
 

 

 

ABSTRACT 

JINUNG, DO. Scour Mitigation using Microbially Induced Carbonate Precipitation (Under the 

directions of Dr. Brina M. Montoya and Dr. Mohammed A. Gabr). 

 

Scour is a result of structure, soil, and fluid interactions, which induces the detachment of 

geomaterials causing a reduction in the capacity of foundations and may eventually lead to 

structural failure. Reinforcement of the geomaterial adjacent to the foundation system is widely 

used in an attempt to address the scour. However, the construction process entails the use of heavy 

machinery and the transportation of reinforcing materials, which requires sensitive assessment and 

excessive costs. Meanwhile, microbially induced carbonate precipitation (MICP) is an innovative 

way to enhance geomaterialsô engineering properties using ureolytic microorganisms to produce 

carbonate that precipitates calcium carbonate in the presence of calcium cations, which may have 

potential to mitigate scour. MICP has recently been investigated for many engineering 

applications; little has been done regarding assessing erosion or scour behavior of MICP-treated 

material. 

Therefore, the application of MICP for the aim of scour mitigation is investigated in this 

dissertation. A series of submerged impinging jet tests and triaxial tests under low confinements 

were conducted to examine the debonding mechanism of MICP-treated sand with varying levels 

of cementation. Soil column testing and direct simple shear testing were performed with diverse 

MICP recipes under the presence of magnesium and sulfate to begin to investigate the effect of 

salinity on the MICP process. A double wall pile delivery system was developed to target the 

localized cementation at the zone near the injection source. Several flow tests were completed in 

a large-scale soil box system on untreated and treated sand. A nonlinear erosion model for MICP-

treated sand is proposed as a function of level of cementation. The distribution and the material 

properties of MICP-treated sand in the box were analyzed with the considerations of reaction rate, 



 

 

 

transport rate, mass of precipitation, hydraulic conductivity, small-strain behavior, and large-strain 

behavior. An upscaling scheme was addressed using numerical analysis with the parameters 

calibrated from a tracer test. 

The presented research aims: (1) to reveal the debonding behavior of MICP-treated sand, 

(2) to examine the effect of magnesium and sulfate on the MICP process, (3) to develop an 

innovative delivery system, (4) to quantify the scour behavior on untreated and treated sand under 

submerged condition and propose an erosion model for MICP-treated sand, (5) to evaluate the 

cementation pattern of MICP-treated sand, (6) to provide a design for MICP implementation in 

situ. 
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CHAPTER 1. OVERVIEW OF DISSERTA TION  

 

1.1. Introduction  

It is estimated that more than 600,000 bridges in the United States are constructed over 

waterways (NBI 2016). Briaud (2006) reported that 60% of bridge failures from 1966 to 2005 are 

associated with hydraulic causes, especially scour. In addition, the anchoring and mooring systems 

of a broad range of offshore structures represent a major cost fraction of the installation in many 

cases, and can be a significant cost driver in the operation and maintenance process. Therefore, 

scour evaluation is a critical step for assessing the stability of foundation systems over water during 

design and post construction stages as well as throughout the operational life. 

There are traditionally two mitigation approaches to enhance the scour resistance of soils 

adjacent to foundation system (Annandale 2006). One approach is a static mitigation measure 

which seeks to place a rock armor, or similar armor material, around the foundation elements. This 

approach requires the careful design of filter layers below the armors to minimize the sinking of 

the rock layer into the bed sediments. This method is costly as it calls for the transportation and 

placement of the rock materials in a commonly dynamic flow environment. In addition to the risk 

of having the rock layer sink into the soft seabed sediments, a portion of the rock material might 

be washed away if placement takes place in high-speed current environment. A second approach 

is referred to as a dynamic approach where the scour hole is first allowed to fully develop, and 

then the hole is filled with rock armor. However, to use this approach, a superstructure could not 

be deployed until the scour hole has developed and backfilled with the rock material. This poses 

uncertainty regarding the time to reach scour depth equilibrium. There is no assurance that scour 

will not occur at the edges of the filled scour pit and still lead to reduced foundation capacity. In 



 

2 

 

addition to the uncertainty with time to installation, this is also a costly approach since mobilization 

of construction equipment is needed several times during the construction phase. 

Microbially induced carbonate precipitation (MICP) is a novel approach for improving soil 

strength and modulus by harnessing natural microbial communities to catalyze carbonate-based 

precipitation (DeJong et al. 2010). Urea is easily dissolved in water; however, it is not ionized due 

to the hydrogen bonding between urea and water molecules. Urease enzymes in ureolytic bacteria 

can hydrolyze the urea through the metabolic activity of the microbes, thus producing carbonate 

ions. With the presence of calcium, a natural bonding agent, calcium carbonation is precipitated, 

per the reaction shown in Fig. 1.1 and following Eq. (1.1): 

 

#/.( ς(/ựựự ς.( #/  Eq. (1.1a) 

#Á #/ ᴼ#Á#/  Ȣ  Eq. (1.1b) 

 

Stabilization of sand using MICP may provide an alternative solution for scour mitigation. 

The idea is to bio-mediate the soft soil around the foundation system in a zone that extends 

(laterally and with depth) 2-4 times the diameter of the area of concern (FHWA 1991). This 

geometry covers an equivalent soil mass normally susceptible to scour. Such geometry in terms of 

depth and lateral extent, for example, is necessary to ascertain the lateral capacity of pile 

foundation. MICP can be initiated by augmenting exogenous bacteria or by stimulating indigenous 

bacteria (Gomez et al. 2016) in the soil media improving the geotechnical properties with no need 

of excessive construction effort. Therefore, MICP technology is potentially suitable for enhancing 

the loose sedimentôs scour resistance under submerged conditions where the implementation of 

conventional methods can be challenging. The successful development of MICP process for scour 
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mitigation will lead to less frequent maintenance and extends the economic life-cycle cost of the 

deployed foundation system. 

 

1.2. Scope of Research 

The research presented in this dissertation involved experiments and numerical analyses at 

micro, small, large, and field scale with respect to the aim of scour mitigation under submerged 

condition (Fig. 1.2). The terminology herein, MICP stands for ómicrobially induced carbonate 

precipitation,ô instead of ómicrobially induced calcite precipitationô due to the research includes 

the mineralogy other than calcite. Initial research focus on the mechanical behavior of MICP-

treated sand using triaxial testing and submerged impinging jet testing and the inhibitory effect 

during MICP implementation using soil column testing and direct simple shear testing with 

microscale analyses. Major study was associated in a large-scale soil box measuring 0.91 m, 0.91 

m, and 0.91 m in width, length, and height, respectively in the evaluations of the scour behavior 

and the distribution of MICP-treated sand; therefore, a series of flow testing, erosion testing on 

treated surface, and boring and sampling were involved in the large-scale soil box. As MICP 

implementation at specific depth usually triggers a plugging issue at the zone near the injection 

source which prevents continued improvement, a new delivery system was introduced. Lastly, the 

implementation requirements are addressed with the use of numerical software. 

