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Abstract
Bio-mediated methods, such as microbially induced carbonate precipitation, are promising techniques for soil stabilisation.

However, uncertainty about the spatial distribution of the minerals formed and the mechanical improvements impedes bio-

mediated methods from being translated widely into practice. To bolster confidence in bio-treatment, non-destructive

characterisation is desired. Seismic methods offer the possibility to monitor the effectiveness and mechanical efficiency of

bio-treatment both in the laboratory and in the field. To aid the interpretation of shear wave velocity measurements, this

study uses the discrete element method to examine the small-strain stiffness of bio-cemented sands. Bio-cemented

specimens with different characteristics, including properties of the host sand (void ratio, uniformity of particle size

distribution) and properties of the precipitated minerals (distribution pattern, content, Young’s modulus), are modelled and

subjected to static probing. The mechanisms affecting the small-strain properties of cemented soils are investigated from

microscopic observations. The results identify two mechanisms controlling the mechanical reinforcement associated with

bio-cementation, namely the number of effective bonds and the ability of a single bond to improve stiffness. The results

show that the dominant mechanism varies with the properties of the host sand. These results support the use of seismic

measurements to assess the mechanical efficiency and effectiveness of bio-mediated treatment.
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1 Introduction

Bio-mediated soil improvement methods have attracted

increasing attention in civil engineering over the past two

decades [13, 22, 24, 37, 56, 62, 68]. Prominent techniques

include microbially induced carbonate precipitation

(MICP) and enzyme induced carbonate precipitation

(EICP). These methods rely on geochemical reactions to

drive the precipitation of calcium carbonate, which can act

as cementing agent and bond soil grains. As a result, MICP

and EICP are able to improve the mechanical properties of

soils and can be applied for soil stabilisation (see

[9, 12, 35, 47, 66, 69, 71, 77] among others).

Despite the promising applications of bio-mediated

methods, critical challenges have impeded bio-mediated

methods from being translated into practice at an industrial

scale. A widely recognised challenge is the uncertainty of

bio-mediated treatment [29, 38, 47, 67]. Due to the intrinsic

heterogeneous nature of the subsurface, obtaining a uni-

form treatment in the field proves difficult, and the spatial

distribution of the precipitated carbonate crystals is affec-

ted by significant uncertainty. Furthermore, laboratory

studies have shown that the distribution pattern of car-

bonate crystals within the pore space of soils can vary

significantly. These uncertainties are found to lead to large

variations in the mechanical performance of bio-cemented

soils. Figure 1 shows that, for a given carbonate content,

the mechanical performance of bio-cemented soils can vary

within a wide range. This variability can be attributed to

differences in the treated sand properties (e.g. particle size

distribution, initial void ratio) and treatment protocol (e.g.

urease activity and cementation solution), among others.

However, intrinsic variability of the results is also

observed, for the same material treated following the same

protocol. These uncertainties can hinder the practical
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implementation of bio-mediated methods. Therefore, it is

important to increase confidence in the effectiveness and

mechanical efficiency of bio-treatment methods.

To ascertain the improvement of bio-mediated treat-

ment, measurements such as mechanical tests (e.g. uniaxial

or triaxial tests), acid washing and micro-computed

tomography scans can be used to quantify the mechanical

improvements and mass content of the precipitated car-

bonate. However, these measurements are destructive and

costly. Moreover, the measured quantities only provide

information on the local mechanical efficiency and effec-

tiveness of the treatment. Therefore, non-destructive char-

acterisation methods that are easy to implement on-site at

a large scale are much preferred.

Seismic monitoring is often an effective tool in

geotechnical engineering [51, 61, 72]. It can provide real-

time and non-destructive monitoring of the wave signals of

the subsurface. Seismic measurements rely on detecting

and recording wave signals resulting from an artificial

source and travelling through the subsurface. The wave

velocity (e.g. shear wave velocity) can be derived from the

collected data. The derived wave velocity is often used for

process monitoring throughout bio-treatment

[13, 41, 47, 52]. However, the information behind the shear

wave velocity remains poorly understood. Specifically,

what factors affect the measured shear wave velocity and

how to interpret the measured shear wave velocity of bio-

treated soil are still to be investigated.

This study contributes to the interpretation of the

obtained shear wave velocity in laboratory tests, which

supports shear wave measurement to assess the mechanical

efficiency and effectiveness of bio-mediated treatment.

Fundamental insights on the effect of bio-cementation on

the shear wave velocity of bio-cemented soils are provided

in an indirect way, i.e. by examining the small-strain

stiffness (G0) of bio-cemented soils instead of directly

measuring the shear wave velocity (Vs).

