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ABSTRACT: Microbial induced carbonate precipitation (MICP) is an innovative soil improvement technique which is capable of 
enhancing the strength and stiffness of soils, and controlling their hydraulic conductivity. These engineering properties of soils after 
MICP treatment are affected by many factors, such as CaCO3 content, amount and distribution in the soils. Correlations between 
CaCO3 properties and soil engineering properties have been studied by macroscale testing methods. Several of those studies are 
reviewed. Microscopic studies of MICP processes are introduced to discuss the precise role of microbes and CaCO3 in the MICP 
process. A new method that utilizes a microfluidic chip is introduced in which the MICP process is directly observed using a 
microscope. Several experimental examples using the new method are presented to demonstrate that the injected bacteria and 
generated CaCO3 can be observed spatially and temporally. It is suggested that this new method can be a useful device for optimizing 
the MICP process.  

RÉSUMÉ: La précipitation de carbonate (CaCO3) induite par microbien(PCIM) est une technique et originale pour améliorer des sols, il 
est capable d'améliorer la résistance et la rigidité des sols, et diminuer leur conductivité hydraulique. Ces propriétés d'ingénierie après 
traitement MICP sont influencés par de nombreux facteurs, par exemple, le contenu, la quantité et la distribution de CaCO3 dans les sols. 
La relation entre les propriétés du CaCO3 et les propriétés de l'ingénierie des sols a été étudiée par des méthodes d' essai à échelle 
macroscopique. Plusieurs de ces études sont passées en revue. Des études microscopiques des processus MICP sont introduites pour 
discuter du rôle précis des microbes et du CaCO3 dans le procédé MICP. Une nouvelle méthode qui utilise une puce microfluidique est 
introduite et le procédé MICP est directement observé au microscope. Plusieurs exemples expérimentaux utilisant la nouvelle méthode 
sont présentés. Plusieurs exemples expérimentaux utilisant la nouvelle méthode sont présentés pour démontrer que les bactéries injectées 
et le CaCO3 généré peuvent être observés spatialement et temporellement. Il est indiqué que cette nouvelle méthode peut être un outil 
utile pour l'étude de paramètres de PCIM et l'optimisation de PCIM. 
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1  INTRODUCTION 

Microbial induced carbonate precipitation (MICP) is a natural 
bio-mineralization process that can produce calcium carbonate 
(CaCO3) inside a soil matrix. Ureolysis-based MICP has been 
one of the most commonly studied bio-mineralization processes 
for soil stabilization. It involves the hydrolysis of urea by urease 
enzyme which is produced by active microorganisms, resulting 
in the generation of CaCO3.  
   MICP has been demonstrated to modify the engineering 
properties of soils including strength, stiffness and hydraulic 
conductivity (DeJong et al. 2006; Whiffin et al. 2007; Van 
Paassen et al. 2009; Martinez et al. 2013; Zhao et al. 2014; 
Montoya and DeJong 2015). At the University of Cambridge, 
extensive studies on MICP have been conducted since 2008 and 
they include biochemical process optimization, performance 
and uniformity improvement, as well as application for internal 
erosion control (Al Qabany et al. 2012; Al Qabany and Soga 
2013; Dawoud et al. 2014a, b; Jiang et al. 2016; Jiang and Soga 
2016).  
   Previous research on MICP has focused primarily on the 
mechanical and hydraulic properties of MICP treated soils, and 
the precipitation efficiency and spatial distribution uniformity 
of CaCO3 in MICP-treated soils. Most studies demonstrated 
that CaCO3 content and microscale distribution could affect the 
engineering properties of the MICP-treated soils. In addition, 
improving the biochemical efficiency and distribution 

uniformity were also extensively investigated for their 
importance in establishing process control protocols.  
   Traditional macro-scale testing methods (e.g., unconfined 
compression test, triaxial compression test, bender element test 
and flexible-wall permeability test) have been employed to 
characterise MICP-treated soils. Meanwhile, microstructural 
tests (e.g., Scanning Electrical Microscope (SEM) and X-ray 
diffraction) have been conducted to understand the fundamental 
mechanisms of the MICP process. Although these traditional 
testing methods can give useful information about MICP-
treated soils, they still have limitations such as their incapacity 
to visualize and quantify the whole MICP process at the pore 
scale. As macro-scale characteristics of MICP-treated soils are 
fundamentally dependent on how bacteria and cementation 
behave inside the pores, a new micro-scale technique that can 
observe the entire process of MICP at the micro-scale is needed.  
   In this paper, findings from macroscopic studies concerning 
the correlation between the engineering properties of MICP-
treated soils and CaCO3 contents are presented, and the 
precipitation efficiency and CaCO3 uniformity are reviewed. 
Furthermore, the current microscopic understanding of the 
MICP processes is discussed. Finally, a microfluidic technique 
is proposed and some preliminary results are presented.  