The presented research is intended: (1) to reveal the debonding behavior of MICP-treated 

sand under low confinements where scour is concerned, (2) to examine the effect of magnesium 

and sulfate on the MICP process as an initial assessment of the effect of salinity in the formation 

of calcium carbonate, (3) to develop an innovative delivery system to address the plugging issue 

at the zone near the injection source, (4) to quantify the scour behavior on untreated and treated 
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sand under submerged condition and propose an erosion model for MICP-treated sand, (5) to 

evaluate the distribution and properties of MICP-treated sand under submerged condition and 

spherical flow, (6) to provide a design for MICP implementation in situ suggesting the injection 

parameters such as zone of influence, injection volume, and injection duration. 

 

1.3. Dissertation Organization 

This dissertation consists of six additional chapters. Next five chapters are main chapters 

that have been published in conference proceeding or journal parts or will be submitted, while last 

chapter summarizes major contributions in this dissertation. Below is a brief description of the 

next chapters. 

Chapter 2 describes the debonding mechanism of MICP-treated sand by erosion and 

shearing via small-scale approach. A series of submerged impinging jet testing and triaxial testing 

were conducted with varying level of cementations quantified by shear wave velocity and mass of 

(calcium) carbonate. The change in the hydraulic conductivity was also evaluated before and after 

treatment. The erodibility parameters were quantified as a function of mass of carbonate using 

linear erosion model. The shear response under low confinements were examined and compared 

with data from literature. This chapter was published in Geomechanics and Engineering, An 

International Journal authored by Jinung Do, Brina Montoya, and Mohammed Gabr. 

Chapter 3 investigates the effect of foreign components, especially focusing on magnesium 

and sulfate one the MICP process. Twenty-eight cases of soil column testing were conducted for 

the specimens treated under the presence of magnesium and sulfate with varying MICP recipes. 

The effect of magnesium and sulfate was evaluated in terms of mass of carbonate, micro-scale and 

elemental analyses. Four direct simple shear testing were performed for the specimen treated by 
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MICP under the presence of magnesium. The variations of stiffness and strength on the treated 

material were analyzed. Chemical modeling was used to confirm the possible mineralogy and the 

effect of foreign species in calcium carbonate growth under given recipes. This chapter is intended 

to be submitted to a special edition of Soils and Foundations (or similar, as deemed by the 

organizers of B2G) authored by Jinung Do, Qianwen Liu, Ashkan Nafisi, Pegah Ghasemi, 

Kyunguk Na, Safavi Zadeh Shahin, Brina Montoya, and Mohammed Gabr. 

Chapter 4 begins to demonstrate the óscourô behavior of untreated and treated model media. 

A large-scale soil box of 0.73 cm3 in volume with a sheet flow system was constructed to manifest 

the structure-soil-fluid interaction. An innovative delivery system was introduced in an attempt to 

address the heavy reduction of the hydraulic conductivity at the zone near the injection source. A 

nonlinear erosion model for MICP-treated sand was also proposed using the treated surface in the 

box. 

Chapter 5 explores the cementation pattern of the cemented model media after the flow 

testing in Chapter 4. Various approaches including shear wave velocity, mass of carbonate, global 

and local hydraulic conductivities and cone tip resistance were used to assess the distribution and 

material properties of MICP in sand under submerged condition and spherical flow. A distribution 

factor incorporating reaction and transport rates was taken to evaluate the distribution 

characteristics of MICP, while an empirical parameter accommodating a small-strain behavior and 

a large-strain behavior was manipulated to identify the level of cementation by MICP in situ. This 

chapter is an enriched version of the conference proceeding of Geo-Congress 2020 authored by 

Jinung Do, Brina Montoya, and Mohammed Gabr; a journal paper will be prepared by the same 

authors to incorporate all of the data in this chapter. 
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Chapter 6 suggests the required parameters for MICP implementation in field through a 

numerical investigation. Seepage and chemical transport analyses were operated to evaluate the 

MICP design parameters for field implementation protocol such as zone of influence, injection 

volume, and injection duration. A tracer test was preceded to derive transport parameters. This 

chapter was published in Geotechnical Special Publication of Geo-Congress 2019 authored by 

Jinung Do, Brina Montoya, and Mohammed Gabr. 

Finally the main contributions achieved in this research are encapsulated in Chapter 7. 
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Figures 

 

 

  

Figure 1.1. Conceptual scheme of microbially induced carbonate precipitation 

Figure 1.2. Flow of research in this dissertation 
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CHAPTER 2. DEBONDING MECHANISM OF MICROBIALLY INDUC ED 

CARBONATE PRECIPITAT ION-STABILIZED SAND  BY SHEARING AND EROSION 

AT SMALL SCAL E 

 

This chapter was published in Geomechanics and Engineering, An International Journal 

(Do et al. 2019a) in the development based on the conference proceedings as Do et al. (2017) and 

Montoya et al. (2018). The contexts is presented herein, with editorial edits. 

 

Citation: 

Do, J., Montoya, B. M., and Gabr, M. A. (2019). ñDebonding of Microbially Induced Carbonate 

Precipitation-Stabilized Sand by Shearing and Erosion.ò Geomechanics and Engineering, An 

International Journal, 17(5), 429-438. 

 

Abstract 

In this chapter, the shear response and the erodibility of MICP-treated sand under axial 

compression and submerged impinging jet were evaluated under low confining stresses as the 

outset of this research. Loose, poorly graded silica sand was used in testing. Specimens were 

cemented at low confining stresses until target shear wave velocities were achieved. Results 

indicated that the erodibility parameters of cemented specimens showed an increase in the critical 

shear stress by up to three orders of magnitude, while the erodibility coefficient decreased by up 

to four orders of magnitude. Such a trend was observed to be depended on the level of cementation. 

The treated sand showed dilative behavior while the untreated sands showed contractive behavior. 

The shear modulus as a function of strain level, based on monitored shear wave velocity, indicated 
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mineral debonding may commence at 0.05% axial strain. The peak strength was enhanced in terms 

of emerging cohesion parameter based on utilizing the Mohr-Coulomb failure criteria. 