2 Factors affecting G0 of bio-cemented soil

Potential factors that may affect the small-strain stiffness of

bio-cemented soil could be the properties of the host soil

and the characteristics and amount of the precipitated

crystals. From the point of view of soil (specifically,

uncemented soil), the effects of soil properties on G0 have

been extensively studied, including void ratio, confining

pressure, particle size distribution (e.g. mean particle size

D50 and coefficient of uniformity Cu which is defined as
D60

D10
). Empirical relationships were established to link the

small-strain stiffness G0 to void ratio, confining pressure

and Cu [23, 45, 53, 63], as these variables are easy to access

in the laboratory. Moreover, analytical and numerical

studies revealed that the small-strain stiffness of a granular

packing depends on the packing structure and particle

properties. Theoretical models were developed based on

these studies, such as the effective medium theory, to link

the small-strain stiffness to the coordination number (or its

variants) from a micromechanical perspective

[1, 4, 34, 44].

Despite the fact that G0 of soils with various properties

have been widely studied, how various properties of soils

affect the contribution of bio-cementation to G0 remains to

be explored. From the point of view of bio-cementation,

the effects of the precipitated crystals with different char-

acteristics on G0 are not well studied. The characteristics of

crystals include crystal polymorphism and distribution

pattern. Specifically, calcium carbonate can precipitate in

the form of different polymorphs (i.e. vaterite, aragonite or

calcite) and metastable hydrated forms during MICP

treatment [7]. In addition, the precipitated crystals can

exhibit different distribution patterns in the pore space of

the host soil [14, 32, 39, 60, 64, 74]. As conceptualised in

Fig. 2, typical distribution patterns could be: bridging,

which refers to carbonates located at the gap between sand

grains and connects sand grains; contact cementing, rep-

resenting those carbonate crystals that are located at con-

tacts between sand particles; coating, referring to

carbonates coating the sand grains; and pore filling, which

represents carbonates filling in the void space and not

bonding to sand grains. Note that, in the case of pore fill-

ing, carbonate particles are initially not in contact with

Fig. 1 Variability in the mechanical performance of bio-cemented

soils. Experimental results of unconfined compression strength tests

as a function of carbonate mass content
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sand particles as gravity is not introduced in the present

DEM simulations. Previous studies [73, 74] showed that

different distribution patterns of crystals lead to signifi-

cantly different impacts on the mechanical properties of

bio-cemented sand. Therefore, to precisely describe the

mechanical behaviour of bio-cemented soils, it is critical to

identify not only the total amount of the precipitated

crystals, but also the proportions of crystals of each dis-

tribution pattern. Understanding how seismic measure-

ments provide information on the characteristics of crystal

distribution patterns is thus of importance.

In order to reveal the mechanisms underlying the effect

that particle size distribution, crystal content and property

and distribution pattern have on the small-strain stiffness of

bio-cemented sands, particle-scale modelling is essential.

Therefore, the discrete element method (DEM) is used in

this study to model bio-cemented sands. To account for

various microscopic characteristics, the precipitated crys-

tals are explicitly modelled at pre-defined locations. The

DEM specimens are subjected to static probing (drained

triaxial test at small strain) to assess the small-strain stiff-

ness [18–20, 36, 42, 49, 50, 55]. Static probing is effective

as reported by [5], who found that the wave velocity

derived from static probing is the same as the long-wave-

length wave velocity derived from dynamic probing (sim-

ulating propagation of elastic wave).

The content of this paper is organised as follows: Sect. 3

describes the DEM methodology in detail. Section 4 and

Sect. 5 present the simulation results of the small-strain

stiffness of bio-cemented soils with different characteris-

tics and the underlying mechanisms gained from micro-

scopic observations. Section 6 investigates the correlation

between the small-strain stiffness and peak strength of bio-

cemented specimens. Section 7 summarises the main

conclusion of this study and discusses practical imple-

mentations for supporting shear wave velocity measure-

ments to assess the mechanical efficiency and effectiveness

of bio-mediated treatment.

3 Methodology

3.1 DEM specimen preparation

DEM simulations are performed using the open-source

platform YADE [59]. Bio-cemented specimens are mod-

elled in two steps: an uncemented specimen is generated as

the host sand, before smaller spheres representing carbon-

ate crystals are introduced. In order to prepare the unce-

mented specimen, a set of spherical particles is generated

inside a cubic space confined by three pairs of rigid and

frictionless walls. The reference particle size distribution

Fig. 2 Scanning electron microscopy (SEM) image, conceptualisation and DEM model example of bio-cemented soils with various distribution

patterns of precipitated carbonates. SEM image illustrating bridging is from [46]; SEM image for contact cementing from [33]; SEM image for

coating from [6] and the one for pore filling is from [65]
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(PSD) shown in Fig. 3 is used throughout this study, unless

otherwise stated (in Sect. 4.4). It has a coefficient of uni-

formity Cu = 1.4 and Dmax=Dmin = 3.31. Mass scaling is

introduced to improve computational efficiency [17]. The

particles are not in contact with each other initially. The

host sand specimen is compacted by controlling the three

pairs of walls to move towards the centre of the cube. The

compaction process is terminated once the confining

pressure reaches 100 kPa. At that moment, the inter-par-

ticle friction angle is adjusted to reach a target void ratio

e while keeping the confining pressure equal to 100 kPa.

