trend can be further supported 
by the 3D DEM results presented in Figure A1g,h , which show a 
consistent trend as the 2D results presented in Figure 8 . 

FIGURE 4 (a) Stress-strain and (b) volumetric behaviour of bridging samples with different carbonate contents ( 𝑚𝑐 ). 
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FIGURE 5 Comparison of stress-strain behaviours of DEM results 
against laboratory tests from Gao et al. [ 15 ]. All tests are conducted under 
100 kPa of confining pressure. 

4 Microscopic Observations 

The 2D and 3D DEM results indicate that the overall mechanical 
behaviour of cemented samples depends on the relative elastic 
modulus of carbonate and sand ( 𝐸𝑐 ∕𝐸𝑠 ) and the sand-carbonate 
cohesive strength ( 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
). Yet, the mechanisms by which these 

variables affect the mechanical response – particularly the resid- 
ual strength – remain unclear. To gain deeper insight into this, 
microscopic insights derived from 2D DEM simulations are 
explored in this section. 

4.1 Kinematic Fields 

As observed in Section 3 , the introduction of carbonate particles 
in the form of bridging increases the brittleness of the samples, 

which may be understood from the kinematic fields [ 42–44 ]. 
Therefore, the kinematic pattern of uncemented sample and 
bridging type of samples with different 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
and 𝐸𝑐 / 𝐸𝑠 are 

analysed and compared as follows. 

The kinematic field of the 2D uncemented sample, 2D bridging 
type of sample with 𝑝0 = 100 kPa, 𝑚𝑐 = 2.2%, 𝐸𝑐 / 𝐸𝑠 = 0.9 and 
𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 0 MPa, 100 MPa, 200 MPa and 800 MPa are compared 
in Figure 9 . The kinematic field is described by the incremental 
deviatoric strain field. The increment is from the state of 1% axial 
strain prior to the state of interest to the interested state. The 
detailed calculation of the incremental strain fields can refer to 
[ 45 ]. The effect of 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
can be investigated by comparing the 

cases with different 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

. Five interesting states marked in the 
stress-strain curve of each case are selected to demonstrate the 
evolution of the kinematic field, covering pre-peak state, peak 
state, post-peak state and residual state. 

In general, a diffuse mode can be identified from the contours of 
the incremental deviatoric strain field for the uncemented sample 
shown in Figure 9a . In contrast, as cohesionless particles intro- 
duced (Figure 9b ), strain localisation develops at the beginning 
of the post-peak phase. This indicates that the introduction of 
cohesionless particles in the bridging pattern can result in the 
development of strain localisation. 

The localisation pattern of the bridging type of sample with 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 100 MPa is similar to the case of 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 0 as shown in Figure 9 . A 

well-developed shear band can be observed at the post-peak state 
(state 3) in the case of 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
= 100 MPa. Comparing the bridging 

type of sample with 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 0 and 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 100 MPa, it can be seen 
that the presence of cohesion 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
changes the kinematic pattern 

in the post-peak phase. As 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

increases to 200 MPa and 800 
MPa, the development of shear band becomes less significant. 

Overall, the introduction of carbonate particles in the bridging 
pattern, whether they are cohesive or not, modifies the kinetic 
pattern of the sample and leads to the formation of shear bands. 
This finding is consistent with the experimental observation 

FIGURE 6 (a) Stress-strain and (b) volumetric behaviour of bridging type of samples with different sand-carbonate cohesion ( 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

). 
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FIGURE 7 (a) Stress-strain and (b) volumetric behaviour of 2D bridging samples with different ratios of 𝐸𝑐 / 𝐸𝑠 . 