 

2.1. Introduction 

Several researchers have focused on the mechanical behavior of MICP-treated soils. Lin et 

al. (2016) and Feng and Montoya (2015) observed the shear responses of treated sands under axial 

compression at the confining stress range of 25 kPa to 100 kPa and 100 kPa to 400 kPa, 

respectively. Lin et al. (2016) indicated that the cohesion of MICP-treated sand improved with no 

discernable increase in the friction angle, while Feng and Montoya (2015) presented the 

improvement of the fiction angle with insignificant increase in the cohesion parameter for a range 

of stresses for which the failure envelope was observed to be linear rather than curved. In addition, 

the commencement of bonding breakage occurs before reaching the peak stress level on the stress-

strain relationship (Do et al. 2017, Feng et al. 2017). On the other hand, Maleki et al. (2016) and 

Zhan et al. (2016) demonstrated the high resistance of MICP-treated soils to wind-induced erosion 

for fugitive dust control. Jiang et al. (2017) induced the internal erosion of MICP-treated sand-clay 

mixtures through seepage, and derived erosion-related parameters (e.g., peak erosion rate, erosion 

coefficient) for given levels of cementation. 

In this paper, the erodibility and the shear response of MICP-treated sand under submerged 

impinging jet and axial compression, respectively, were evaluated to understand the shear strength 

behavior and erosion potential of MICP-treated sand at low confining stresses. The scope 

presented herein includes triaxial testing, submerged impinging jet (mini JET apparatus) testing, 

and microscale analysis on uncemented and MICP-cemented sand specimens. 
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2.2. Materials and Methods 

2.2.1. Test Soil 

A test sand from a local quarry (X-FINE SAND, 99.72% of Silica, Southern Products & 

Silica Company, Inc., Hoffman, NC) was used. The sand has specific gravity (Gs) equal to 2.66, 

the mean particle size (D50) is 0.49 mm, the minimum and maximum void ratio (emin and emax) are 

0.61 and 0.91, respectively, and classified as poorly graded sands (SP) under the Unified Soil 

Classification System (USCS, ASTM 2011). The specimens for testing were prepared by air 

pluviation to a relative density (Dr) of approximately 30%. 

 

2.2.2. Triaxial Testing 

The shear response of the MICP-treated sand was evaluated using drained triaxial 

compression (Fig. 2.1a). The targeted dimensions of the specimen were 72 mm in diameter and 

144 mm in height. Assuming that the submerged soilôs unit weight is approximately 10 kN/m3 

(e.g., 20 kN/m3-9.81 kN/m3), a pile diameter equal to 3 m, and the maximum scour depth is twice 

the pile diameter (FHWA 1991), the effective overburden stress within the depth prone to scour 

ranges from 0-60 kPa. Three levels of confining pressure were needed to ascertain the strength 

parameters. Therefore, effective confinement stresses of 10 kPa, 30 kPa, and 50 kPa were used to 

represent relevant in situ stress levels. Each test sample was saturated before biological 

inoculation, then treated while vented to prevent the specimen from desaturating by gas released 

during the ureolytic process. Once the specimen reached the target level of cementation, the 

specimen was fully saturated by back pressure until the B-value is over 0.95. Due to the focus on 

the calcium carbonate precipitation process, CO2 was not used to facilitate the saturation phase. 

Instead, high levels of back pressures (e.g., 200~400 kPa) were applied for longer period of time 
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(e.g., up to two weeks) until the target B-value was achieved. Finally the axial compression under 

drained conditions was applied until 12% axial strain was reached. 

The MICP process was monitored during the treatment process by measuring the shear 

wave velocity (Vs) using bender element sensors installed within the triaxial sample end caps. A 

stainless steel wire was inserted at the receiving bender element to reduce electrical crosstalk in 

the received signal (Montoya et al. 2012). A 10 V sinusoidal wave with 10 kHz frequency was 

generated by a function generator (Agilent 33522A) and received by a digital oscilloscope (Agilent 

MSO6014A). The pre-measured tip-to-tip distance was divided by the first arrival time of the 

propagated signal to calculate the shear wave velocity of the specimens. Montoya and DeJong 

(2015) proposed three representative shear wave velocities at 1 atmospheric pressure to distinguish 

the various levels of cementation based on the site classification defined by NEHRP (2003). Three 

values were selected as target levels of cementation: 400 m/s for lightly, 700 m/s for moderately, 

and 1200 m/s for heavily cemented soil. 

 

2.2.3. Submerged Impinging Jet Testing  

A submerged impinging jet testing device, called mini JET, measuring a diameter of 101.6 

mm and a height of 116.4 mm was used to assess the erodibility of the treated specimens (Fig. 

2.1b). Each test specimen was treated under 50 kPa of effective overburden pressure. During the 

mini JET testing, the surface of the test material was subjected to erosion by a jet induced via a 

constant differential head. The applied shear stress (Űi) is calculated as a function of the pressure 

head (h), the nozzle diameter (d0), and distance between the jet orifice and the surface of material 

(Ji+s) as shown in Eq. (2.1) (Al -Madhhachi et al. 2013): 
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† ὅ” ὅ ςὫὬ   Eq. (2.1) 

 

where, Cf is a coefficient of friction = 0.00416, ɟw is a fluid density = 1000 kg/m3, C is a coefficient 

of discharge measured, g is a gravitational acceleration, Cd is a diffusion constant = 6.3, Ji is an 

initial distance between the nozzle and un-deformed soil surface, and s is a scoured depth due to 

the induced impinging jet. The potential energy due to established head differential (h) causes a 

shear velocity at the nozzle (Cã2gh) providing a shear stress at the nozzle (Cf×ɟw(Cã2gh)2). The 

applied shear stress at the nozzle is converted to an applied shear stress at soil surface using the 

relationship with the nozzle diameter (d0) and the distance between the nozzle and soil surface 

(Ji+s) as given by Eq. (2.1). During testing, the head differential (h) was increased until the scour 

was initiated. The value of h usually increased from 0.1 m (Űiå0.1 Pa) to 5 m (Űiå90 Pa) until the 

scour was observed. Once the scour was initiated, the scoured depth and corresponding time were 

recorded until no more scour occurs under the constant pressure. At this equilibrium state, the 

applied shear stress is called a critical shear stress (Űc). The detailed of the testing procedures are 

described by Khanal et al. (2016). 

An erosion model with erodibility parameters including critical shear stress and erodibility 

coefficient was used to quantify the detachment process of the test sand. The induced erosion rate 

(Ůr) is expressed per Eq. (2.2) (Temple 1992): 

 

‐ Ὧ † †   Eq. (2.2) 

 

where, Ůr is an erosion rate, kd is a erodibility coefficient, and Ŭ is an exponent usually assumed to 

be unity for sandy soils (Hanson and Cook 2004). Ůr and Űi are erosion variables, while kd and Űc 
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are called erodibility parameters. Assuming Ŭ=1 as a starting point of this research, Űc was 

calculated at where Ji+s reaches equilibrium, then kd was derived using Űi, Ůr, and calculated Űc. 