Unless otherwise stated, the target void ratio is 0.695. After

generation of the uncemented specimen, carbonate parti-

cles are introduced into the host sand at predefined loca-

tions to obtain cemented specimens with specific

distribution patterns and carbonate contents as illustrated in

Fig. 2. Extending the approach presented by Evans et al.

[16] and Khoubani et al. [28] to model contact cementa-

tion, Zhang and Dieudonné [74, 75] enabled the study of

additional carbonate distribution patterns, namely grain

bridging, grain coating, pore filling type, and their com-

binations. A detailed description of the modelling algo-

rithm used in this study to introduce carbonate particles can

be found in [75]. Note that, for computational reasons, the

carbonate particles located at a given sand-sand contact

(contact cementing pattern) are not connected to each

other, contrary to the approach presented in [75]. In order

to generate cemented samples with mixed carbonate dis-

tribution patterns, carbonate particles in each distribution

pattern are generated separately inside the same host

sample. The mass of carbonate particles in each distribu-

tion pattern is controlled to obtain the target mass ratio.

After that, carbonate particles introduced at undesired

locations (e.g. embedded within other particles) are

removed. Finally, the generated cemented specimens are

then subjected to static probing.

3.2 Contact model

The contact model used in this study is based on the

classical linear elastic–plastic law from [10], with the

introduction of cohesion. It is briefly introduced below.

Details of this contact model can be found in [59].

For two spheres of radii R1 and R2 in contact, the normal

force F~n and incremental shear force DF~s are calculated as:

F~n ¼ knunn~ ð1Þ

and

DF~s ¼ �ksDu~s ð2Þ

where un is the relative normal displacement of the two

spheres, n~ is the normal contact vector and Du~s is the

incremental tangential displacement. kn and ks are the

contact normal stiffness and tangential stiffness, respec-

tively, which are given by:

kn ¼
2E1R1E2R2

E1R1 þ E2R2

ð3Þ

and

ks ¼ mkn ð4Þ

where Ei (i ¼ 1; 2) is the modulus of elasticity of sphere i,

and m is the shear stiffness coefficient. The normal and

shear resistances are equal to:

Fmax
n ¼ rcoh min R1;R2ð Þ2 ð5Þ

and

Fmax
s ¼ kF~nk tanuc þ rcoh min R1;R2ð Þ2 ð6Þ

where rcoh is a cohesive strength parameter which controls

the adhesion forces in the normal and tangential directions.

uc is the contact friction angle. In this study, cohesion is

only introduced at sand-carbonate contacts. The parameters

of the sand and carbonate particles are indicated in Table 1.

Fig. 3 Particle size distributions of the uncemented (host) sand

Table 1 Properties of particles used in the static probing test

Parameter Symbol Unit Sand Carbonate

Density q kg=m3 2650 2710

Young’s modulus Es, Ec GPa 1 1

Shear stiffness coefficient m – 0.3 0.3

Friction angle uc
� 30 30

Cohesive strength rcoh GPa 10
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3.3 Static probing test

3.3.1 Calculation of the shear modulus

After generation of the granular assemblies, a stress

relaxation process is applied before the specimen is sub-

jected to static probing. The stress relaxation process is

applied until the unbalanced force ratio (defined as the ratio

between the mean static unbalanced force and the mean

contact force) is reduced below 1� 10�8, which ensures a

quasi-static state [5, 18, 21, 55]. After the stress relaxation

process, the probing test is conducted to calculate the shear

modulus G. In the probing test, small-strain increments are

applied in the axial direction while the lateral confining

stress is maintained constant. G is calculated as:

G ¼ Dq
3Deq

ð7Þ

where Dq is the increment of deviatoric stress and Deq ¼
De1 � ðDe1 þ De2 þ De3Þ=3 is the incremental deviatoric

strain, with De1 the incremental axial strain, and De2 and

De3, the two lateral strain increments.

3.3.2 Determination of the elastic regime

The maximum strain level ensuring that the DEM speci-

mens remain within the elastic regime must be identified

prior to determining the small-strain shear modulus.

Therefore, static probing tests are run at different strain

levels, and the corresponding shear modulus G is calcu-

lated for each strain level. Figure 4 presents the evolution

of the calculated G with the strain level. The figure shows

that the shear modulus remains approximately constant

around eq = 1� 10�6, before dropping with eq further

increases. This conclusion aligns with findings from

[31, 50], among others. Consequently, eq = 1� 10�6 is

selected as the reference state for calculating the small-

strain shear stiffness G0. This reference value of eq is also

proved to be valid in the cases of cemented specimens

(Fig. 6).