FIGURE 8 Stress–strain behaviour of bridging samples at different confining pressures. 

reported by [ 13 ], in which repetitive mechanical tests were carried 
out on MICP-treated sands and it was found that those treated 
samples showing lower residual stress tend to exhibit apparent 
shear bands. Comparing the cases of 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
= 100 MPa, 200 MPa 

and 800 MPa, it can be seen that a shear band is more clearly 
developed at the beginning of the post-peak state (state 3) for 
the case with a lower 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
. In addition, the formed shear band 

shows a more pronounced development for the case with a 
lower 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
. This suggests that the bridging samples with a lower 

𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

suffer from a more severe strain localisation and hence 
more stress reduction. These findings support that the residual 
strength of the bridging type of sample shows a decreasing trend 
with the decrease of 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
. The difference in the development of 

strain localisation can be explained by the difference in the bond 
breakage behaviour and the microstructure evolution, which are 
discussed in the following sections. 

It is worth noting that the bridging type of sample with a high 
𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

(e.g., 800 MPa case) shows strain localisation but exhibits 
higher residual strength than that of the uncemented sample. 
This is because, on the one hand, for the bridging type of samples 
with various 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
, the formation of the shear band(s) in the post- 

peak phase weakens the sample, leading to the possibility of a 
lower residual strength than the uncemented sample. On the 
other hand, cohesive carbonates are introduced in the sample, 
and not all the bonds are broken in the post-peak phase (details 
are presented in Section 4.2 ). The unbroken bonds can contribute 
to the increase of the residual strength of the sample, resulting in 
the possibility of a higher residual strength than the uncemented 
sample. Consequently, both mechanisms, namely, the formation 
of shear bands, which weakens the sample, and the left cohesive 
bonds, which enhance the sample, compete with each other and, 
together, dominate the overall residual strength. When 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
is 

low, the weakening effect due to the formation of the shear band 
is dominant. With the increasing of 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
, the contribution to 

residual strength manifests, which leads to an increasing trend 
of residual strength with 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
. For a high 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
, the contribution 

from the remaining bonds exceeds the weakening effect, resulting 
in a higher residual strength than that of the uncemented 
sample. 

Figure 10 presents the kinematic pattern of bridging type of 
sample with 𝑚𝑐 = 2.2%, 𝐸𝑐 / 𝐸𝑠 = 0.1 and 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
= 200 MPa. The 

effect of 𝐸𝑐 / 𝐸𝑠 can be assessed by comparing this case with the 
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FIGURE 9 Effect of cementation and sand-carbonate cohesive strength ( 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

) on the evolution of the incremental deviatoric strain field. 𝐸𝑐 / 𝐸𝑠 = 

0.9 is used for simulations presented herein. 

FIGURE 10 Incremental deviatoric strain contour of bridging type of sample with 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 200 MPa, 𝐸𝑐 / 𝐸𝑠 = 0.1. 
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FIGURE 11 Evolution of bond breakage ratio of the bridging type of 
samples with various 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
. 

bridging sample of 𝐸𝑐 / 𝐸𝑠 = 0.9, 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 200 MPa (see Figure 9d ). 
It can be seen from Figure 10 that there is no mature shear 
band developed during the shearing and it can be characterised 
as diffuse deformation. This kinematic pattern is similar to the 
uncemented sample, which also shows a diffuse pattern. By 
contrast, it is obviously different from the bridging sample with 
𝐸𝑐 / 𝐸𝑠 = 0.9 and 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
= 200 MPa in which clear shear bands are 

identified. This suggests that the bridging sample with a higher 
𝐸𝑐 / 𝐸𝑠 suffers from more severe strain localisation during the post- 

peak phase and thus exhibits a lower residual strength than the 
one with a lower 𝐸𝑐 / 𝐸𝑠 . 