Bender elements were also attached at the top and bottom caps of the specimens used for scour 

testing, in a manner similar to the triaxial setup, to monitor the improvement of shear wave velocity 

of the specimens. 

 

2.2.4. Treatment 

Sporosarcina pasteurii (American Type Culture Collection, ATCC 11859) was incubated 

in a growth media (ATCC 1376) at 200 rpm and 30 °C until the optical density at a wavelength of 

600 nm, OD600, was approximately 1.0. Two pore volumes of the bacterial inoculant (e.g., 0.333 

M of urea, 0.374 M of NH4Cl, and 15 ml/100 ml bacterial suspension) were introduced into 

specimens with the seepage velocity of 0.0091 cm/sec as presented by Feng and Montoya (2015). 

After 6 hours retention, the cementation solution composed of 0.333 M of urea, 0.374 M of NH4Cl, 

and 0.05 M of CaCl2, was injected with 6, 6, and 12 hours intervals until the target shear wave 

velocity was achieved. Once the targeted cementation level was achieved, the treated specimens 

were flushed with water to eliminate further reactions inside the specimen. 

 

2.2.5. Assessment 

Before and after treatment, constant head tests were conducted to evaluate the hydraulic 

conductivity of the specimens. After the completion of the triaxial testing, each sheared specimens 

under a membrane was stretched out to its original height. The remolded specimen was divided 

into 7 segments of approximately 2 cm each. The segments were then washed using 1 M hydrogen 

chloride to quantify the distribution of the precipitated calcium carbonate. In case of the impinging 
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jet system, the specimen was extracted from the mold after testing, and the mass of calcium 

carbonate was measured in the same manner applied to the triaxial specimens. The mass of calcium 

carbonate was expressed in percent as the ratio of the mass of calcium carbonate over the mass of 

the untreated soil gravimetrically. Then the erodibility parameters were correlated as a function of 

the level of cementation. 

The shear wave velocity (Vs) was assessed as a function of the strain during the shearing 

phase of the triaxial testing. The strength parameters (friction angle and cohesion) were derived 

on the basis of the Mohr-Coulomb failure criterion. Based on the derived strength parameters, the 

stress-dilatancy relation of treated sand was evaluated according to the model presented by Zhang 

and Salgado (2010). 

Microscopic analysis including variable pressure scanning electron microscopy (SEM, 

Hitachi S3200N) and an energy-dispersive X-ray spectroscopy (EDS, Oxford Instruments X-Max) 

with a beam accelerating voltage of 20 kV and a beam current of 80 nAmps were used to 

understand the morphological and elemental characteristics of cemented particles. Samples were 

coated with 42 nm of gold-palladium (60% of Au and 40% of Pd) prior to the scanning. The X-

ray energy was analyzed by Aztec (Oxford Instrument). 

 

2.3. Results 

2.3.1. Detachment Behavior 

The improvement of the shear wave velocity as a function of the number of injections is 

shown in Fig. 2.2. Three lightly, three moderately, and two heavily cemented specimens were 

treated to evaluate the erosion resistance as a function of cementation level. After flushing the 

specimen with water and measuring the hydraulic conductivity, the impinging jet erosion testing 
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was conducted on specimens with various levels of cementation. Data in Fig. 2.3 include the 

applied shear stress calculated by Eq. (2.1) once the scour was initiated. In this case, the untreated 

specimen was scoured rapidly and an ultimate scour depth was reached within one minute under 

the lowest applied shear stress (0.16 Pa). However, the MICP-treated specimens tolerated higher 

applied shear stresses with lower scour magnitude. In addition, the time to reach the ultimate scour 

depth increases, in general, with the level of cementation (e.g., moderately and heavily cemented 

ones). 

Briaud (2013) proposed an erodibility chart based on the applied shear stress and the 

erosion rate for different geomaterials. The initial applied shear stress after the occurrence of the 

scour, and the corresponding initial erosion rate are plotted on the erodibility chart (Fig. 2.4). The 

untreated and lightly cemented specimens show an erodibility level equivalent to that of sand, 

while the moderately and heavily stabilized sand specimens show erodibility levels equivalent to 

that of low to high plastic silts and lean clay. 

The relationship between the scour depth and time is merely dependent on the level of the 

applied shear stress. Data in Fig. 2.5 represent the correlation between erodibility parameters 

calculated by Eq. (2.1) and (2.2) and the level of cementation. The derived erodibility parameters 

were correlated with the relevant mass of calcium carbonate (i.e., at top segment of the specimen) 

as the erosion during testing occurs mainly at and near the surface. The critical shear stress values 

are improved up to three orders of magnitude, while the corresponding erodibility coefficients are 

reduced by nearly four orders of magnitude compared to the unstabilized specimen. Therefore, it 

seems at least mc=2% (e.g., moderate levels of cementation) may be needed to increase the 

resistance of sand against erosion. Thus, as moderately treated specimens showed a threshold 
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cementation level for the improvement in erosion resistance, three specimens with moderate level 

of cementation were prepared to assess the potential improvement in shear strength. 

 

2.3.2. Shear Response 

The improvement of the shear wave velocity during the treatment of the triaxial testing 

specimens are shown in Fig. 2.2. As the shear wave velocity is a function of the confining stress, 

different number of injections were observed to achieve the similar target shear wave velocities of 

the various specimens. The untreated and treated specimens were sheared and showed different 

failure modes as shown in Fig. 2.6. The untreated specimen showed a bulging mode at 12% axial 

strain (Fig. 2.6a), while clear shear bands were observed for the treated specimen (Fig. 2.6b). Thus, 

the failure mode changes from ductile to brittle failure as the calcite precipitation is achieved. 

Interestingly, two shear bands were observed for the treated specimen as a secondary shear band 

was generated after the occurrence of the primary shear band. Feng et al. (2017) explained the 

shear band of MICP-treated sands occurs due to the densification of effect from the crystal 

formation. It is possible that cumulative densification during shearing induces secondary shear 

band in association with the dilative behavior. 

The relationship between the stress and strain and the changes in the shear stiffness of 

untreated and treated sands under axial compression are shown in Fig. 2.7. All unstabilized 

specimens (solid lines in Fig. 2.7a) show hardening until around 2% axial strain and converged to 

plateau stress level, representative of specimens tested in a loose state. However, the MICP-

stabilized specimens (dotted lines in Fig. 2.7a) show rapid increase in the deviatoric stress at the 

beginning of shearing, reaching a peak strength, and then softening in a manner similar to dilative 

behavior of dense soils. The volumetric strain supports the dilative behavior as the volumetric 



 

17 

 

strain range for untreated sands is 1.8~2.7%, while those for treated sands are 4.6~6% as positive 

volumetric strains are dilative. Due to the same level of stiffness (i.e., Vs), the initial slopes of the 

stress-strain relationship of treated sands are similar prior to the peak point. Not only the peak 

stress of the specimens, but also the residual stresses of MICP-treated sands is higher than the 

ultimate stress of the untreated sands. 