 
2  MACROSCOPIC STUDIES 
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 2 .1  CaCO3 content vs. soil engineering properties 

Figure 1 shows an increase in unconfined compressive strength 
(UCS) of MICP-treated soils with increasing precipitated 
CaCO3 content. To make the figure clearer, the x-axis is plotted 
using a log 2 scale. It is noted that different treatment strategies 
and methods create different UCS-CaCO3 correlations. For 
example, Al Qabany and Soga (2013) report that chemical 
concentration (i.e. urea and calcium chloride) is one of the key 
factors that affect the magnitude of increase in UCS with 
CaCO3 content, and that the use of a low-chemical-
concentration solution resulted in stronger samples. Therefore, 
observation of MICP processes at the pore scale may help 
understand how these chemical parameters influence the 
development of CaCO3 in the pores.  
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Figure 1 Correlation between UCS and precipitated CaCO3 content 
(CaCO3 content is based on the total weight of soil and CaCO3). 

   Hydraulic conductivity is another engineering property that 
has been studied extensively. The relationship between CaCO3 
content and hydraulic conductivity obtained from previous 
studies is shown in Figure 2. Al Qabany and Soga (2013) 
showed that the use of a high-urea-calcium chloride-
concentration solution (0.5 M or 1 M) resulted in a rapid drop 
in hydraulic conductivity at the early stage of calcite 
precipitation, whereas the use of a low-chemical-concentration 
solution (0.25 M) result in a more gradual and uniform decrease 
in permeability. In contrast, Whiffin et al. (2007) and Cheng et 
al. (2012) reported that, when 1 M (or 1.1 M) chemical 
treatment was used, the hydraulic conductivity remained almost 
constant with increasing CaCO3 content. Martinez et al. (2013), 
on the other hand, reported that the hydraulic conductivity 
decreased with increasing CaCO3 content when a low treatment 
solution concentration of 0.05 M or 0.33 M was used. In 
summary, these contradictory findings indicate that further 
study is needed to understand the process of how hydraulic 
conductivity changes with increasing CaCO3 content.   
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Figure 2 Relationship between hydraulic conductivity and precipitated 
CaCO3 content.  

   Correlations of shear wave velocity, which has been used as 
an indicator of soil stiffness, with CaCO3 content have also 
been reported in several studies (Al Qabany et al. 2011; Weil et 
al. 2012; Martinez et al. 2013). The findings were generally 

consistent among these studies; a linear trend exists across the 
range of measurements obtained.  

2 .2  Precipitation efficiency and CaCO3 uniformity 

The precipitation efficiency is defined as the percentage of 
injected urea and calcium chloride that precipitate as calcium 
carbonate. Improving the precipitation efficiency and 
uniformity of CaCO3 is essential for the establishment of MICP 
process control protocols and can avoid excessive use of raw 
materials. Al Qabany et al. (2012) studied the effect of chemical 
input rate, which was cementation liquid concentrations 
/retention times, on precipitation efficiency. It was found that, 
below urea and CaCl2 input rate of 0.042 mol/L/h and for a 
bacterial optical density between 0.8 and 1.2, the reaction 
efficiency remained high and the amount of precipitation was 
not affected by the concentration of liquid medium for input 
concentrations up to 1 M.  
   Dawoud et al. (2014 a, b) studied both the efficiency and the 
uniformity of MICP. It was found that use of a low 
concentration solution induced a high precipitation efficiency 
and uniformity of the precipitation profile. On the contrary, the 
use of solution at a high concentration resulted in poor 
uniformity and low efficiency. In this latter case, CaCO3 
precipitation was concentrated close to the injection point. The 
uniformity of precipitation around the injection point was found 
to be controlled by both injection flow rate and the rate of 
CaCO3 precipitation (assuming that all other conditions were 
fixed, including the profiles of the microbial activity). They also 
reported that heterogeneous soil models hindered the uniform 
precipitation of CaCO3; higher precipitation occurred in high 
permeability zones compared to the low-permeability zones. 
However, this indicates that the formation of uniform 
permeability fields around the injection point is possible due to 
the reduction in permeability in the high permeability zones.  
 
