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Abstract
Microbially induced calcium carbonate (CaCO3) precipitation (MICP) has been extensively studied for soil improvement

in geotechnical engineering. The quantity and size of calcium carbonate crystals affect the strength of MICP-treated soil. In

this study, microfluidic chip experiments and soil column experiments were conducted to optimize MICP treatment

protocols for effective strength enhancement of MICP-treated sandy soils. The microscale experiments reveal that, due to

Ostwald ripening, longer injection intervals allow crystals to dissolve and reprecipitate into larger crystals regardless of the

concentration of cementation solution. Even though a cementation solution input rate of 0.042 mol/l/h is sufficient to

maintain a high chemical transformation efficiency, a further reduction in the input rate by about four times resulted in an

increase in the size of crystals produced by the end of treatment from about 40 to 60 lm. These findings were applied in

soil column experiments. Results showed that significantly larger crystals and higher soil strength were achieved when the

normalized rate of cementation solution injection was reduced from 0.042 to 0.021 mol/l/h. Crystal size and soil strength

increased slightly more when the normalized input rate was further reduced from 0.021 to 0.010 mol/l/h. This study

demonstrates how data from microscale microfluidic experiments that examine the effects of injection intervals and

concentration of cementation solution on the properties of calcium carbonate crystals can be used to optimize MICP

treatment in macroscale sand soil column experiments for effective strength enhancement.

Keywords Microbially induced calcium carbonate (CaCO3) precipitation (MICP) � Microfluidics � Microscale properties �
MICP optimization � Strength enhancement

1 Introduction

Bio-cementation techniques, including microbially induc-

ted carbonate precipitation (MICP) and enzyme-induced

carbonate precipitation (EICP), have been introduced in

recent years for cementing geological formations such as

soils and fractured rocks by using biofluids and chemical

solutions to induce carbonate precipitation, thereby

cementing geological formations [6, 7, 11–13, 16, 19, 23,

26, 30, 31]. Due to its ease of control and high chemical

transformation efficiency, ureolysis-driven MICP is among

the most studied MICP processes [14]. During a ureolysis-

driven MICP treatment procedure aiming to increase soil

strength or to alter soil permeability, ureolytic bacterial

suspension (biofluid) is injected into soil, after which a few

hours are given for the bacterial cells to settle and attach to

soil particle surfaces before cementation solution (which
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mainly contains urea and CaCl2) is injected into the soil

matrix multiple times. The bacteria hydrolyse urea, pro-

ducing CO3
2-, which reacts with Ca2? to form CaCO3

(Eqs. 1 and 2). The precipitated CaCO3 bonds soil parti-

cles, increases the strength of soil matrices and alters soil

permeability.

COðNH2Þ2 þ 2H2O �!Urease
2NHþ

4 þ CO2�
3 ð1Þ

Ca2þ þ CO2�
3 ! CaCO3ðsÞ ð2Þ

Compared to traditional cement, the biofluids which are

injected into soil pores or rock fractures have lower vis-

cosities, thus enabling their injection over larger distances,

as well as their penetration into smaller fractures [26]. In

addition, CaCO3 is also more environmentally friendly

compared to cement. However, there are still challenges to

overcome before MICP can be widely used in real engi-

neering applications. The bio-geo-chemical processes

involved in this technique are complex, making it chal-

lenging to control and predict the engineering performance

of MICP-treated soils at the macroscale, especially under

real environmental conditions. For engineering applica-

tions, MICP treatment efficiency needs to be improved

significantly in order to become economically viable.

Studies have shown that the effectiveness of MICP for soil

strength enhancement is affected by properties of CaCO3

crystals and the chemical transformation efficiency, the

latter of which affects the calcium carbonate content in

treated soils [4, 5, 9].

To overcome the challenges, experimental studies have

been conducted to understand the process of MICP and to

optimize the treatment protocols. In addition, numerical

simulations of MICP have also been developed to link the

experiments of MICP to field-scale MICP performance.

Soil column experiments, which combine carbonate con-

tent testing, unconfined compressive strength testing and/or

scanning electron microscopy imaging, have been widely

conducted as one of the main methods used for studying

MICP. The factors and experimental conditions affecting

MICP that have been studied include saturation of soil

samples [8], bacterial density, reaction time and curing

condition [42], particle size distribution [24], pH [10], and

concentration of cementation solution [22, 42].

In recent years, microfluidic chip experiments have

become popular for studying the microscale properties of

MICP due to the fact that the in-situ behaviour of bacteria

and calcium carbonate during MICP treatment can be

observed and investigated [32]. A microfluidic chip enables

the manipulation of small amounts of fluid [38] and can

replicate key features of the porous matrix of sandy soil

such as the shape irregularity of sand grains and pores, as

well as the surface properties of the porous channel [32].

By performing microfluidic chip experiments, MICP has

been further explored in terms of microscale processes

[17, 33], MICP precipitation kinetics [17, 39, 35], micro-

scale changes with pH variations during MICP treatment

[41], and the role of bacteria in MICP and its effects on

MICP processes and kinetics [35]. In addition, microfluidic

chip experiments have also been used for studying EICP

[17, 36, 40]. Unlike core-scale or model-scale soil exper-

iments, microfluidic chip experiments are capable of

observing bacterial behaviour and monitoring the whole

precipitation processes of calcium carbonate in the porous

medium under conditions that mimic the flow conditions in

the soil matrix. This provides an opportunity to further

explore the microscale mechanisms of MICP or EICP,

which will help to advance the understanding the of engi-

neering behaviours of MICP-treated soils.

However, the porous media in microfluidic chips are

normally two-dimensional structures, with the third dimen-

sion having the same thickness made using polydimethyl-

siloxane (PDMS), which does not fully replicate the three-

dimensional features and surface properties of the porous

media of soils such as silicon sands. Therefore, the optimized

protocols obtained using microfluidic and soil column

experimental methods may be different. Since there are not

any previous studies that explore the link between these two

types of experiments, the primary objective of this study is to

compare the similarities and differences between the opti-

mized MICP protocols at the two scales. To link these two

experiments, the MICP treatment procedures conducted in

these two experiments both use staged-injection procedures,

which involve injecting bacterial suspension, after which the

bacteria are given several hours to settle and attach to the

porous medium prior to applying any subsequent injections of

cementation solution. The work presented herein shows the

relationship between these two types of experiments and

demonstrates how data from microscale microfluidic experi-

ments can be used to enhance the understanding of MICP

microscale mechanisms and thereby optimize the MICP

treatment of macroscale sand soil samples for effective

strength enhancement.