The measured shear wave velocity was normalized with respect to the confining stress 

(ɟVs
2/[pǋĀpa]

1/2=G/[pǋĀpa]
1/2; ɟ: soil density, pǋ: mean effective principal stress, pa: atmospheric 

pressure, G: shear modulus). Such presentation meant to normalize the results with respect to the 

effect of increasing confining stress, so that the debonding process of the cemented sands with the 

progress of shearing can be more clearly evaluated. Fig. 2.7b shows an indication of the possible 

macroscale debonding of MICP-treated sands under shearing with increase in axial strain. The 

normalized shear modulus of unstabilized specimens remains nearly constant over the strains range 

(e.g., G/[pǋĀpa]
1/2=1500). On the other hand, the normalized shear modulus of bio-treated 

specimens show a significant drop in the normalized shear modulus starting at approximately 0.1% 

axial strain, while the peak stresses are observed later at 0.3% strain. This observation implies that 

the onset of macroscale debonding occurs at strain (0.05~0.1%) causing the global yielding at 

0.5~1% strain. After reaching the peak strength, the shear stiffness remains roughly constant, 

therefore, most debonding effect on the normalized shear modulus of the MICP-treated sands takes 

place before observing the peak strength. 

 

2.3.3. Distribution of Cementation 

The mass of calcium carbonate (mc) as a function of the height of the specimen is shown 

in Fig. 2.8. The results show that the patterns of cementation distribution are not identical for 
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similar target shear wave velocities. The precipitated profile is affected by the distribution of 

bacteria, the direction of flow, and the number of treatment. Non-uniformity of the profile seems 

to increase with increasing number of treatments. While high mc is expected at the source of the 

injection, the precipitated crystals begin to transport further from the location of the injection 

following the direction of flow, as was observed Martinez et al. (2014). The applied hydraulic 

gradient attributes the distribution of the precipitated crystal as well because the induced seepage 

forces transport the nucleate crystals to further locations along the direction of the flow before 

fixation on the particles occurs (Martinez et al. 2014). 

The calcium carbonate distribution over the whole specimen influences the shear response 

of the specimen because the load is globally transferred throughout the domain. However, in the 

case of erosion potential, and during the impinging jet testing, the mc for the top part near surface 

of the specimen is the most influential because the diffusion of the jet is mainly applied on the 

surface of the treated specimen. 

 

2.3.4. Hydraulic Conductivity  

The hydraulic conductivities of untreated and treated specimens were measured. The 

magnitude of the hydraulic conductivity is related to the potential for dissipation of induced pore 

pressure, and consequently affects shear response and detachment process (Fig. 2.9). An averaged 

mass of calcium carbonate throughout the height was used to correlate with the measured hydraulic 

conductivity. Even after the cementation has occurred, the hydraulic conductivity did not seem to 

change significantly. The hydraulic conductivities of the specimens confined isotropically (i.e., 

TX) decreased by approximately 50% as the confinement stress is lowered. Since the shear wave 

velocity is a function of the confining stress, more cementation is required to achieve same level 
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of shear wave velocity compared to specimen confined at higher stress (Fig. 2.2); the higher stress 

level can cause higher reduction of the hydraulic conductivity. In case of mini JET setup, the 

hydraulic conductivity shows approximately 25% variations. Different mechanism of the flow 

under different confining stress could affect the change in the hydraulic conductivity values of the 

treated sand. 

Garcia-Bengochea and Lovell (1981) established that the hydraulic conductivity is highly 

governed by flow through the relatively larger sized pores. Recent research by Dadda et al. (2019) 

revealed cases for which calcium carbonate precipitation during the MICP process is mostly 

localized at the particlesô contact points rather than uniformly distributed along the particle surface. 

It is therefore likely that the nature of change in k with the introduction of the MICP process is not 

unique but rather is a function of the treatment protocol leading to the cementation. It seems that 

there is a threshold level of precipitation that is needed to induce the reduction of the hydraulic 

conductivity. On the other hand, if the large-size pore are not impacted by the precipitation process, 

then fluid flows preferentially through less cemented area, and it is reasonable to anticipate slight 

change in the hydraulic conductivity. 

 

2.3.5. Microscopic Analysis 

A stabilized specimen under 10 kPa confinement was collected after triaxial testing and 

used for SEM (Fig. 2.10) and EDS (Fig. 2.11) to analyze the precipitated morphology and 

constituents. As shown in Fig. 2.10b, MICP generally occurs at the particle contacts as well as the 

particle surfaces (DeJong et al. 2010). The cementation at particle contact points primarily attribute 

to the peak strength of the soils. Compared to Fig. 2.10a, data in Fig. 2.10b show the precipitated 

crystals at the particle contact points which directly influence the improvement of the shear 
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strength and stiffness, as well as the precipitation at the particle surfaces which attribute to the 

residual strength (Bolton 1986, Kim and Park 2017). The EDS results support the evidence of the 

cementation induced by MICP as the calcium and the carbon are observed in Fig. 2.11b is 

compared to Fig. 2.11a in which mainly silica is shown. 

 

2.4. Discussion 

2.4.1. Strength Parameters depending on Stress Range 

Based on the peak strength and the stress-strain relationship, the Mohr-Coulomb failure 

envelop is shown in Fig. 2.12. The strength was improved by exhibiting an increase in the cohesion 

(c) with cementation (e.g., an increase in cohesion from 0 kPa to 46 kPa) while the friction angle 

(e.g., a friction angle of 35º) remained constant assuming a linear Mohr-Coulomb failure envelop 

over the testing stress range. This enhancement is similar to observation on synthetically cemented 

and biopolymer treated sands by Clough et al. (1981) and Qureshi et al. (2017), respectively. 

It is important to note that the failure envelop varies according to the level of confinement 

as summarized in Table 2.1. Results presented in Table 2.1 are from the moderately cemented 

specimens (e.g., Vs=~600-800 m/s). Data at the low confinement in this study and Lin et al. (2016) 

show the improvement in shear strength from MICP results to include a change in the cohesion 

parameter from 0 kPa to 50 kPa and 58 kPa, respectively, while the friction parameter remains 

relatively constant (Table 2.1). In contrast, at higher confinement, the main improvement in shear 

strength was captured as an increase in friction angle with a small increase in the cohesion 

parameter (Feng and Montoya 2015). Recent research by Nafisi et al. (2019) observed the shear 

strength envelopes of bio-cemented sands are nonlinear depending on the range of effective 

confinement. This suggests that there may be a transitional stress range where the nature of 
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improvement in shear strength changes from cohesion-dominant to friction angle-dominant; 

additional work is needed to better understand this behavior. 