3  MICROSCOPIC STUDIES  

3 .1  Microscale mechanisms of MICP   

It has been hypothesised that different calcite precipitation 
patterns observed at microscale would have an effect on the 
mechanical and hydraulic properties of MICP-cemented 
samples (Al Qabany and Soga 2013). Van Paassen et al. (2009) 
suggested that research should demonstrate which mechanisms 
are responsible for the observed heterogeneity in carbonate 
deposition and the consequent geotechnical parameters. 
Accordingly, to produce MICP-cemented soil with better 
engineering properties and homogeneity, it is necessary to 
determine a targeted microscale mechanism.  
   Currently, the most common way of studying the 
microscale mechanism of MICP is by using a scanning electron 
microscope (SEM). For example, by SEM imaging, Al Qabany 
and Soga (2013) found that the use of a low chemical 
concentration liquid (0.25 M) resulted in a more homogeneous 
CaCO3 cementation profile within the pores, although crystal 
size was relatively smaller (see Fig 3a). When a high chemical 
concentration liquid was used, the crystal size was larger and 
there was larger spatial variation (Fig. 3b).  
 

  
Figure 3 SEM images of a soil sample treated with different chemical 
concentrations. a) particle contact point for 0.25 M treatment (80 kg/m3), 
b) particle contact point for 1 M treatment (65 kg/m3). 

a) b) 
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  3.2  Microfluidic chip   
A microfluidic chip (micromodel) is an idealized, two-
dimensional representation of a porous medium. It contains a 
network of connected pores, measuring tens of microns across, 
through which fluids flow and solutes spread (Karadimitriou 
and Hassanizadeh 2012). Microfluidic chips are normally made 
of polymer materials such as polydimethylsiloxane (PDMS) 
because of its low cost, easy fabrication, flexibility, and optical 
transparency. Furthermore, their surface properties 
(hydrophobic/hydrophilic, charges, etc) can be varied by 
different surface treatment technologies. These microfluidic 
chips have been used to investigate and visualize small-scale 
physical, chemical, and biological processes in the fields of 
chemical, biological, medical and environmental engineering. 
Examples relevant to this study include CaCO3 crystal growth 
(Jaho et al. 2015), denitrification-driven biomineralization 
(Singh et al. 2015), bacterial migration (Singh and Olson 2012) 
and bacterial growth (Zhang et al. 2010). 
   In this study, a microfluidic chip was designed to create a 
2D model of a realistic soil matrix porous structure based on a 
cross-sectional image of Ottawa 50-70 soil. The design of the 
microfluidic chip is shown in Figure 4 a). The microfluidic 
chips used in this study were fabricated using standard 
photolithograph techniques. Details of the fabrication process 
can be found in Karadimitriou and Hassanizadeh (2012). A 
photo of a fabricated microfluidic chip is shown in Figure 4 b).  

 
 

                        

Figure 4 Designed (a) and fabricated (b) microfluidic chip.  

  The schematic of a microfluidic experiment set up is shown 
in Figure 5. Using a liquid injection system (comprising a 
syringe, a syringe pump and tubing), the MICP process can be 
performed inside the chip. As the microfluidic chip is 
transparent, transportation of injected bacteria and formation of 
CaCO3 crystals inside the chip can be observed under a 
microscope. 
 

 
Figure 5 Schematic of the set up for MICP study by using microfluidic 
chips.  

   A fluorescent nucleic acid stain, SYTO-11, was used to 
stain bacteria such as Sporoarcina pasteurii, a ureolytic bacterial 
strain for MICP (Schultz et al., 2009). Wang and Soga (2015) 
showed that bacteria are still alive after fluorescent staining. In 
this study, bacteria were fluorescently stained in order to 
observe their movements inside the chip. 

3.3  Experimental examples of MICP using microfluidic chips  

A series of experiments were conducted to investigate the 
practicality of using microfluidic chips to observe MICP 
processes. In the first experiment, unstained and stained S. 
pasteurii bacteria were injected into two microfluidic chips. 
After the injection, they were imaged under an optical 
microscope at 200x and 630x magnifications for the unstained 
bacteria, and under a fluorescent microscope at 50x 
magnification for the stained bacteria. As shown in Figure 6, 
individual bacteria can be observed under an optical microscope 
at 630x magnification. By comparison, individual fluorescently 

stained bacteria can be clearly observed even under 50x 
magnification. As the MICP efficiency is affected by bacterial 
concentration and distribution, observation of bacteria inside 
the microfluidic chip may help understand the biological effects 
of MICP.  
 