2 Materials and methods

2.1 Microscale MICP experiments using
microfluidic chips

2.1.1 Experimental set-up

As described in [32, 33], a microfluidic chip containing

porous channels, made based on a modified cross-sectional

image of real sandy soils, is a useful tool to study micro-

scale MICP processes. Figure 1a shows the schematic of

the set-up for microfluidic chip experiments, which
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(a)

(b)

Microscope lens

Irregularly-shaped pillars designed based on real soil 
particle shape and size
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Fig. 1 Schematic of experimental set-up. a Microscale microfluidic chip experiments [redrawn based on 32], b macroscale soil column

experiments (redrawn based on [5])
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includes a microfluidic chip, a microscope and a flow

injection system consisting of a syringe, a pump and tubing

(syringe and pump not shown). The design and fabrication

of the microfluidic chip, as well as the detailed imaging

technique, are described in Wang et al. [32]. The

microfluidic chip experiment was used to observe the for-

mation of calcium carbonate crystals over time during

MICP processes involving multiple injections of cemen-

tation solution. Magnified images from previous work [33]

are shown in Fig. 1a to help identify the microfluidic chip

channels, bacteria and crystals.

2.1.2 Bacterial medium and cementation solution

In the microscale experiment conducted in this study, Spor-

osarcina pasteurii (DSM 33) bacterial suspension was culti-

vated from a frozen stock purchased from Leibniz Institute

DSMZ German Collection of Microorganisms and Cell

Cultures GmbH (Braunschweig, Germany) following the

same procedure as described in [33] until its optical density

measured at a wavelength of 600 nm (OD600) reached about

1.0. The ureolysis rate of bacteria was determined using the

conductivity method described by Whiffin et al. [37]. The

cementation solution contains CaCl2, urea and nutrient broth.

The concentrations of CaCl2 and urea varied in different

protocols, with either 0.25 M, 0.5 M or 1.0 M CaCl2 together

with a 1.5-fold higher concentration of urea being used in

each case. In all the protocols, the concentration of nutrient

broth is kept constant at 3 g/L. The concentration of urea was

1.5 times higher than the concentration of CaCl2 to ensure

efficient calcium transformation [25], and the nutrient broth is

used to provide nutrients for bacterial cells to maintain their

relatively high activity during the injection of cementation

solution.

2.1.3 MICP treatment procedure

After bacterial suspension, cementation solution and

microfluidic chips were prepared, a staged-injection MICP

process was applied. Four protocols were tested in total

(Table 1). In all of the protocols, after the microfluidic

chips were saturated with deionized water, 1.25 pore vol-

umes (PVs) of Sporosarcina pasteurii (DSM 33) suspen-

sion with an OD600 of 1.0 and a bacterial activity of

559.0 ± 27.9 mM/h/OD were injected into the microflu-

idic chips, after which the bacteria were left to attach to the

surface of the microfluidic chip channels for approximately

24 h. Subsequently, multiple injections of 1.25 PVs of

cementation solution at different concentrations and

injection intervals (retention time) were applied (see

Table 1). The injection flow rates of bacterial suspension

and cementation solution were 56 PV/h and 5.6 PV/h,

which corresponded to Darcy’s velocity of 4.6 9 10-4 m/s

and 4.6 9 10-5 m/s, respectively. All of the microfluidic

chip experiments were conducted at a room temperature of

about 20 �C. Protocols M1 and M2 were used to compare

the precipitation process when the retention period was

3–5 h compared to 24 h, with the concentration of CaCl2
being the same in both protocols. In each of these two

protocols, 3.0 M 9 1.2 pore volumes of CaCl2 were

injected. Protocols M3 and M4 were used to compare with

Protocol M2 to investigate the difference in the CaCO3

precipitation process when the concentration of cementa-

tion solution is varied.

2.1.4 Imaging and image analysis

Imaging of the CaCO3 precipitation procedure in the dif-

ferent protocols was achieved using an Axio Observer Z1

research microscope with phase field illumination and

109 inverted objectives to obtain images with a resolution

of 0�65 lm/pixel. Detailed parameters of the microscope

are described in Wang et al. [32]. Images were taken after

the end of each retention period after cementation solution

injection to analyse the CaCO3 precipitation process in the

different protocols.

To quantify the sizes and volumes of crystals in the ima-

ges, the diameters of each of the crystals in selected areas of

the images were measured, and crystal volumes were calcu-

lated based on the assumption that the crystals were half-

spheres [17, 33]. To quantify the number of crystals per unit

volume, the numbers of crystals in selected areas of the

images were counted, and the number obtained was divided

by the corresponding void volume of the microfluidic chip

channels (Vv), which was calculated by multiplying the depth

of microfluidic chip channels (50 lM) by the area of the

selected images. To quantify the total amount of crystals, the

total volume of the crystals in selected areas of the images Vc

and the corresponding void volume of the channels Vv were

obtained first and then Vc /Vv was calculated to determine the

normalized crystal volume. Assuming that 100% of Ca2? ions

transform into CaCO3, the Vc /Vv, denoted as Vc100%/Vv, can

be calculated as

Table 1 Parameters of microfluidic chip experiments

Protocol

No.

Chemical

concentration

Retention

time (h)

Normalized input rate

(mole/l per h)

M1 0.25 M Calcium

chloride

3–5 0.042

M2 0.25 M Calcium

chloride

24 0.010

M3 0.5 M Calcium

chloride

24 0.021

M4 1.0 M Calcium

chloride

24 0.042
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Vc100%

Vv
¼ ½Ca2þ� � IN� 100 g=mol

2:71 g=cm3
� 100% ð3Þ

where [Ca2?] is the concentration of Ca2? in the cemen-

tation solution in mol/L and IN is the number of cemen-

tation solution injections. Based on the above equation, the

chemical transform efficiency (CTE) is calculated using the

following formula:

CTE ¼
Vc

Vv

Vc100%

Vv

3
� 100% ¼ Vc

Vc100%
� 100%: ð4Þ

2.2 Macroscale MICP experiments

2.2.1 Sand and sample preparation

Macroscale MICP experiments were conducted using the

same set-up as described by Al Qabany and Soga [4]. The

schematic of the experiment is shown in Fig. 1b. Syringes

with a length of 120 mm and a diameter of 35.4 mm were

filled with sand. The granular material was the same as in

[4, 5], which is poorly graded sub-rounded sand with a D10

value of 165 lm, a D90 of 250 lm and specific gravity of

2.65. Each column was filled with 180 g of sand and was

vibrated to achieve a final density of 1.65 g/cm3 and a

porosity of about 0.37.