3.4 Determination of the REV size

The size of the representative elementary volume (REV)

should be determined to ensure representativeness of the

results. Five specimen sizes with 750, 1000, 2000, 3500

and 5000 sand particles, following the same particle size

distribution, are considered. Six specimens are generated

randomly for each specimen size.

Figure 5 shows that, for specimens with less than 3500

particles, the specimen size affects the average value of the

small-strain stiffness, as well as the dispersion of the

results. Smaller specimens exhibit on average a higher

small-strain shear modulus than larger specimens, and the

dispersion of the results is greater for small specimens.

Consequently, a specimen containing 3500 sand particles is

selected as the REV and used for the subsequent

simulations.

4 Cemented specimens with a single
carbonate distribution pattern

Bio-cemented specimens with a single carbonate distribu-

tion pattern, i.e. either bridging, contact cementing, coating

or pore filling, are subjected to static probing under

Fig. 4 Evolution of the shear modulus of the host sand with deviatoric

strain

Fig. 5 Small-strain stiffness of specimens with various particle

numbers
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100 kPa confining pressure. The parameters of the sand

and carbonate particles used in this study are presented in

Table 1, unless otherwise stated. The cohesive strength

parameter rcoh is set to 10 GPa for sand-carbonate con-

tacts, which is high enough to ensure that no bond breakage

occurs within the elastic regime. The carbonate content is

1% for the cemented specimens unless otherwise stated in

Sect. 4.3. Throughout this study, the carbonate content is

defined as the dry mass of carbonate over the mass of the

sand.

4.1 Carbonate distribution pattern

Fig. 6 presents the evolution of the shear modulus of

cemented specimens with different carbonate distribution

patterns as a function of the deviatoric strain. For all

cemented specimens presented in Fig. 6, the shear modulus

stays at a plateau around eq = 1� 10�6. This suggests that

the small-strain stiffness G0 of cemented specimens can

also be determined at a deviatoric strain eq ¼ 1� 10�6. For

cemented specimens with other carbonate contents, a

similar evolution of G with eq is observed. Consequently,

eq ¼ 1� 10�6 is also selected as the state for calculating

G0 of cemented specimens.

Figure 6 further shows that the carbonate distribution

pattern plays a critical role in G0 of bio-cemented soils. For

cemented specimens with 1% carbonate content, carbonate

particles in the forms of bridging and contact cementing

lead to obvious improvement in G0. By contrast, carbonate

particles distributed in the form of coating and pore filling

show negligible difference compared to the uncemented

specimen.

4.2 Young’s modulus of carbonate particles

Calcium carbonate (CaCO3) has three polymorphs: vater-

ite, aragonite and calcite. During the treatment process of

MICP or EICP, calcium carbonate can precipitate in any of

the three polymorphs depending on the pH environment,

temperature and the urea-CaCl2 solution concentrations,

among others. Clarà Saracho et al. [7] utilised XRD anal-

ysis to characterise CaCO3 phase from MICP treatment

with different ureolytic bacterial strains and found that

different ureolytic bacterial strains can lead to different

primary polymorphs of the precipitates. Al Qabany[46] and

Paassen [2] reported that very high urease activities may

result in the precipitation of vaterite initially. Mujah et al.

[40] and Terzis et al. [57] observed a transformation of the

precipitated crystals from vaterite to calcite as solutions

were continuously injected during the treatment. In addi-

tion, metastable hydrated forms, including monohydrocal-

cite (CaCO3� H2O), ikaite (CaCO3� 6H2O), calcium

carbonate hemihydrate (CaCO3 � 1=2H2O), and amorphous

calcium carbonate (ACC) can also exist [8, 58, 79]. Their

estimated Young’s modulus varies in a large range, from

25 to 91.28 GPa (see Table 2). By contrast, the Young’s

modulus of quartz sand is around 97 GPa [48]. To inves-

tigate the effect of the elastic properties of the precipitated

crystal on the small-strain stiffness of bio-cemented soil,

static probing tests are carried out on bio-cemented speci-

mens with various ratios of sand and carbonate elastic

moduli, Es=Ec. Figure 7 illustrates the variation of G0 with

Es=Ec, where Es=Ec ranges from 0.1 to 10 by fixing Es at 1

GPa while varying Ec. The carbonate content is 1% for all

the cemented samples herein. The small-strain shear stiff-

ness of the uncemented specimen is also included for ref-

erence. It can be found from Fig. 7 that:

Fig. 6 Evolution of the shear modulus with deviatoric strain for bio-

cemented specimens with different carbonate distribution patterns

Table 2 Literature review on the estimated Young’s modulus of

various carbonates and metastable hydrated carbonates

Young’s modulus (GPa) Source

Calcite 77.6 to 96.8 [3, 15]

Vaterite 67.2 to 70 [15]

Aragonite 43 to 75 [76]

CaCO3 � H2O 65.9 to 71.7 [3, 78]

CaCO3 � 6H2O 41.9 to 66 [3, 78]

CaCO3 � 1=2H2O 91.3 [78]

ACC 25 to 30 [30]

Note that several of the species are structurally anisotropic, and their

elastic property exhibits a directional dependence. The range of the

estimated Young’s modulus for a given species partially reflects this

anisotropy
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1. For all values of Es=Ec, there is always an improve-

ment in G0 in the cases of bridging and contact

cementing compared to uncemented specimen, even if

Ec is lower than Es. This suggests all the crystals, as

long as in the pattern of bridging and contact cement-

ing, have a positive effect on G0.