       

 
Figure 6 Microscope images of a bacterial suspension inside a 
microfluidic chip. a) 200x magnification by optical microscope, b) 630x 
by optical microscope, c) 50x magnification by fluorescent microscope, 
d) zoomed in image of c) at the centre of the chip.   

   Two experiments were conducted to study the feasibility of 
using the microfluidic device to observe the development of 
CaCO3 crystals with time. In one experiment, two pore volumes 
(PVs) of bacterial suspension (OD600: 1.30) was injected into 
the chip and left for 14 hours to allow the bacteria to settle. 
Subsequently, one pore volume (PV) of cementation liquid 
containing 0.5 M Ca2+, 0.75 M urea, 3g/L nutrient broth, 0.187 
M NH4Cl and 0.025 M NaHCO3 was injected into the same 
chip. The injection speed of the bacterial suspension and 
cementation liquid were 0.05 ml/h and 0.5 ml/h, respectively. 
Images were taken at 200x magnification at different times after 
the completion of cementation liquid injection (Figure 7), 
showing that CaCO3 crystals can be clearly observed. Although 
the number of CaCO3 crystals does not change from 6 hours to 
7 days, the sizes of the individual CaCO3 crystals are increasing 
with time.  
 

   
Figure 7 Optical microscope images of a CaCO3 crystal at a) 6 hours; b) 
24 hours; c) 7 days after a single injection of cementation liquid 
containing 0.5 M Ca2+, 0.75 M urea, 3g/L nutrient broth, 0.187 M 
NH4Cl and 0.025 M NaHCO3.  

   In another experiment, the bacterial injection process was 
the same as in the earlier experiment, while the OD600 of the 
bacterial suspension before injection was 2.16. After injecting 
bacteria and allowing 12 hours for the bacteria to settle, a 
cementation liquid containing 0.1 M Ca2+, 0.15 M urea, 3g/L 
nutrient broth, 0.187 M NH4Cl and 0.025 M NaHCO3 was 
introduced with 9 injections at 12 hour intervals, and each 
injection was 1 PV. Images of the whole chip were taken 12 
hours after each cementation liquid injection, i.e. just prior to 
the subsequent injection. The injection speed of the bacterial 
suspension and cementation liquid was the same as in the 
earlier experiment. Four images taken from the centre of the 
chip are shown in Figure 8. It is shown that CaCO3 crystals start 
to build up from the 1st to the 9th cementation injection, with 
new crystals forming after the 1st injection shown by the circles 
in the images taken at 36 h and 60 h. In addition, the sizes of 
individual CaCO3 crystals increase with time. 

a) b) 

b) c) 

  c) 

a) 

d) 

(b) (a) 
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Figure 8 Optical microscope images of CaCO3 crystals at 12 hours after 
the 1st, 3rd, 5th, and 9th injection of cementation liquid containing 0.1 M 
Ca2+, 0.15 M urea, 3g/L nutrient broth, 0.187 M NH4Cl and 0.025 M 
NaHCO3. The time was recorded starting after the completion of the 
first cementation liquid injection.  
  
  Another experiment was conducted to illustrate the 
feasibility of using microfluidic chips for studying the amount 
and size of CaCO3 produced by different cementation liquid 
concentrations (Figure 9). It can be seen that 8 days after the 
completion of cementation liquid injection, the CaCO3 crystals 
produced by 1 M Ca2+ and 1.5 M urea cementation liquid are 
larger and that there are fewer of them (Figure 9 b) compared 
with the case treated with a lower concentration of cementation 
liquid (Figure 9 a). This correlation of crystals size and amount 
is consistent with the results obtained by Al Qabany and Soga 
(2013) using SEM, as shown in Figure 3.  
  

     
Figure 9 Optical microscope images of CaCO3 crystals taken 8 days 
after injecting different concentrations of cementation liquid using a 
single injection. The main components in the cementation liquid are: a) 
0.2 M Ca2+ and 0.3 M urea; b) 1 M Ca2+ and 1.5 M urea. 

4  CONCLUSIONS 

Although many studies report the macroscale behaviour of 
MICP-cemented soils in terms of strength, stiffness and 
hydraulic conductivity with increase in CaCO3 precipitation, 
there is a need to understand the fundamental mechanism of 
MICP processes at the pore scale in order to improve MICP 
efficiency and CaCO3 uniformity within the treated soil. In this 
study, a microfluidic technique is proposed to investigate the 
MICP process. Results show that the development of both 
bacteria movements and CaCO3 precipitation can be observed 
in the simulated pore scale models. This finding demonstrates 
the promise of this technique to further investigate the 
optimization of MICP using microscopic observations.  
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