After the sand was placed in the columns and saturated

with deionized water, injections of bacterial suspension and

cementation solution were performed from top to bottom of

the soil columns via gravity using the same staged-injec-

tion procedure as in the microfluidic chip experiments. The

bacteria, cultivation procedure, specific activity and

retention period were kept the same as described in the

microscale microfluidic chip experiment. In addition,

cementation solution content, ratio of urea to CaCl2 and

nutrient broth concentration were also the same as in the

microfluidic chip experiments. 1.2 PV of bacterial sus-

pension or cementation solution was injected in each

injection to ensure that all of the soil pores were replaced

with a new batch of cementation solution and to ensure that

the liquid continuously covered the top of the sand speci-

men during both the injection and retention periods [5].

During the retention period, the outlet tube was bent

upwards to ensure column saturation (Fig. 1b). The tube

had an inner diameter of 5 mm, and when the tube was

bent upwards, the liquid in the tube was of the same height

as the liquid in the soil column. The volume of liquid in the

tube was about 5% of the volume of liquid in the soil pores.

The amount of chemicals remaining in the outlet tube and

above the soil column were not included in the calculation

of chemical transform efficiency, since they were not

within the soil matrix.

In total, six different MICP treatment protocols (in-

volving different concentrations of cementation solution

and retention periods) were applied in the soil column

experiments (see Table 2). Table 2 also refers to the pro-

tocols of Al Qabany and Soga [4] for comparison. Tripli-

cate samples were prepared and tested for each protocol.

Although the concentration of cementation solution varied

(see Table 2), the total mass of cementation solution

injected in terms of the available reactants was kept con-

stant across tests by applying more injections at lower

concentrations, or fewer injections at higher concentra-

tions, each of which was 3.0 M (indicated by the concen-

tration of CaCl2) 9 sample liquid volume. All of the sand

column experiments were conducted at room temperature

of about 22 ± 2 �C

2.2.2 Unconfined compression strength (UCS) tests

Since the MICP-treated soil samples are normally rock-like

soil specimens and are stronger than soils, and because a

UCS test is relatively easier to conduct compared with

triaxial testing, UCS tests have been widely used in MICP

studies. To compare the results with previously published

data, UCS tests were therefore performed in this study.

Upon completion of the MICP treatments for the soils in

the columns, the specimens were flushed with two pore

volumes of deionized water to flush all excess soluble salts

prior to removing the specimens from the columns and

drying them at 100 �C for at least 24 h before conducing

unconfined compression strength (UCS) tests. Since

moisture conditions affect the UCS results of tested sam-

ples, it is a common practice to oven-dry the MICP-treated

soil samples [4, 9, 15, 18, 20, 21, 24, 28, 29]. The top and

bottom parts of the samples were trimmed to remove

potentially disturbed or uneven zones. The UCS experi-

ments were conducted following the ASTM [1] D2938-86

Table 2 Parameters of macroscale soil column experiments

Protocol

No.

Chemical

concentration

Retention

time (h)

Normalized

input rate

(mole/l per h)

References

S1 0.25 M

Calcium

chloride

6 0.042 [4]

S2 12 0.021 This study

S3 24 0.010 This study

S4 0.50 M

Calcium

chloride

12 0.042 [4]

S5 24 0.021 This study

S6 48 0.010 This study

S7 1.00 M

Calcium

chloride

24 0.042 [4]

S8 48 0.021 This study

S9 96 0.010 This study
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and ASTM [2] D7012-14e1 standard test method for intact

rock core specimens. The axial load was applied at a

constant rate of 1.14 mm/min. The length of the sample

was measured before UCS tests, and the height-to-diameter

ratios were about 2:1, with any deviations being corrected

based on Eq. 5 as suggested by the ASTM D2938-86-s-

tandard test method [1]:

C ¼ Ca

0:88 þ ð0:24 D=HÞ ð5Þ

where C is the computed compressive strength of an

equivalent H/D = 2 specimen; Ca is the measured com-

pressive strength; D is the core diameter; and H is its

height.

2.2.3 Assessment of CaCO3 content and chemical efficiency

Calcium carbonate (CaCO3) content and chemical effi-

ciency are generally quantified for MICP-treated samples

to evaluate the amount of CaCO3 formed in the soil col-

umns and the percentage mass of calcium ions and urea

that transformed to CaCO3. Their comparison enables the

development of a better understanding of MICP behaviours

aiming to eventually optimize MICP treatment protocols.

The CaCO3 content of MICP-treated soil samples was

determined using the standard test method for rapid

determination of carbonate content of soils [3]. About 20 to

30 g of MICP-treated silicon sand was placed in the

reaction chamber and the CaCO3 in the specimen reacted

with HCl, generating CO2 (Eq. 6) which in turn increased

the pressure inside a closed chamber. The actual amount of

CaCO3 was calculated based on a calibrated relationship

(Eq. 7) between the CO2 pressure and the amount of pure

analytical grade CaCO3 powder [2]. CaCO3 content is

defined as the calculated mass of CaCO3 divided by the

mass of pure sand containing the CaCO3.

CaCO3 þ 2HCl ! CaCl2 þ CO2 " þH2O ð6Þ
CaCO3massðgÞ ¼ pressure � 1:922 þ 0:011: ð7Þ

The mass of CaCO3 produced in the soil is affected by

the amount of CaCl2 and urea injected into the soils and by

the chemical efficiency. Chemical efficiency is defined as

the percentage ratio of the measured mass of CaCO3

actually produced, divided by the theoretical mass of

CaCO3 which would have been obtained assuming that all

the CaCl2 injected into the soil pores is transformed into

CaCO3 [5, 25, 27].

2.2.4 Scanning electron microscopy (SEM)

To characterize the shapes, sizes and distribution of pre-

cipitated CaCO3 crystals inside the soil specimens,

scanning electron microscope (SEM) images of MICP-

treated soil samples were captured after the UCS test using

a Philips XL20 scanning electron microscope (Philips

Electron Optics, Eindhoven, The Netherlands). The tested

samples were dried in an oven at 100.5 �C for 24 h. Images

were taken at 300 9 magnification.

3 Results

3.1 Precipitation process and time-dependent
characteristics of crystals when the intervals
between injections are short (Protocol M1)

To observe the CaCO3 precipitation process in the short

injection interval protocol (Protocol M1), images of a

6 mm by 6 mm square in the middle of the microfluidic

chip taken at the ends of the injection intervals between

two successive cementation solution injections are shown

in Fig. 2a. To analyse the crystal precipitation patterns, a

red grid was placed to divide the image into 100 of 0.6 mm

by 0.6 mm cells (small squares), as shown in Fig. 2b, d.