 

2.4.2. Dilatancy Tendency of MICP-Stabilized Sand 

The stress-dilatancy relation of untreated and treated sands can be derived from Mohr-

Coulomb failure criteria as according the model presented by (Zhang and Salgado 2010) as Eq. 

(2.3): 

 

Ὠ    Eq. (2.3) 

 

where, d is a dilatancy rate as ‐Ⱦ‐ (‐: plastic volumetric strain rate, ‐: plastic deviatoric strain 

rate), ɖ is a stress ratio as q/pǋ, M is a stress ratio at critical state defined as ɖ at 12% axial strain in 

this paper, and Mc is a cohesion factor given by Eq. (2.4): 

 

ὓ  Eq. (2.4) 

 

The dilatancy-stress ratio relationship is shown in Fig. 2.13. When the plastic volumetric 

strain rate is higher than the plastic deviatoric strain rate, d is larger than 1, and vice versa. Data in 

Fig. 2.13 show that ‐ values of untreated sands are lower than ‐ and therefore d is always lower 

than unity (e.g., -0.9 to -0.1). When untreated sand reaches the peak stress, the computed dilatancy 

rates are equal to zero. d values at Ůa=12% are almost zero and no dilatancy is observed. Therefore, 

the untreated sands show contractive behavior. However, treated sands generally show d=1.4-1.5 
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at the beginning phase of the shearing, and decrease until the stress ratio reaches the peak strength 

of soils. Thereafter, d increases again as the strain increases. As the confinement lowers, the 

dilatancy rate shows higher for MICP-treated sands. All d values at the peak stress locate below 

d=1 as 0.57, 0.05, and 0.2 for the specimens under pǋc=10 kPa, 30 kPa, and 50 kPa, respectively. 

However, d values at Ůa=12% vary according to the confinement as 1.32, 1.0, and 0.7 for 10 kPa, 

30 kPa, and 50 kPa, respectively. It implies that the specimen is highly dilative at small strain, but 

becomes contractive until the occurrence of the peak stress due to the breakage of the bonding. 

The softening behavior is observed with increasing strain; however, the dilatancy increases as the 

specimen densified due to the shearing with drainage. The results show that MICP-treated sands 

exhibit well defined dilative behavior, versus the contractive behavior of untreated sands. 

 

2.4.3. Debonding of MICP-Stabilized Sands 

Although the calcium carbonate precipitation on the particle surface increases the shear 

resistance of sand, it is not the main contributor to the improvement of the erodibility resistance. 

Particle detachment is less affected by the roughness of soils than the bonding between particles 

(Briaud et al. 2017). As addressed in section 2.4.1, it implies that the improvement of soilôs 

erodibility was mainly achieved by adding a cohesion component. 

An alternative precipitation pattern, as for example, under unsaturated condition can 

potentially provide higher resistance against erosion as the menisci at particle contact facilitate the 

preferential precipitation mainly at particles contact points rather than on the particle surfaces 

(Cheng et al. 2013). Potential scour resistance under unsaturated conditions can for example be 

used to strengthening a levee against crown scour due to plunging overtopping floodwater (as has 

occurred during Hurricane Katerina) is an example of such application. In addition, the slight 
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change in the hydraulic conductivity observed in this study with the introduction of the MICP 

process facilitates the erodibility improvement because the material remains permeable, allowing 

induced pore pressure to dissipate. 

The removal of overburden pressure can cause the calcium carbonate bonds to degrade 

(Montoya et al. 2019). This phenomena has implications for the erodibility assessments, as the 

sand was cemented under a confinement of 50 kPa which was then removed for the impinging jet 

tests. Figure 2.7b showed that debonding is initiated at approximately 0.1% axial strain as the 

cementation renders the soils brittle. Therefore, unloading, even at low overburden stress, may 

lead to particle debonding depending on the level of cementation. 

 

2.5. Conclusions 

Data from this study indicated the MICP process improves the strength and resistance to erosion 

of sand via bonding the particles with calcium carbonate. The summarized conclusions are as 

below: 

 

1. The improvement is achieved through the addition of a cohesion component as assessed 

using the Mohr-Coulomb criterion. Microscopic analysis showed that precipitation 

takes place at the particle contact points as well as on the particle surfaces. 

2. The change in the hydraulic conductivity with the introduction the MICP process under 

low confining stress are found to be minimal, since the cementation is achieved by 

forming mineral bridges between particle contact points rather than filling the entire 

voids.  
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3. The erodibility of treated sand under submerged impinging jet indicated substantial 

increase in the critical shear stress and decrease in the erosion rate parameter. Such a 

trend was observed as a function of level of cementation. These results indicate 

sufficient potential of MICP for the purpose of erosion and scour mitigation. 

4. Data from triaxial testing indicated that potential debonding of MICP-treated sand was 

initiated at a relatively small strain; softening behavior was attributed to the occurrence 

of such debonding. The treated specimens exhibited more of a dilative behavior 

compared to the untreated specimens. In this case, the treated sand shows brittle failure 

with distinct shear bands, while the untreated sands exhibited a ductile failure with a 

bulging deformation mode. The shear wave velocity was monitored during shearing 

and its value provided an indication of bond degradation and, therefore, a better 

understanding of the shear response of the bio-treated soils. 
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Tables 

Table 2.1. Improvement of MICP-treated sands under different confinements 

Reference This study Lin et al. (2016) Feng and Montoya (2015) 

Confining [kPa] 10 / 30 / 50 25 / 50 / 100 100 / 200 / 400 

Cohesion [kPa] 0 Ÿ 50 0 Ÿ 58 0 Ÿ 5 

Friction [°] 35 Ÿ 35 32 Ÿ 31 33 Ÿ 37 
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Figures 

 

 

 

 

Figure 2.1. Testing devices 

Figure 2.2. Improvements of specimenôs shear wave velocity during treatment. Triangular symbols 

indicate specimens for triaxial testing, while rectangular symbols represent those for mini JET 

testing denoted óTXô as triaxial testing, óJETô as mini JET testing, óLô as lightly (Vs ~400 m/s), 

óMô as moderately (Vs ~700 m/s), and óHô as heavily cemented (Vs ~1200 m/s). 
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Figure 2.4. Initial erosion rate-initial shear stress relationship with erodibility chart proposed by 