2. The benefit of cementation in bridging and contact

cementing pattern decreases with increasing Es=Ec.

3. Crystals in the form of coating and pore filling do not

lead to any increase in G0, independently of Es=Ec.

The reason why a lower Ec value leads to a lower

improvement in G0 in the cases of bridging and contact

cementing is linked to the contact stiffness. According to

Eq. (3) and (4), the stiffness of a sand-crystal contact

increases with the increase of Ec when Es is fixed. There-

fore, the small-strain stiffness G0 for both bridging and

contact cementing shows a decreasing trend as Es=Ec

increases.

For a given Es=Ec ratio, differences in the number of

effective bonds explain that bridging cementation leads to

higher improvement in G0 than contact cementing, while

coating and pore filling exhibit no improvement. Effective

bonds refer to crystals which build connections between

sand grains. Specifically, bridging holds more effective

bonds than contact cementing at 1% of carbonate content.

By contrast, there is no effective bond built in the cases of

coating and pore filling. This can be supported by the

effective coordination number (Ze) proposed by [74]. The

effective coordination number describes the average num-

ber of effective bonds per sand grain, in which only the

contacts that contribute to the overall connections among

sand grains are considered. It is defined as:

Ze ¼
2 Cs þ Cbð Þ

Ns
ð8Þ

where Ns is the number of sand particles, Cs is the total

number of sand–sand (S–S) contacts and Cb is the number

of effective bond in cemented specimens. In the case of

bridging, every carbonate connects two sand grains ini-

tially. Therefore, Cb is equal to the number of carbonate

particles. In the case of contact cementing, several car-

bonates together strengthen one S–S contact. Therefore, in

this case, Cb is equal to the number of S–S contacts which

have been cemented. Finally, in the case of coating and

pore filling, Cb is equal to zero as carbonate particles do not

introduce connections between sand grains. In this way, the

mechanical contribution of carbonate particles explicitly

modelled and distributed following different distribution

patterns can be well described. A detailed discussion on Ze
compared to traditional coordination number and

mechanical coordination number can be found in [74].

For cemented specimens with mc = 1%, bridging holds

the largest Ze which is 6.99, while the effective coordina-

tion number is equal to 5.03 for contact cementing, sug-

gesting a higher improvement in G0 in the case of bridging.

The Ze of specimens exhibiting coating and pore filling is

4.3, similarly to that of the uncemented specimen, corre-

sponding to an absence of improvement in G0 in these two

cases.

4.3 Carbonate content

Figure 8a presents the evolution of the small-strain shear

modulus with increasing carbonate content. Figure 8a

shows that, for carbonate contents up to 3%, the small-

strain stiffness of the material is not affected by carbonate

crystals coating the sand particles or filling the pore space.

On the other hand, bridging and contact cementing type of

specimens exhibit obvious improvement in G0 even with a

small amount of carbonate content. In addition, the mag-

nitude of improvement in G0 increases with mc for both

bridging and contact cementing, which agrees with the

findings reported by Ning et al. [43]. This can be attributed

to the increase in the number of effective bonds (described

by Ze) with mc, as shown in Fig. 8b. DEM cemented

specimens with carbonate contents exceeding 3% are not

covered in this study. The implementation of a more

advanced model to introduce carbonate particles (e.g.

considering irregular particle shape) is necessary to achieve

high carbonate contents.

It should be noted that bridging always shows higher Ze
than contact cementing given the same mc. However, the

improvement in G0 of bridging does not always outperform

that of contact cementing. For instance, at mc = 3%,

bridging and contact cementing almost show the same

Fig. 7 Effect of sand-carbonate Young’s modulus ratio (Es/Ec) on the

small-strain stiffness (G0) of bio-cemented specimens
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improvement in G0, even though bridging holds more

effective bonds than contact cementing. This suggests that

the overall improvement in G0 is not only related to the

number of effective bonds. In fact, it is also related to the

ability to improve stiffness from a single effective bond. To

evaluate the contribution to stiffness from a single effective

bond in the form of bridging and contact cementing, an

axial loading test is carried out on two sand grains

cemented with one effective bond in the form of contact

cementing and bridging, respectively. The case of two

sands without cementation is also tested as reference. The

axial loading tests and the associated force–displacement

relationship are shown in Fig. 9. It can be seen that the

overall stiffness of contact cementing is 8.47� 106 N/m,

which reflects the stiffness of the sand–sand contact (which

is 4.3� 106 N/m) and the stiffness due to cementation.