The 0.6 mm by 0.6 mm squares were valued as 0% when

the squares were occupied by dispersed large crystals, as

shown in Fig. 2c, whereas the squares were valued as 1%

when the squares were mainly occupied by dense small

crystals, as shown in Fig. 2e. The crystal precipitation

pattern of the 6 mm by 6 mm square was quantified by

adding the values of the small squares. The quantification

result of Fig. 2a using this method is shown in Fig. 2f. It

can be seen from Fig. 2a, f that, after the first injection of

cementation solution, the pore space in the microfluidic

chip was mainly precipitated by dispersed large crystals.

However, after the second injection of cementation solu-

tion, dense small crystals started to precipitate and were

stable until the completion of the 12th injection of

cementation solution.

To observe the precipitation behaviour of CaCO3 crys-

tals in Fig. 2a in detail, one of the middle sections in the

microfluidic chip taken at the completion of each cemen-

tation solution injection event is shown in Fig. 3. The

crystals formed after the first injection were large and

remained present after the final injection (indicated by

arrows in the first and twelfth images of Fig. 3). In addi-

tion, some other large crystals formed after the second

injection (indicated by circles in the second and twelfth

images of Fig. 3). The small crystals shown after the 12th

injection were mainly formed after the second injection of

cementation solution. In general, the crystals continued

growing once formed during the 12 injections of cemen-

tation solution.

To quantify crystal sizes during the treatment procedure

of protocol M1 (short injection interval), images of 2 mm
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(a)

(b)               (c)

(d)                        (e)

Fig. 2 Crystal growth pattern in the short injection interval case. a Microscope images of the centre 6 mm by 6 mm squares taken at the

completion of the injection interval of each cementation solution injection; a grid was placed with a cell size of 0.6 by 0.6 mm (b and d), to
analyse the precipitation patterns (c and e). c Crystals were mainly small dense crystals, and the square is counted as 100%; d crystals were large

dispersed crystals, and the square is counted as 0%; f area percentage of small crystals plotted against injection numbers
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by 2 mm squares taken at the centre of the microfluidic

chip were selected. Images taken at 3 h after the comple-

tion of the first and the last injection of cementation solu-

tion (Fig. 4a, b, respectively) show that the crystals were

mainly large crystals after the first injection (denoted by

red circles), whereas after the last injection, there were both

large (denoted by red and blue circles) and small crystals

(white dots). Since the number of large crystals was rela-

tively small and therefore all of the crystals could be

measured, the diameters of crystals shown in the square

(Fig. 4a) after each of the injections of cementation solu-

tion were measured. However, because the number of

small crystals in this area was enormous and it was difficult

to measure all of them, twelve 70 lm by 70 lm squares

(denoted by blue squares shown in Fig. 4c) in the pores in

the central 2 mm by 2 mm area of the microfluidic chip

were randomly selected, and the magnified image of one

quantified zone is shown in Fig. 4b. The number of small

crystals was counted, and the diameters were measured.

The total volumes of the crystals relative to the total vol-

ume within each of these zones were calculated. The

quantification of large and small crystals is shown in

Fig. 5.

The box plots of the diameters of large crystals at the

completion of the injection intervals after the 1st, 3rd, 5th,

8th and 12th injections are shown in Fig. 5a. The box plots

of the diameters of small crystals at the completion of the

injection intervals after the 3rd, 4th, 5th, 7th, 8th and 12th

injections are shown in Fig. 5b. The mean diameter of the

large crystals after the first injection of cementation solu-

tion is about 30 lm, and the diameter increases to about

42 lm by the completion of the last injection. The mean

diameter of the small crystals after the third injection of

cementation solution is about 6.5 lm, and the diameter

increases to about 9 lm by the completion of the last

injection. The number of large crystals formed after each of

the twelve injections of cementation solution remained

almost constant and was about 100 per 1 mm3. The number

of small crystals was about 80–400 crystals per 106 lm3,

which is equivalent to 8 9 104–4 9 105 per 1 mm3.

The total volumes of the crystals (Vc) relative to the

volumes of the voids (Vv) in the 2 mm by 2 mm calculated

zone are plotted against injection number in Fig. 5c. The

ratio Vc/Vv for large crystals increases linearly with the

increase in injection number, from about 1% after the first

injection of the cementation solution to about 2.3% after

the last injection. The Vc/Vv for small crystals increases

from about 1.5% after the third injection of the cementation

solution to about 4.4% after the 7th injection. After sub-

sequent injections, the growth rate of the small crystals

starts reducing and the Vc/Vv only increases by about 1.6%

using the last five injections (from the 7th to the 12th

injection). The Vc/Vv for all large crystals and small crys-

tals increases from about 1% to about 8% over the 12

injections of cementation solution. In the short injection

interval experiment, the large numbers of small crystals

contribute about two-thirds of the whole precipitation

(Fig. 5c). The growth rate of all the crystals gradually

reduces from about 1% per injection between the 1st and

3rd injection, to about 0.9% per injection between the 3rd

and 5th injection, to about 0.47% per injection between the

5th and 8th injection, and then to about 0.35% per injection

between the 8th and 12th injection (Fig. 5c). This is con-

sistent with the reduction in chemical transformation with

each subsequent injection (Fig. 5d). The chemical trans-

formation efficiency falls from 100% after the five injec-

tions to about 85% after the 8th injection and further

reduces to about 69% after the 12th injection (Fig. 5d). The

reduction in chemical transformation efficiency as the

injection number increases might be due to the reduction in

bacterial cell number caused by the injection of cementa-

tion solution [32].

3.2 Precipitation process and time-dependent
characteristics of crystals when the intervals
between injections are long (Protocol M2)

To study the effects of increasing the interval between

injections on the precipitation process of MICP, protocol

M2 with an injection interval of 24 h was conducted. The

precipitation process of the CaCO3 crystals in Protocol M2

is shown in the 6 mm by 6 mm images of the same

microfluidic chip taken at the completion of the injection

interval after each of the cementation solution injections

(shown in Fig. 6a). The quantification of Fig. 6a by the

method described in Sect. 3.1 is shown in Fig. 6b. After the

first injection of cementation solution, the pore space of the

microfluidic chip was mainly filled with dispersed large

crystals, but after the second injection of cementation
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solution, dense small crystals started to precipitate. The

total amount of space occupied by dense small crystals

continued increasing until the 3rd injection to about 100%,

after which the area occupied by dense small crystals

started reducing to about 20% by the 12th injection of

cementation solution.