4.2 Bond Breakage Behaviour 

The evolution of bond breakage ratio of the bridging type of sam- 
ples with different magnitudes of 𝜎𝑆− 𝐶 

coh is compared in Figure 11 
(solid lines). where 𝑚𝑐 = 2.2% and 𝑝0 = 100 kPa for all cases. The 
bond breakage ratio is defined as the ratio of the number of broken 
CaCO 3 bonds to the number of initial CaCO 3 bonds. A similar 
evolution trend of bond breakage ratio can be observed in all 
three cases, in which the bond breakage ratio increases with the 
progress of shearing. In addition, a higher 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
leads to a lower 

bond breakage ratio, suggesting that more bonds are reserved for 
the case with a higher 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
. The spatial distribution of breakage 

events, correlating with the incremental deviatoric strain field at 
the selected five states, is presented in Figure 12 . Cases of 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
= 

100 MPa and 800 MPa are compared in Figure 12 . It can be seen 
that for the case of 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
= 100 MPa, breakage events (red dots) 

occur in most areas of the specimen. Those areas which suffer 
from strain localisation show intensive breakage. This is more 
obvious in the case of 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
= 800 MPa, in which the areas where 

breakage events occur are highly consistent with areas where 
strain localisation is present. These findings support that not all 
the bonds are broken in the post-peak phase and more bonds are 
retained with a higher 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
. 

The evolution of the bond breakage ratio of bridging type of 
samples with different 𝐸𝑐 / 𝐸𝑠 is also compared in Figure 11 (red 
colour). It can be seen that the bridging sample with 𝐸𝑐 / 𝐸𝑠 = 0.9 

FIGURE 12 Spatial distribution of breakage events correlating with the incremental deviatoric strain field. Cases of 𝑝0 = 100 kPa, 𝑚𝑐 = 2.2% and 
𝐸𝑐 / 𝐸𝑠 = 0.9: (a) 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
= 100 MPa and (b) 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
= 800 MPa. Red dots represent the broken CaCO 3 bonds, and translucent green ones for unbroken CaCO 3 

bonds. Note that the sizes of the dots are identical for better visualisation. 
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FIGURE 13 Spatial distribution of breakage events correlating with the incremental deviatoric strain field. Cases of 𝑝0 = 100 kPa, 𝑚𝑐 = 2.2% and 
𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 200 MPa: (a) 𝐸𝑐 / 𝐸𝑠 = 0.1 and (b) 𝐸𝑐 / 𝐸𝑠 = 0.9. Red dots represent the broken CaCO 3 bonds and translucent green ones for unbroken CaCO 3 

bonds. Note that the sizes of the dots are identical for better visualisation. 

shows a slightly higher bond breakage ratio than the one with 
𝐸𝑐 / 𝐸𝑠 = 0.1. However, the spatial distribution of breakage events 
of the two cases is quite different, as presented in Figure 13 . The 
breakage events are dispersed throughout the bridging sample 
with 𝐸𝑐 / 𝐸𝑠 = 0.1, corresponding to a diffuse deformation pattern. 
By contrast, the distribution of breakage events of the case with 
𝐸𝑐 / 𝐸𝑠 = 0.9 is more concentrated, aligning with the distribution 
of strain localisation. 

4.3 Grain-Scale Instability and Microstructure 
Evolution 

In Section 4.1 , it is found that the introduction of carbonate 
particles in the bridging pattern modifies the kinetic pattern 
of the sample and leads to the formation of shear bands. In 
this section, how the introduction of carbonate particles in the 
bridging pattern initiates the formation of the shear band is 
discussed from the grain scale. 

It is well-accepted that the formation of a shear band is due to 
the relative movement of particles. Indeed, the introduction of 
non-cohesive or low-cohesive carbonates in the bridging pattern 
may affect the stability of the mesostructure, and hence relative 
movement is more likely to occur at a sand-carbonate contact 
than a sand-sand contact. To compare the stability of a sand-sand 
contact and a sand-carbonate contact, an analytical test of grain 
sliding is carried out on the two types of contacts respectively, 
as demonstrated in Figure 14 . The grain-sliding test aims at 
examining the tolerance of deflection causing relative sliding, in 
which the grain below (either sand or carbonate) is fixed and the 
upper sand grain is free of translation (note that only translation 

is considered here, rolling is discussed later). A constant vertical 
force F is applied on the upper sand grain. The deflection 𝑑 is 
characterised by the horizontal distance between the centres of 
the upper sand and the grain below. Note that a vertical displace- 