Accordingly, the net contribution of an effective bond in

the contact cementing pattern to stiffness is 4.17� 106 N/

m, which is higher than the contribution of one effective

bond in the bridging pattern (5.65� 105 N/m).

Since one effective bond in the pattern of contact

cementing can lead to more improvement in stiffness than

one in bridging pattern, at a lower mc, it is the number of

effective bonds that dominates the improvement in overall

stiffness. At this stage, bridging outperforms contact

cementing because it shows higher Ze. On the other hand,

as the number of effective bonds increases with the

increase of mc, G0 increases in both bridging and contact

cementing cases but contact cementing benefits more from

the increase of Ze. Therefore, at a higher mc, G0 of bridging

is almost the same as that of contact cementing even

though bridging exhibits higher Ze.

4.4 Host sand particle size distribution

The three particle size distributions of host sand specimen

shown in Fig. 3 are considered. The particle size distribu-

tions have the same mean particle size D50 of 8.6 mm, but

different Cu, namely Cu = 1 (monodisperse size distribu-

tion), Cu = 1.4 and Cu = 2. Host sand specimens with

different Cu exhibit different G0, which is 89.1 MPa for Cu

= 169.9 MPa for Cu = 1.4 and 27.4 MPa for Cu = 2. This is

consistent with the results from [25, 63] and [21], which

concluded that the small-strain stiffness of sands is not

influenced by the mean particle size, it decreases as the

coefficient of uniformity of the soil increases. Since host

sand specimens with different PSDs exhibit different G0, a

stiffness enhancement factor (SEF) is introduced to

Fig. 8 Effect of carbonate content mc on a the small-strain stiffness

G0 and b the effective coordination number Ze

Fig. 9 Force–displacement results of axial loading tests on two sands

without cementation and with cementation in the pattern of bridging

and contact cementing, respectively
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describe the magnitude of improvement of G0 on top of the

corresponding host sand specimen. It is defined as:

SEF ¼ Gcemented
0 � Guncemented

0

Guncemented
0

ð9Þ

The stiffness enhancement factors of cemented specimens

are compared in Fig. 10. Only bridging and contact

cementing type of cemented specimens (mc = 1%) are

included in Fig. 10, as coating and pore filling type of

specimens exhibit almost the same G0 as that of corre-

sponding host sand specimen. It can be seen from Fig. 10

that with a given PSD uniformity, the improvement in G0

increases with carbonate content for both bridging and

contact cementing cases. In addition, for the same car-

bonate content, the improvement in G0 increases with Cu in

both bridging and contact cementing. Moreover, the

improvement in G0 of bridging type exceeds that of contact

cementing type in cases of Cu = 1 and Cu = 1.4, while this

phenomenon is reversed for the cases of Cu = 2. This

finding suggests that the desired carbonate distribution

pattern which can most boost the improvement of small-

strain stiffness depends on the PSD uniformity of the soils

to be treated.

The underlying reason why the performance of contact

cementing cases is more influenced by PSD uniformity

than bridging cases can be attributed to the intrinsic

properties of the host sand. Two intrinsic properties are

considered, specifically, the number of sand–sand (S–S)

contacts (as carbonates are deployed at S–S contacts in

contact cementing cases), and the gap size distribution

(since carbonates are located at grain gaps for bridging

pattern), as illustrated in Fig. 2. Host specimens with the

same initial void ratio, particle number and confining

pressure show different average numbers of S–S contacts

given different PSD uniformity. The change in Cu leads to

an obvious change in the number of sand-sand contacts,

which can be supported by the coordination number of S–S

contacts ZSS (defined as the average number of S–S con-

tacts per sand grain). As shown in Fig. 11, ZSS is 5.07 for

host sand with Cu = 1, 4.3 for host sand with Cu = 1.4 and

2.19 for host sand with Cu = 2, suggesting that the number

of sand–sand contacts is largely affected by PSD unifor-

mity and therefore the deployment of carbonates in contact

cementing pattern. By contrast, the change of Cu does not

result in an obvious difference in the gap size distribution

in the range under consideration, as shown in Fig. 12,

which suggests that the deployment of carbonates in

bridging pattern is not sensitive to the change of Cu.