To observe the precipitation behaviour of CaCO3 crys-

tals in Fig. 6a in detail, one of the middle sections in the

microfluidic chip taken at the completion of the injection

interval between each of the cementation solution injec-

tions is shown in Fig. 7. The crystals formed after the first

injection were large and remained present after the final

injection (indicated by arrows in the 1st and 12th images of

Fig. 7). In addition, some other large crystals formed after

the second injection (indicated by circles in the 2nd and

12th images of Fig. 7). The growth behaviour of the small

crystals is different compared to the short injection interval

case. The dissolution of both small and large crystals can

be seen in this case (Fig. 7), which was not observed when

short injection intervals were used (Fig. 3).

To quantify the growth rate of the crystals in ProtocolM2,

the areas from the images which were selected for analysis

(Fig. 8a) were the same as the short injection interval case.

The large crystals at the completion of the last injection are

partially from the ones after the first injection (indicated by

red circles in Fig. 8a, b) and partially from the other injec-

tions (indicated by blue circles in Fig. 8b). In addition, apart

from the fact that small crystals dissolved, some of the large

1st 2nd 3rd                                                           4th

5th                                                   6th                  7th 8th

9th 10th 11th 12th

Fig. 3 Images taken at the centre of the 6 by 6 mm square after the completion of the injection interval of each cementation solution injection

(short injection interval case)
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crystals that precipitated earlier also dissolved after later

injections (indicated by purple circles and yellow arrows in

Fig. 8c). The proportion of total volume occupied by the

dissolved large crystals is about 10%. The box plots of the

diameters of large crystals that appeared from the first

injection measured at the completion of the injection inter-

vals after the 1st, 3rd, 5th, 8th and 12th injections are shown

in Fig. 8d. The mean diameter of the crystals after the first

injection of cementation solution is about 30 lm, which is

the same as in the short injection case (Fig. 5a). The diameter

of crystals increased to about 60 lmby the completion of the

last injection, which is larger than that in the short injection

interval case (Fig. 5a). The Vc/Vv values of the total volumes

of all large crystals increase linearly from about 0.8% to

about 9% over the 12 injections of cementation solution

(Fig. 8e). The chemical transformation efficiency indicated

by only large crystals remains between about 75% and 85%

over the twelve injections (Fig. 8f). The high chemical

transformation efficiency calculated by only considering

large crystals, which indicates that the majority of crystals in

the long injection interval case are large crystals, is different

to that for the short injection interval, where small crystals

3 hours after 1st inj                 3 hours after 12th inj 
(a) (b)

(c) (d)

Fig. 4 Microscope images for quantification. a, b Images taken at the centre of the microfluidic chip at the completion of injection interval after

the first and the last injections of cementation solution; c image taken at the centre of the microfluidic chip at the completion of injection interval

after the last injection of cementation solution, with 12 of 70 lm by 70 lm squares for quantifying small crystal size; d magnified image of one

of the 70 lm by 70 lm squares shown in Fig. 4c
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(crystal sizes smaller than 10 lm) contribute to about two-

thirds of the whole precipitation (Fig. 5c). Because the

quantification of the small crystals was not conducted in this

case, the chemical transformation efficiencywould be higher

than the reported value, especially after the first few injec-

tions when the channels predominantly contained small

crystals (Fig. 7). Therefore, the total chemical efficiency

which takes all crystals into account should be similar to the

one in the short injection case (Fig. 5d), in which the

transformation efficiency was higher after the first few

injections than after later injections.

3.3 Precipitation–dissolution of CaCO3

when higher concentrations of cementation
solution are used (Protocols M3 and M4)

The concentrations of cementation solution normally used

for MICP treatment are between 0.25 and 1.0 M. To

investigate whether the precipitation–dissolution–repre-

cipitation process also occurs when the concentration of

cementation solution was 0.5 M or 1.0 M, Protocols M3

and M4 were conducted. A long injection interval of 24 h

was used between each injection. Microscope images of
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Fig. 5 Quantification of crystals formed in protocol M1. a Box chart of the diameters of large crystals at completion of the injection intervals

after the 1st, 3rd, 5th, 8th and 12th injections; box chart of 12 crystals, each from the 12 squares in Fig. 4d, at the completion of injection interval

after the 3rd, 4th, 5th, 7th, 8th and 12th cementation solution injection; c void ratio of large, small and all crystals (Vc) to the corresponding

volume of the voids (Vv) in the 2 mm by 2 mm calculated zone plotted with the injection number; d chemical transformation efficiencies of all

small and large crystals at the completion of injection interval after the 1st, 3rd, 5th, 8th and 12th cementation solution injection of the short

injection interval protocol
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Fig. 6 a Microscope images of microfluidic chip (Protocol M2—the long injection protocol) at the completion of the injection interval of the 12

injections of cementation solution; b area percentage of small crystals plotted against injection numbers
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250 lm 9 250 lm squares at 1, 3, 6 and 24 h after the

completion of the first and second injection of cementation

solution for the 0.5 M and 1.0 M case are shown in Fig. 9a,

b, respectively. Similar to what was observed in the 0.25 M

case, small crystals were also formed after the second

injection of cementation solution, subsequently dissolved

and were replaced by larger crystals.

3.4 Correlations between unconfined
compressive strength (UCS) and CaCO3

content in MICP-treated sands

To investigate whether the observations made from

microfluidic chip experiments can be used to optimize

MICP treatment protocols for soil strength enhancement,

soil column experiments and UCS tests were conducted.

All samples failed with a tensile-like failure in unconfined

conditions, similar to the results reported in previous

research [5, 31] and Cheng et al. 2012). Correlations

between the CaCO3 content and UCS were normally

derived to study the effect of CaCO3 content on the

strength of MICP-treated soils [4, 9, 15, 20, 24, 28, 29, 31].

The correlations between the CaCO3 content and UCS of

this study and Al Qabany and Soga [4] are shown in

Fig. 10c.