FIGURE 14 Demonstration of two-particle assembly stability test 
for (a) sand-sand contact and (b) sand-carbonate contact. The radius of 
the upper sand and bottom sand ( 𝑟𝑠 ) is the same as the average radius 
of all sand particles in the 2D DEM sample, 𝑟𝑠 = 6.81 mm. The radius of 
the carbonate particle 𝑟𝑐 is equal to the average radius of all carbonate 
particles in the 2D DEM sample, 𝑟𝑐 = 1.24 mm. Consequently, 𝑟𝑐 / 𝑟𝑠 = 

0.182, which is in line with the typical size ratio of carbonate to sand 
particle [ 46 ]. 

10 of 16 International Journal for Numerical and Analytical Methods in Geomechanics, 2026

 10969853, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nag.70239 by T

u D
elft, W

iley O
nline L

ibrary on [30/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



FIGURE 15 Comparison of critical deflection triggering sliding for sand-sand contact and sand-carbonate contact with various 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

. 

ment is introduced correspondingly upon the applied deflection 
so that the two grains remain in contact. In the case that the upper 
sand is vertically placed with respect to the bottom grain, namely, 
𝑑 = 0 (position represented by dash circle in Figure 14 ), no sliding 
will occur in the two contacts. With the increase of 𝑑, there is a 
possibility that sliding occurs, depending on whether the shear 
force ||𝑭𝑠 || reaches the maximum shear force 𝐹𝑚𝑎𝑥 

𝑠 . The larger the 
critical 𝑑 that just triggers sliding, the more stable the two-grain 
assembly. 

Figure 15 presents the results of grain-sliding tests. In each test 
scenario, the evolution of shear force ||𝑭𝑠 || and the maximum 

shear force 𝐹𝑚𝑎𝑥 
𝑠 with the deflection 𝑑 are plotted. In the grey area 

where ||𝑭𝑠 || < 𝐹𝑚𝑎𝑥 
𝑠 , there is no sliding and hence characterised 

as the non-sliding zone. For those where ||𝑭𝑠 || > 𝐹𝑚𝑎𝑥 
𝑠 , sliding 

occurs. Figure 15a–d show the results for cases of sand-sand 
contact and sand-carbonate contact with various 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
under 50 

N of vertical force applied on the upper sand grain. Figure 15e,f 
presents the results for cases under 100 N of applied vertical force. 
By comparing Figure 15a,b or e,f, it can be seen that at a given 
applied force, a larger 𝑑 is needed to trigger sliding for sand- 
sand contact, while the non-cohesive sand-carbonate contact can 
only tolerate a smaller deflection before sliding. In addition, 
with the increase of 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
, the non-sliding zone of the sand- 

carbonate contact increases and can exceed the critical deflection 
of the sand-sand contact. These findings indicate that a sand- 
sand contact is able to withstand greater disturbance without 
sliding, while the introduction of non-cohesive carbonate, or 
carbonate with low cohesion, tends to form a metastable struc- 
ture which is more prone to sliding. Moreover, a higher 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 

can compensate for this instability and lead to a more stable 
structure. 

It should also be noted that by comparing Figure 15c and g or d 
and h, given the same 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
, the sand-carbonate contact exhibit 

a larger non-sliding zone at a lower applied force. This finding 
supports that a bridging sample with a low 𝐸𝑐 ∕𝐸𝑠 tends to be 

FIGURE 16 Evolution of mean sand-carbonate contact force for 
bridging type of cemented samples with various 𝐸𝑐 ∕𝐸𝑠 . 𝑝0 = 100 kPa, 𝑚𝑐 

= 2.2% and 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 200 MPa in the bridging samples presented herein. 

more stable at grain scale than one with a higher 𝐸𝑐 ∕𝐸𝑠 , since the 
average sand-carbonate contact force in the former case is lower 
than that of the later case (see Figure 16 ). 