4.5 Host sand void ratio

Figure 13a presents the stiffness enhancement factors of

cemented specimens with mc = 1% prepared from host sand

specimens with various void ratios. Only bridging and

contact cementing type of specimens with mc = 1% are

included in Fig. 13a. It can be seen that:

1. The stiffness enhancement factor increases with

increasing void ratio in both bridging and contact

cementing cases. The reason can be attributed to the

fact that the host specimen holds fewer S–S contacts

with an increasing void ratio (i.e. a decreasing trend in

Ze shown in Fig. 13b). The ratio of the number of

effective bonds to the number of S–S contacts

increases, as shown in Fig. 13b, suggesting that the

Fig. 10 The small-strain stiffness enhancement factor (SEF) of

cemented specimens with different distribution patterns and carbonate

content (mc) generated from host specimens with various PSD

uniformity (Cu)

Fig. 11 Effect of PSD uniformity on the coordination number of

sand-sand contacts (ZSS)
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effective bonds are taking the dominating role with the

increasing void ratio.

2. Bridging always shows a larger improvement in G0

compared to that of the corresponding contact cement-

ing specimen, independent of the void ratio of the host

sand specimen. This can be attributed to the fact that

for the cases of mc = 1% in which the number of

effective bonds that dominates the improvement in

overall stiffness as discussed before, there are more

effective bonds (i.e. higher Ze) in bridging specimens

compared to contact cementing ones, as presented in

Fig. 13b.

5 Cemented specimens with mixed
carbonate distribution patterns

In reality, bio-cemented specimens usually exhibit mixed

distribution patterns. As discussed in the above analysis,

not all the precipitated carbonates can contribute to

improvements in G0: carbonates precipitated in the pattern

of coating and pore filling hardly contribute to the

improvement in G0, and thus they are regarded as non-

effective precipitation. Moreover, carbonates distributed in

the form of bridging and contact cementing lead to

improvements but with different levels, given the same

amount of precipitation. In this section, cemented speci-

mens with mixed distribution patterns are generated based

on the host sand specimen with Cu = 1.4 and an initial void

ratio of 0.695. The specimens are subjected to a static

probing test at 100 kPa of confinement. As carbonates

precipitated in the pattern of coating and pore filling are

non-effective precipitation. Thereby, three components are

considered in mixed distribution patterns: bridging, contact

cementing and non-effective precipitation. Note that non-

effective precipitation is represented by carbonate in

coating pattern to account for the carbonate mass in that

part. Fifteen cemented specimens are generated, and each

of the specimens contains 2% of carbonates and has

specific mass ratios among the three distribution patterns,

as demonstrated by a ternary plot shown in Fig. 14. For

instance, S1-B0C0N1, S11-B1C0N0 and S15-B0C1N0

represent the cemented specimen with a single carbonate

distribution pattern, i.e. pure coating, bridging and contact

cementing type of specimen with 2% of carbonates,

respectively. Specimen S5-B1C1N2 contains 2% of car-

bonates in which the mass ratio of carbonates in the pattern

of bridging, contact cementing and non-effective (coating)

is 1:1:2.

Figure 15 shows the contour of the stiffness enhance-

ment factor. It can be seen that, for the same amount of

carbonate content, bio-cemented specimens can exhibit

Fig. 12 Effect of PSD uniformity on the gap size distribution of host

sand specimens

Fig. 13 Effect of initial void ratio of host sand on a small-strain

stiffness enhancement factor (SEF), b Ze and ratio of number of

effective bonds/ number of S–S contacts
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different levels of improvement in G0, highly depending on

the relative proportions of carbonates of each distribution

pattern. It is also interesting to note that for bio-cemented

specimens with a single carbonate distribution pattern,

bridging one (S11-B1C0N0) exhibits the largest stiffness

enhancement factor compared to S1-B0C0N1 and S15-

B0C1N0. While bio-cemented specimens whose carbon-

ates precipitate in a combination form of bridging and

contact cementing pattern tend to show even greater

improvement in G0, for instance, S14-B1C3N0 shows the

highest stiffness enhancement factor among all the speci-

mens. This can be understood as for pure bridging one

(S11-B1C1N0), the number of effective bonds may be

maximised but the overall improvement in G0 may not be

optimal as one effective bond in the pattern of bridging

shows less contribution than one in contact cementing. On

the other hand, for pure contact cementing one (S15-

B0C1N0), the overall improvement may not be optimal as

the number of effective bonds is relatively small, given the

same mc. Thereby, a combination of bridging and contact

cementing which balances the number of effective bonds

and the contribution ability can lead to the most

improvement in G0.

6 Correlation between G0 and peak strength

To investigate the relationship between the small-strain

stiffness and peak strength, 18 cemented specimens

(bridging and contact cementing only) with different car-

bonate contents and Cu are selected from specimens used in

Sect. 4.4 and subjected to drained triaxial compression

tests under 100 kPa of confining pressure in DEM. A

detailed description of drained triaxial compression simu-

lation can be found in [74]. The contact friction angle (uc)

used in the triaxial compression simulations is 30� which is

the same as that used for the static probing tests. The

cohesive strength parameter (rcoh) for sand-carbonate

contacts is set as 10MPa initially. The peak strength

obtained from the stress–strain curve of the triaxial

Fig. 14 Ternary plot illustrating bio-cemented specimens with mixed

distribution patterns. Sampling points are marked by circles. The

name of each specimen indicates its ID and mass ratio of carbonates

in the pattern of bridging (B) versus contact cementing (C) versus

non-effective (N)