For example, Fig. 10 shows that the UCS varies from

1.8 to 5.6 MPa at the same CaCO3 content of 7%. These

large variations in strength at the same cementation level

are consistent with the results reported by Wang et al. [34]

because the CaCO3 crystals have different characteristics

depending on the MICP treatment protocols. In addition,

when the concentration of cementation solution is the

same, higher UCS values were obtained when the injection

interval was longer. For example, when the concentration

1st 2nd 3rd                                                  4th

5th                                                        6th                                                        7th 8th

9th 10th 11th 12th

Fig. 7 Images of a cell located at the centre of the 6 by 6 mm square taken after the completion of the injection interval of each cementation

solution injection (long injection interval case)
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Fig. 8 Quantification of large crystals in the long injection protocol case. a-b Images at the centre of the microfluidic chip taken at the

completion of injection interval after the first and the last injections of cementation solution. c Images at the centre of the microfluidic chip taken

at the completion of injection interval after the last injections of cementation solution indicating that the crystals started growing after the

completion of the first injection; d box plots of the diameters of large crystals at completion of the injection intervals after the 1st, 3rd, 5th, 8th

and 12th injections. e void ratio of large, small and all crystals (Vc) to the corresponding volume of the voids (Vv) in the 2 mm by 2 mm

calculated zone after the 1st, 3rd, 5th, 8th and 12th injections; f the chemical transformation efficiency calculated by the total volume of only

large crystals
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is 0.5 M, the 48-h injection interval (denoted by solid

round dots) results in UCS values between about 3 Mpa

and 5.5 Mpa at a CaCO3 content between 6.4% and 7.4%,

whereas the 12-h injection interval (denoted by hollow

round dots) results in UCS values of only 0.4 Mpa to 1.2

Mpa at a similar CaCO3 content. Furthermore, the UCS

values of samples treated with 1.0 M cementation solution

are in general lower than the UCS values of samples treated

with cementation solution of 0.25 M or 0.5 M when the

injection interval is the same. The low UCS values at

1.0 M are mainly due to the inhomogeneity of samples [4].

To compare the efficiency of CaCO3 in increasing the

strength of soils, normalized UCS values were obtained by

dividing the UCS values by the CaCO3 content of each of

the dots in Fig. 10 (results shown in Fig. 11). The data

obtained for the 9 protocols (shown in Table 2) are shown

in the 9 columns. At all chemical concentrations, reducing

the normalized input rate resulted in an increase in the

efficiency with which CaCO3 enhanced the strength of the

specimens (shown when comparing the three columns in

each chemical condition). The normalized UCS values per

1% of CaCO3 samples treated over a 6-day period using

0.25 M, 0.5 M and 1.0 M cementation solution were 3.6.-,

4.9- and 3.9-fold higher than those treated over a period of

3 days, respectively. UCS values increased further by 1.22-

, 1.27- and 1.33-fold, respectively, when the total treatment

duration increased from 6 to 12 days. In addition, the

higher the chemical concentration was, the lower the effi-

ciency of CaCO3 in increasing the strength of soils was

(shown when comparing the three columns of the same

normalized input rate cases). This is consistent with the

conclusion obtained by Al Qabany and Soga [4] that per-

forming more injections of lower concentrations of

cementation solution is better for enhancing soil strength.

3.5 Chemical efficiency of cementation solution
transforming into cement in the soil column
experiment

The chemical efficiencies quantified in the soil column

treated by protocols S2, S3, S5, S6, S8 and S9 (Table 2) are

shown in Fig. 12. When the concentration of cementation

solution was either 0.25 M or 0.5 M, the chemical effi-

ciency was relatively high (higher than 75%). These results

are consistent with the microfluidic chip experiment, as

well as with the studies conducted by Al Qabany et al. [5],

10 and Konstantinou et al. [19]. In contrast, when the

concentration of cementation solution was 1.0 M, the mean

chemical efficiency was lower (71% for a 48-h injection

interval treatment and 64% for a 48-h injection interval

treatment), since the long injection intervals likely caused a

decrease in bacterial activity due to the higher molarity

1 h       3 h                6 h          24 h

(a)
1 h           3 h           6 h           24 h

(b)

50µm

50µm

Fig. 9 Microscope images of 250 lm by 250 lm square at one pore of microfluidic chips at 1, 3, 6 and 24 h after the completion of the second

injection of cementation solution (0.5 M) and first injection of cementation solution (1.0 M)
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entombing some of the bacteria over time. However, the

bacterial activity inside the soil is difficult to measure. In

addition, the variation in chemical efficiency between

samples treated with the same MICP procedure, shown by

the error bars in Fig. 11, was large when the cementation

solution concentration was 1.0 M. The large variations in

efficiencies indicate the inhomogeneity of soil samples,

which is consistent with the results obtained by Al Qabany

et al. [5].

3.6 Microscale properties of CaCO3 crystals
obtained in the soil column experiment

To observe the CaCO3 crystals after the MICP treatment of

the macroscale specimens, scanning electron microscope

(SEM) images were taken (see Fig. 13). When the con-

centration of cementation solution is the same, the crystals

in the samples treated with longer retention periods are

larger than those with shorter retention periods. For

example, when the concentration of cementation solution

was 0.25 M, the average size of the crystals increased from

about 5 lm when a 6-h injection interval was used, to

about 40 lm when the interval between injections was

12 h and to about 60 lm when the injection interval was

24 h. The pattern of changes in crystal size in relation to

the change in injection interval is in agreement with the

results obtained in the microscale experiments (Fig. 13

compared to Fig. 3 and Fig. 7).

4 Discussion

4.1 Effects of injection interval
and concentration of cementation solution
on the precipitation processes
and characteristics of CaCO3 crystals

Wang et al. [33] found that precipitation–dissolution and

reprecipitation of CaCO3 occurred after a sample of S.

pasteurii bacterial suspension was mixed with cementation

solution, and used this observation to predict and detect the

size of calcium carbonate crystals after MICP treatment by

using microfluidic chips. To this end, the present study

further explores the differences in the precipitation process

and time-dependent characteristics of CaCO3 crystals in

the cases when long or short injection intervals, as well as

higher cementation solution concentrations (0.5 M and

1.0 M), were used. When a short injection interval (0.25 M

cementation solution with a short injection interval of

3–5 h) was used, large crystals began to precipitate from

the first injection onwards, and small crystals began to

precipitate from the second injection onwards (Figs. 2, 3).