Apart from grain sliding, relative rolling between the two particles 
in contact can also occur. Taking the same cases as demonstrated 
in Figure 14 , in which the bottom grain (either sand or carbonate) 
is fixed and the upper sand grain is free of rolling. As the applied 
force F goes through the centre of the upper grain, a moment is 
generated, which may drive relative rolling of the upper grain 
with respect to the bottom particle, depending on whether the 
rolling moment ||𝑴𝑟 || reaches the maximum rolling moment 
𝑀𝑚𝑎𝑥 

𝑟 . The larger the critical 𝑑 that just triggers rolling, the more 
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FIGURE 17 Comparison of critical deflection triggering rolling for sand-sand contact and sand-carbonate contact. 

FIGURE 18 Microstructure evolution of the bridging type of samples ( 𝑝0 = 100 kPa, 𝑚𝑐 = 2.2% and 𝐸𝑐 / 𝐸𝑠 = 0.9): (a) 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 100 MPa, (b) 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 800 MPa. The grey particle represents sand grain, the green one represents the unbroken carbonate bond, and the red one represents the broken 
carbonate bond. 

stable the two-grain assembly against rolling. Figure 17 presents 
the results of grain-rolling tests. It should be noted that cohesion 
is not introduced in the rolling direction (see Section 2.1 ), hence 
the response of sand-carbonate contact with various 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
is the 

same as the case of 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 0. It can be seen from Figure 17 
that sand-carbonate contact exhibits significantly less non-rolling 
area than sand-sand contact, indicating the instability of sand- 
carbonate contacts against rolling. This finding suggests that 
rolling is more prone to occur at sand-carbonate contacts. 

The difference in grain-scale stability further affects the arrange- 
ment of particles at the meso-scale (the scale considering a 
group of particles). To elaborate on how 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
affects the particle 

arrangement at the mesoscale, a group of particles is monitored to 

demonstrate their evolution upon shearing. Figure 18 compares 
the micro-architecture evolution of the selected particles of 
cemented samples with 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
= 100 MPa and 800 MPa. It can be 

seen that, for 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 100 MPa, the arrangement of the particles 
remains the same until reaching an axial strain of 6%, while 
bond breakage occurs until then. The broken bonds create areas 
prone to slippage, as indicated by the dash lines in Figure 18a . 
From 6% to 7% of axial strain, the left portion of the particles 
moves along the slip lines (indicated by the dashed yellow line) 
relative to the right portion. From 7% to 10% axial strain, the 
left portion continues to move, creating a large local void. In 
contrast, the right portion shows no obvious relative movement. 
As shearing proceeds to 13% axial strain, more bonds break, and 
the left portion undergoes subsequent rearrangement, leading to 
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FIGURE 19 (a) Illustration of the eight selected measure circles; (b) Evolution of major principle stress angle with axial strain; (c) Bond breakage 
ratio in each measure circle at state 4 (refer to Figure 9c ); (d) Evolution of normalised mean effective stress with axial strain. Data from the bridging 
sample with 𝜎𝑆− 𝐶 

𝑐 𝑜 ℎ 
= 100 MPa and 𝐸𝑐 = 0 . 9 𝐸𝑠 . 

the collapse of the void. On the other hand, for 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

= 800 MPa, 
it can be seen that fewer bonds break, and the microstructure 
remains almost the same during the whole process, as shown 
in Figure 18b . By comparing both cases, it can be inferred that 
𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

plays an important role in the particle rearrangement. A 

higher 𝜎𝑆− 𝐶 
𝑐 𝑜 ℎ 

can limit particle rearrangement and contribute to 
forming a more stable micro-architecture and therefore a higher 
strength. 