Briaud (2013) 

Figure 2.3. Results of mini JET testing with diversely cemented specimens 
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Figure 2.5. Correlation with respect to the erodibility parameters and level of cementation 

Figure 2.6. Different failure modes after shearing under 50 kPa confining stress 
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Figure 2.7. Results of triaxial testing with denoted values as the confines stresses, óUô as untreated 

and óTô as treated sands 

Figure 2.8. Precipitation profile of mini JET and triaxial testing 
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Figure 2.9. Hydraulic conductivities before and after treatment 

Figure 2.10. SEM images 
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Figure 2.11. EDS results 

Figure 2.12. Mohr-Coulomb failure envelope on untreated and treated sands based on peak stress 
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Figure 2.13. Dilatancy tendency on untreated and treated sands using dilatancy rate proposed by 

Zhang and Salgado (2010). Solid arrows indicate the end of the shearing as Ůa=12%. 
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CHAPTER 3. EFFECT OF MAGNESIUM AND SULFATE ON MICRO BIA LLY 

INDUCED CARBONATE PR ECIPITATION  

 

This chapter is intended to submit to Soils and Foundations as the special issue for Bio-

mediated and Bio-inspired Geotechncis, B2G Atlanta 2018 Symposium or similar journal authored 

by Do, J., Liu, Q., Nafisi, A., Ghasemi, P., Na, K., Safavi Zadeh, S.S., Montoya, B.M, and Gabr, 

M.A.. The author was in charge of all experiments except for the direct simple shear testing in this 

chapter, and entirely organized the paper. 

 

Abstract 

The effect of Mg and SO4 on the MICP process was investigated in this chapter in the 

consideration of MICP implementation to marine environment. A series of soil column tests and 

direct simple shear tests were designed with varying MICP recipes under the presence of Mg, and 

SO4. Chemical modeling was used to predict possible mineralogy and inhibition effect at given 

recipes. Micro-scale observation and elemental analyses revealed that MICP worked properly with 

insignificant incorporation of Mg and SO4 in CaCO3 precipitation as well as stiffness and strength 

improvements. However, the presence of SO4 at high urea and calcium concentrations induced 

less efficiency of CaCO3 precipitation. 

 

3.1. Introduction  

The majority of MICP-related research to date have evaluated the mechanical behavior of 

treated soil (Do et al. 2019, Feng and Montoya 2015, Lin et al. 2016, Montoya and DeJong 2015), 

the biochemical observation during the process (Fidaleo et al. 2003, Mortensen et al. 2011, 
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Omoregie et al. 2017, Safavi Zadeh et al. 2018), modeling (Dadda et al. 2019, Martinez et al. 2014, 

Nassar et al. 2018, van Wijngaarden et al. 2016), among others. However, natural environments 

usually consist of diverse chemicals other than Ca2+ and CO3
2-, which are the core cations and 

anions one the MICP process. For example, freshwater contains NaHCO3 (0.1-4.6 mM), MgSO4 

(0.6-19.4 mM), CaSO4Ā2H2O (0.04-1.4 mM), KCl (0.007-0.2 mM) as most typical components 

with different levels of hardness (Eaton et al. 1995, Mortensen et al. 2011). Saltwater has various 

chemical components such as Cl- (544.1 mM), Na+ (468.9 mM), Mg2+ (54.3 mM), SO4
2- (27.7 

mM), K+ (10.7 mM), Ca2+ (10 mM), HCO3
- (3.3 mM), and others (Orr 2008, Pilson 2012). 

The inhibition of mineral precipitation occurs due to competition among chemicals to 

adsorb a nucleation site (Lin and Singer 2005). Folk (1974) addressed that there are two factors 

affecting the crystal precipitation: the rate of precipitation and the precipitation environment. In 

purely chemical side, there have been several studies on the inhibition of CaCO3 precipitation such 

as the effect of Mg, SO4, PO4, Fe, Cd, St, etc. (Dobberschütz et al. 2018, Folk 1974, Katz et al. 

1993, De Leeuw 2002, Lin and Singer 2005, Reddy and Nancollas 1976, Zavarin and Doner 2005) 

Mg is a known inhibitor in the crystallization of CaCO3 due to its high electronegativity out of the 

other divalent cations available in freshwater and saltwater (Davis et al. 2000, Folk 1974, Reddy 

and Nancollas 1976). When Mg is involved in the process of CaCO3 precipitation, Mg interferes 

in the mutual structuration of Ca sheets and CO3 sheets as Mg bends the Ca sheet. Therefore, 

according the amount of Mg and the rate of precipitation, the mineralogy of CaCO3 varies calcite, 

vaterite, aragonite, magnesite, dolomite, or a combination of these minerals, which results in 

different characteristics such as morphology, solubility, chemical stability, and so on (Fig. 3.1) 

(Folk 1974, Gustafsson 2012, van Paassen 2009, Reddy and Nancollas 1976). SO4 can be 

considered an anion inhibitor to replace the CO3 ion; however, Reddy and Nancollas (1976) 
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concluded SO4 does not interact with CaCO3; therefore, it does not retard the crystal growth rate 

or alter the morphology. On the contrary, Dobberschütz et al. (2018) addressed that SO4 affects 

CaCO3 growth less strongly than Mg, but still inhibits the process based on their microkinetic 

model. The mineralogy of CaSO4 can be anhydrite, epsomite, and gypsum in general (Gustafsson 

2012). 

The inhibitory effect on MICP can be altered by a biological side or/and a chemical side. 

Martin et al. (2012) and Li et al. (2018) showed the inhibition by oxygen availability inducing the 

degradation of the bacteria resulting in Sporosarcina pasteurii, which is the most common 

ureolytic bacteria in MICP application, is unable to be reproduced under anaerobic condition. 

Liang et al. (2013) and Zhao et al. (2015) showed acetol, 5-hydroxymethylfurfural, phenolic, and 

furfural are strong inhibitors for bacterial growth. For the chemical side, there are a few research 

about the effect of foreign species directly to the application of MICP. Mortensen et al. (2011) 

observed higher improvement of the shear wave velocity (Vs) during the MICP process as the 

salinity in the solution (50 mM urea, 56.7 mM NH4Cl, and 50 mM CaCl2) increases from 0 g/l 

showing Vs=350 m/s to 26.8 g/l showing Vs=650 m/s. Cheng et al. (2014) showed that MICP-

treated sand under seawater has higher unconfined compressive strength than one under freshwater. 

These results imply that the chemical available in the saltwater (e.g., Ca and HCO3) attributes 

larger sources of the precipitation than ones in the water-based MICP solution with natural soil. 