Both large and small crystals remained stable throughout

the whole treatment period (Figs. 2, 3). In the case of a

long injection interval (0.25 M cementation solution, 24-h

injection interval), large crystals also precipitated from the

first injection onwards and small crystals precipitated from

the second injection onwards, but 10% of large crystals and

most of the small crystals dissolved (Figs. 6, 7). The dis-

solution of small or part of the large crystals contributed to

the precipitation of larger CaCO3 crystals (Fig. 7 compared

to Fig. 3). When a higher cementation solution concen-

tration together with a long injection interval was used

(0.5 M or 1.0 M cementation solution, 24-h injection

interval), more stable crystals grew in size at the expense of

the dissolution of less stable crystals during MICP pro-

cesses (Fig. 9). This process of CaCO3 precipitation–dis-

solution–reprecipitation when the injection interval is long,

regardless of whether the concentration of cementation

solution is 0.25 M, 0.5 M or 1.0 M, is consistent with

Ostwald ripening, which is a spontaneous process driven

by chemical potential differences among different-sized

particles; specifically, larger crystals grow at the expense of

smaller ones, with the latter having a higher solubility than

large crystals [31, 32, 43, 35].

Due to the difference in precipitation process, the

average crystal sizes when short or long injection intervals

were used were about 40 lm and 60 lm, respectively

(Figs. 5a, 8d). 8 9 104–4 9 105 small crystals per 1 mm3

(sizes smaller than 12 lm by the end of treatment, Fig. 5b)

in the short injection interval case contributed to about 66%

of the whole precipitation (Fig. 5c), whereas 100 large

crystal crystals per 1 mm3 contributed to about 80%

chemical transformation efficiency (Fig. 8f). The chemical

transformation efficiency during the staged-injection MICP

treatment procedure decreased as the number of
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Fig. 12 Chemical efficiencies of the MICP-treated sand samples. Data

presented as mean ± standard error, n = 3 (n is the number of times

each treatment condition and the relative measurement was repeated)
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cementation solution injections increased (Fig. 5d), possi-

bly because bacterial activity was reduced due to the

removal of bacterial cells from the porous medium by the

injections of cementation solution. In addition, increasing

the injection interval from 3–5 h to 24 h resulted in an

increase in chemical transformation efficiency from 70% to

more than 80% by the end of MICP treatment (Fig. 5d

compared to Fig. 8f). In the staged-injection procedure, the

biochemical reactions started after the injection of

cementation solution into the soil matrix. If the next batch

of cementation solution is injected before the previous

batch of cementation solution finished transforming into

CaCO3, the chemical transformation efficiency of MICP

will be low. Al Qabany et al. [5] conducted a series of soil

column experiments to determine the optimal injection

interval by varying the injection interval and measuring the

CaCO3 content at the end of MICP treatment to compare

the associated chemical transformation efficiencies. In their

study, when the bacterial optical density (OD600) was

between 0.8 and 1.2, the chemical efficiency remained

higher than 80% provided that the cementation solution

injection rate was below a threshold of 0.042 mol/l per

hour. By contrast, the chemical efficiency decreased when

the injection rate exceeded this threshold. 0.042 mol/l per

S1   0.25 M- 6 h         S2 0.25 M- 12 h S3 0.25 M- 24h 

S4 0. 50 M- 12 h         S5 0.50 M- 24 h S6 0.50 M- 48 h 

S7  0. 50 M- 12 h S8 0.50 M- 24 h S9  0.50 M- 48 h 

Fig. 13 SEM images of CaCO3 crystals inside MICP-treated sand samples after MICP treatments. a S1, 0.25 M–6 h injection interval treatment,

CaCO3 content is 4.8% [5], b S2, 0.25 M–12 h injection interval treatment, CaCO3 content is 6.1%; c S3, 0.25 M 24-h injection interval

treatment, CaCO3 content is 6.6%; d S4, 0.25 M 12-h injection interval treatment, CaCO3 content is 6.0% [5], e S5, 0.50 M 24-h injection

interval treatment, CaCO3 content is 7.0%; f S6, 0.50 M 48-h injection interval treatment, CaCO3 content is 7.0%; g S7, 1.00 M 24-h injection

interval treatment, CaCO3 content is 3.9% [5], h S8, 1.00 M 48-h injection interval treatment, CaCO3 content is 7.0%; i S9, 1.00 M 96-h

injection interval treatment, CaCO3 content is 5.8%
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hour is equivalent to 6-h retention time for the case when

the concentration of cementation solution was 0.25 M. The

chemical efficiency results observed in the current study

are consistent with the results presented in Al Qabany et al.

[5].

4.2 Use of microfluidic chips to optimize MICP
protocols for strength enhancement

Studies have found that both CaCO3 content and the

properties of CaCO3 crystals affect the strength of MICP-

treated soils. Soil column experiments, together with UCS

testing, triaxial testing and SEM imaging, are the main

methods that have been used so far to optimize treatment

protocols for enhancing the strength of MICP-treated soils.

However, although MICP optimization using soil column

experiments and SEM imaging is important, it is also time-

consuming. In contrast to soil column experiments,

microfluidic chip experiments provide a functional way to

observe the MICP precipitation process directly during

each of the injections of cementation solution [32, 33]. The

time needed for cementation solution to complete trans-

forming into CaCO3 crystals can be directly determined by

determining the time point when the crystals stop growing

[31]. In addition, changes in CaCO3 morphology and the

interactions between bacteria and CaCO3 can also be

studied.

In this study, by applying the observations made during

microfluidic chip experiments, soils treated using long

injection intervals (lower normalized rate of injection) had

higher UCS values in samples containing similar amounts

of CaCO3 (Fig. 10). In addition, the normalized UCS val-

ues of CaCO3 content were higher when the injection

intervals were longer, regardless of the concentration of

cementation solution (Fig. 11). The higher normalized

UCS values obtained after longer injection intervals sug-

gest that a longer injection interval produced CaCO3

crystals that are more efficient in enhancing soil strength.

SEM imaging revealed that crystal sizes were larger when

the injection interval was longer compared to crystal sizes

that were produced when a short injection interval was

used (Fig. 12).

Studies have found that crystals which are large enough

to fill the gaps between soil particles can prevent particle

rotations during shearing, thereby providing more resis-

tance to dilation, which results in increased soil strength

[43]. This can explain the reason why a longer injection

interval is helpful for strength enhancement (Fig. 12). In

addition, this study has also shown that when the crystals

are small and large in number, the crystals precipitate over

a large area of the soil surface and form a so-called coating

precipitation pattern (Fig. 13 a and d). By contrast, when

the crystals are large in size and small in number, the

crystals either grow on the parts of the surface where they

are adjacent to other soil particles, or on parts of the soil

surface that face towards the soil pores, thereby forming a

bonding pattern or filling pattern, respectively. The crystals

can also form a mixture of two or three of these patterns.