4.4 Microscopic Behaviour Inside and Outside 
the Shear Band 

Previous sections demonstrate that the introduction of carbonate 
particles in the bridging pattern can lead to the formation of shear 
bands. In this section, the link between shear band and softening 
(i.e., macroscopic stress reduction) is discussed. 

To quantitatively describe the stress state in the shear band, a 
total of eight circles, four along the shear band and four outside 
the shear band (for the purpose of comparison) as indicated in 
Figure 19a , are used to measure the local variables. Each measure 
circle has a diameter of 149.8 mm, which is 11 times 𝑑50 . This 
size of the measure circle is sufficiently large (10-12 times 𝑑50 

as suggested by [ 47 ]) so that the calculated stress values are 
unaffected by the size of the measure circle. The equivalent stress 
tensor is calculated from all the contacts located in that circle 
using the Love–Weber formula: 

𝜎𝑖𝑗 =
1 

𝑉 

∑
𝑁𝑐 

𝑓𝑐 
𝑖 
𝑙𝑐 
𝑗 

(13) 

where 𝜎𝑖𝑗 is the stress tensor, 𝑉 is the volume or surface in 
2D under consideration, 𝑁𝑐 is the number of contacts, 𝑓𝑐 is 
the contact force and 𝑙𝑐 is the branch vector connecting the 
centroids of the two particles in contact. From the stress tensor, 
the local mean effective stress ( 𝑝) and the major principle stress 
direction ( 𝜃) can be derived. Figure 19b shows that the major 
stress direction inside the shear band deviates from the vertical 
direction (i.e., the main loading direction), indicating a structural 
change within the sample. Such a stress rotation can lead to 
structural softening [ 48 ]. The bond breakage ratio inside the shear 
band is significantly higher than that outside the shear band 
(Figure 19c ). Moreover, the mean effective stress inside the shear 
band zone is obviously lower than that outside the shear band 
since the initiation of softening (Figure 19d ), suggesting that the 
formation of the shear band weakens the overall stress within 
the packing. 
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5 Conclusions 

Experimental studies have shown that bio-cemented soils, which 
are generally expected to exhibit improved strength, may display 
lower residual strength than uncemented soils. This counter- 
intuitive phenomenon has not been systematically investigated 
and remains poorly understood. The present study addresses 
this issue through a series of DEM simulations designed to 
explain not only why but also under what conditions this 
phenomenon happens. 

The results demonstrate that bio-cemented sands can exhibit 
reduced residual strength when carbonate precipitation occurs in 
the form of grain bridging. This response is governed primarily by 
the cohesive strength and relative stiffness of the precipitation- 
grain contacts, while the carbonate content (within the studied 
range) and confining pressure have negligible influence. Grain- 
scale analyses show that the presence of carbonates in a bridging 
pattern modifies the contact structure and introduces metastable 
configurations, particularly when the bonds are weak or non- 
cohesive. These conditions promote strain localisation, leading to 
the formation of shear bands and a corresponding reduction in 
residual strength. In contrast, stronger cohesive bonds enhance 
the stability of the microstructure and inhibit localisation, 
resulting in improved residual strength. The residual behaviour 
of bio-cemented sands is therefore controlled by the competi- 
tion between two mechanisms: bond-induced stabilisation and 
instability-driven strain localisation. At low cohesive strength, the 
weakening effect of localisation dominates. As cohesive strength 
increases, the stabilising contribution becomes more significant, 
leading to a progressive increase in residual strength. 
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Appendix A: 3D DEM Simulation Results 

This appendix presents the simulation results of 3D DEM cemented 
samples with bridging type of cementation. The 3D DEM samples are 
subjected to drained triaxial compression test. The 3D DEM sample 
preparation, parameters of particles and triaxial compression simulation 
can be found in Zhang and Dieudonné [ 30 ]. The mechanical response is 
shown in Figure A1 . 
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FIGURE A1 Macroscopic mechanical response for 3D DEM samples with bridging type of cementation. 
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