Fig. 15 Contour of the small-strain stiffness enhancement factor for

bio-cemented soils with mixed CaCO3 distribution patterns

Fig. 16 Correlation between small-strain stiffness and peak strength
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compression test is plotted against the small-strain stiffness

as shown in Fig. 16. It can be seen that, for both bridging

and contact cementing type of cemented specimens, the

small-strain stiffness shows a linear relationship with the

peak strength in all the Cu cases presented in Fig. 16. This

suggests that small-strain stiffness is a good indicator of

soil strength, supporting the approach of using geophysical

measurements to monitor and map the strength of treated

soils. The strategy that uses the shear wave velocity or

small-strain stiffness to estimate the peak strength is further

supported by experimental findings from [54, 70], who also

found a correlation between the small-strain stiffness and

the peak strength of weakly cemented soils and granular

soils, respectively.

7 Discussion and conclusions

The significant uncertainty associated with bio-mediated

treatment poses a central challenge, limiting the practical

implementation of such methods. Enhancing confidence in

treatment outcomes can be achieved through non-destruc-

tive means, such as employing seismic measurement

techniques, both in laboratory and field settings. The shear

wave velocity can be derived from seismic measurements

and used as a key indicator of the treatment effect. This

study contributes to the fundamental understanding of how

bio-cementation affects the small-strain stiffness, hence the

shear wave velocity, of bio-cemented sands. Therefore, it

aims to support seismic measurement as a means to assess

the mechanical efficiency and effectiveness of bio-medi-

ated treatment.

The results of this study indicate that the characteristics

of bio-cementation affect the improvement in G0. The main

findings are summarised as follows:

1. The carbonate distribution pattern plays an important

role in the effectiveness of bio-cementation. Specifi-

cally, grain coating and pore filling hardly affect G0,

hence are regarded as non-effective precipitation from

a mechanical point of view. By contrast, grain bridging

and contact cementing emerge as precipitation patterns

that lead to significant improvement in G0. Beneficial

treatment is associated with effective connections of

sand grains (which can be described by the effective

coordination number). This finding indicates that

seismic methods are useful to assess the performance

of the treatment, as compared to carbonate content

measurements, which do not provide insight into the

microscopic distribution of the minerals.

2. Calcium carbonate crystals precipitated in the pattern

of bridging and contact cementing can lead to an

increase in G0, regardless of whether their Young’s

modulus is higher or lower than that of sand grains. On

the other hand, crystals with different Young’s moduli

exhibit different efficiencies in improvement in G0:

those with a higher Young’s modulus lead to higher

improvement in G0. From this perspective, the mech-

anism that dominates the mechanical efficiency of bio-

cementation is the contact stiffness of particle-to-

particle contacts. This supports that the measured shear

wave velocity or small-strain stiffness can reflect the

mechanical efficiency of bio-cementation.

3. The properties of the host sand, specifically the void

ratio and coefficient of uniformity of the particle size

distribution, affect the response of bio-cementation on

improvement in the small-strain stiffness of bio-

cemented sands. With varying void ratios and coeffi-

cient of uniformity, the number of sand-sand contacts,

which provide sites for contact cementing, as well as

the gap size distribution, which provides sites for grain

bridging, change but with different magnitudes. This

leads to different mechanical responses to contact

cementing and bridging cementation. In this case, two

mechanisms determine together the overall mechanical

efficiency of bio-cementation: the number of effective

bonds and the ability of a single bond to stiffness

improvement.

Overall, the small-strain stiffness of bio-cemented soil is

not only related to the characteristics (e.g. polymorph and

distribution pattern) of the precipitated crystals but also

varies with the host soil. On the one hand, different char-

acteristics of the precipitated crystals contribute differently

to the improvement in the small-strain stiffness of bio-

cemented soils. On the other hand, different soils respond

differently given the same amount and characteristic of the

precipitated crystals. This finding extends what has been

found in [74], which reported that the bridging pattern is

the optimal distribution pattern as it leads to the most

strength improvement. In fact, there is no optimal distri-

bution pattern of carbonate that is universally applicable to

all types of soils. Moreover, the small-strain stiffness

shows a linear relationship with the peak strength. These

findings support the use of seismic measurement to probe

the overall performance of bio-mediated treatment. Finally,

four carbonate distribution patterns are investigated in this

paper. However, more complex carbonate distribution

patterns can exist in bio-cemented soils. For instance,

carbonate crystals can connect to multiple soil grains

simultaneously. Modelling this complex carbonate distri-

bution pattern requires the implementation of non-spherical

particle shapes in the DEM model. Approaches such as

clumps [11, 55] and level set DEM [26, 27] can be adopted

to this end.
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