For example, during the 2nd to the 8th injections in Fig. 7,

crystals formed coating, pore filling and bonding patterns,

whilst in Fig. 13g, h, crystals formed a mixture of coating

and pore filling patterns.

In microfluidic chips, CaCO3 crystals grow from the top

and bottom surfaces of the channels, as well as from the

sides of pillars (see Figs. 3, 7, 9), whereas in three-di-

mensional soil matrices, crystals grow on the surfaces of

soil particles. Despite the differences in pore structures

between microfluidic chips and real sandy soil matrices, the

changes in crystal size and the general crystal distribution

(coating, filling and bonding, schematic in Fig. 14) shown

in the microfluidic chip experiments are the same as shown

in the soil column experiment. Therefore, the microfluidic

chip experiment can help to predict the distribution pattern

of CaCO3 crystals. These results indicate that the obser-

vation made from microfluidic chip experiments helps to

enhance the understanding of microscale processes,

mechanisms and characteristics of MICP, which can be

applied in real sandy soil for MICP strength enhancement.

5 Implications for engineering applications

This study illustrates that increasing injection interval

(reducing normalized input rate of cementation solution)

increases the average size of CaCO3 crystals, which are

more efficient in bonding soil particles, thereby enhancing

soil strength. In addition, this research also shows that

more injections of lower concentrations of cementation

solution tend to enhance soil strength more effectively.

However, for practical reasons, the treatment duration and

number of MICP injections should preferably be mini-

mized. A balance between optimum soil strength

enhancement and the time window of MICP treatment

should be considered for MICP engineering applications.

The mechanisms which enable the formation of a higher

percentage of CaCO3 crystals which bond soil particles

within a short treatment time and simpler treatment pro-

cedure may also be worth exploring in the future.

In order for MICP to be used for real engineering pro-

jects, the effects of local environmental factors such as soil

properties, ion content, temperature, oxygen content and

local bacterial communities on the behaviour of bacteria,

CaCO3 precipitation processes and kinetics, as well as

CaCO3 content and microscale characteristics which affect

the engineering performance of MICP-treated soils, need to

be evaluated beforehand. These effects can be evaluated by
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performing the microfluidic chip experiments, and under-

standing these effects will be helpful for improving MICP

treatment protocols. Combining microfluidic chip experi-

ments with soil column experiments is a useful way to

optimize MICP treatment protocols, especially in terms of

enhancing soil strength.

Achieving uniformity of CaCO3 content distribution in

soil matrices remains challenging for engineering appli-

cations. CaCO3 distribution is highly dependent on the

reactive transport processes of MICP. So far, several

numerical models have been proposed for predicting

CaCO3 content, but mostly only for laboratory-scale soil

matrices without considering the complex effects of envi-

ronmental factors on MICP. Inhomogeneous samples have

been observed even for core-scale homogeneously pro-

duced sandy samples when the concentration of cementa-

tion solution was 1.0 M. For engineering applications,

environmental factors and soil inhomogeneity may affect

bacterial and chemical transport, bacterial activity and

cementation kinetics, thereby making the distribution of

CaCO3 crystals more difficult to predict. Combining

microfluidic chip experiments with longer column experi-

ments or three-dimensional soil model experiments to

investigate the effects of various environmental factors and

treatment protocols on the homogeneity of MICP-treated

soils may provide a useful way to address this challenge,

which still needs to be further explored in future.

6 Conclusions

This study demonstrates an example of using a combina-

tion of microfluidic chip experiments and soil column

experiments for optimizing soil strength enhancement

(a) (b)

(c)               (d)

Fig. 14 Schematic of CaCO3 crystal precipitation pattern. a Surface coating, b bonding, c pore filling, d mixtured pattern
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protocols. The effects of injection interval and concentra-

tion of cementation solution on the properties of calcium

carbonate crystals were examined at both the micro- and

the macroscale.

Both the microscale microfluidic chip experiments and

macroscale column tests indicated that, when the injection

interval was shorter (i.e. 3–5 h compared to 24 h for a

0.25 M cementation solution), the resulting crystals were

larger in number and smaller in size. In addition, the

microscale microfluidic chip experiments showed that

large crystals grew at the expense of the dissolution of

smaller crystals, regardless of whether the concentration of

cementation solution was 0.25 M, 0.5 M or 1.0 M. This

could be attributed to Ostwald ripening, a spontaneous

process driven by chemical potential differences between

different-sized particles, where larger crystals grow at the

expense of smaller ones which have a higher solubility than

the large ones.

The difference in crystal sizes and numbers substantially

affected the strength of MICP-treated specimens. Regard-

less of the concentration of cementation, reducing the

normalized input rate of cementation solution from

0.042 mol/l/h (treated over 3 days) to 0.021 mol/l/h (trea-

ted over 6 days) significantly increases UCS values of

samples, whereas a further reduction in the normalized

input rate of cementation solution from 0.021 mol/l/h

(treated over 6 days) to 0.010 mol/l/h (treated over

12 days) slightly increases UCS values of samples. The

normalized UCS values per 1% CaCO3 using 0.25 M,

0.5 M and 1.0 M cementation solution were 4.3-, 5.8- and

3.2-fold higher than those treated over a period of 3 days,

respectively. The normalized UCS values per 1% CaCO3

of samples treated over a 6-day period using 0.25 M, 0.5 M

and 1.0 M cementation solution were 3.6.-, 4.9- and 3.9-

fold higher than those treated over a period of 3 days,

respectively. UCS values increased by a further 1.22-, 1.27-

and 1.33-fold, respectively, when the total treatment

duration increased from 6 to 12 days. The less pronounced

increase in the strength of soils treated over 12 days

compared to 6 days was largely because over a 6-day

treatment, the crystals were already relatively large enough

to bond the soil particles efficiently and further crystal

growth increased soil strength but to a lesser extent.

This study shows that increasing the injection interval

and introducing more injections of lower concentration of

cementation solution tends to enhance soil strength more

effectively. However, for practical reasons, the treatment

duration and injection numbers of MICP may preferably be

minimized. The mechanisms of forming higher percentage

of CaCO3 crystals which bond soil particles within a short

treatment of time and simpler treatment procedure may

also be worth exploring in future.

The microfluidic chip experiments presented in this

research illustrate changes in crystal sizes and numbers

with time and provide direct information about the MICP

process. This study establishes a link between the results of

MICP microscale microfluidic chip experiments and the

macroscale column experiments, thereby demonstrating

that monitoring microscopic process in microfluidic chip

experiments can be useful for optimizing MICP treatment

to produce calcium carbonate crystals with desired prop-

erties for field applications.
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