Safavi Zadeh et al. (2018) studied the effect of MICP in coal ash and corresponding inhibition 

effect, and said that Fe in coal ash inhibits the MICP process. 

In the summary of the literature review aforementioned, Mg and SO4 can be an outset to 

study about the effect of foreign species on the bio-cementation process in ground and marine 

environments. In this study, a series of column tests with varying urea and Ca concentrations was 
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performed under the presence of Mg and SO4 to evaluate their effect on CaCO3 formation by MICP. 

The geotechnical characteristics were evaluated based on the results of direct simple shear tests. 

Treated samples were examined at micro- and elemental-scale analyses. Two chemical modeling 

were used to compare the chemical behavior to the experimental results. The results in this study 

can broaden the knowledge for future implementation of MICP in environments where Mg and 

SO4 are expected to exist, such as off-shore or near shore conditions. 

 

3.2. Experimental Program 

3.2.1. Column Testing 

3.2.1.1. Test soil and experimental setup 

Ottawa 50-70 sand having Gs=2.65, D50=0.22 mm, a coefficient of curvature (Cc) = 1.02, 

a coefficient of uniformity (Cu) = 1.17, and emin and emax=0.55 and 0.87, respectively, was used in 

the column test. The sand is classified as a poorly graded sand (SP) based on ASTM (2011). Soil 

columns with 2.58 cm in diameter and 20 cm in height were prepared having a drainage hole at 

the bottom of the column. A filter material (Porex, Filtration Group Co.) was placed inside the 

column at the bottom. 77 g of sands were air pluviated into the column and vibrated until ~9 cm 

in height was made, which provides the unit weight (ɔt) ~1.63 g/cm3 and corresponding relative 

density (Dr) ~70%. Once the target height was achieved, additional filter material was placed onto 

the soil surface and approximately 25g of gravels (Mosser Lee ML1122 Pearl Stone Soil Cover) 

were placed on the filter as a scour pad to minimize the impact during gravitational percolation of 

treatment solution from the top of the column. A tubing was connected to the drainage hole at the 

bottom of the column and the outlet of the tubing was placed at where the head difference from 

the sand surface is 4 cm, so that the specimen remained saturated during the treatment. Before 
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treatment, the specimen was flushed out with deionized water for approximately 5 PV (PV: pore 

volume, 1 PV: ~25 ml). All water used in this study was deionized. 

 

3.2.1.2. Treatment 

The biological solution was incubated following same manner in Chapter 2. Various 

concentrations of MICP recipe were used in this study classified into óuninhibitedô (denoted U), 

óMg-involvedô (M), óSO4-involvedô (S), and óMg and SO4-involvedô (MS) groups as summarized 

in Table. 3.1. All chemicals are certified and purchased from Fisher Scientific, USA. Regular 

cementation solutions consist of urea and CaCl2 with 10, 20, 40, 70, 100, 200, and 300 mM 

concentrations. The M group consists 54.3 mM of MgCl2 6H2O as the source of Mg, while 27.7 

mM of Na2SO4 were added as the source of SO4 in the S group. The 54.3 mM and 27.7 mM values 

indicate the typical constituents of Mg and SO4, respectively, in seawater (Orr 2008). A 

preliminary study found that a crystallization was observed in advance when Na2SO4 and MgSO4 

meet the urea-CaCl2 solution without any biological activity. This pre-precipitation before MICP 

was considered as gypsum (i.e., CaSO4 2H2O, Gustafsson 2012). As the gypsum precipitation was 

subjected to filtered causing plugging at the zone near the injection source, the test chemicals for 

S and MS groups were mixed immediately before the treatment to minimize the gypsum 

precipitation phenomenon. For the MS group, 41 mM of MgSO4 7H2O were used as the averaged 

value of used Mg and SO4, instead of using 54.3 mM of MgCl2 6H2O and 27.7 mM of Na2SO4 to 

reduce the sample preparation time and minimize the gypsum issue. 

Approximately 2 PV (50 ml) of cementation solution were percolated on each specimen in 

6, 6 and 12 hours intervals and 20 times in total numbers. The first treatment solution consisted of 

15 ml of the incubated bacteria per 100 ml of the cementation solution to initiate the MICP process. 
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Then every fourth of the treatment (e.g., 5th, 9th, 13th, and 17th treatments), 7.5 ml of the bacteria 

per 100 ml of the cementation solution was used to accelerate the cementation process in the 

specimen. All specimens were duplicated, thus, 56 specimens were treated at the same time. After 

the final treatment, deionized water was flushed through the specimen at least 10 PV to remove 

remaining chemicals and microorganisms. 

 

3.2.2. Direct Simple Shear Testing 

3.2.2.1. Test soil and experimental setup 

A local sand (Southern Products and Silica Company, Inc., Hoffman, NC) was used in a 

direct simple shear (DSS) test. The sand has Gs=2.66, D50=0.49 mm, Cc=0.99, Cu=2.48, and emin 

and emax=0.61 and 0.91, respectively. The DSS specimen has 66.8 mm in diameter and 12-18 mm 

in height. The samples were prepared using air pluviation to target void ratios of 0.77±0.03, which 

provides Dr ~50%. The specimen was saturated by deionized water before treatment. 

 

3.2.2.2. Treatment 

Same incubation protocol with the column test was used in DSS experiment. The effect of 

Mg on MICP process was only investigated except for SO4 due to the gypsum issue unsolved. The 

treatment recipes are summarized in Table 3.2. The treatment recipes were designed to produce 

the same mass of carbonate per injection based solely on mass balance. óCM x:yô refers [Ca] : [Mg]  

= x mM : y mM. The recipe used for CM 2:0 contains only Ca source as a control specimen. The 

treatment recipe of CM 0:2 contains only Mg source instead of Ca. The recipes used for CM 1:1 

and CM 2:1 contains both Ca and Mg, with Mg concentration similar to that found in natural 

saltwater (Orr 2008), and has [Ca]:[Mg] of 1:1 and 2:1, respectively. 
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A two-phase injection was used for treating the specimens. The first phase consisted of the 

incubated bacteria in 330 mM urea. After 6 hours retention time, the treatment media in Table 3.2 

were injected to the specimen with the injection rate of 12 ml/min using a peristaltic pump from 

the bottom to upward the specimen. 2 PV of the treatment solution were introduced to the sand 

every 24 hours; the process repeated 14 times. The treated specimen was flushed out by deionized 

water before shearing. 

 

3.2.3. Assessment 

3.2.3.1. Morphology and local elemental analysis 

Samples were collected for the specimens with 70, 100, and 300 mM recipes to analyze 

the morphology and elemental characteristics of treated sands by conducting a variable pressure 

scanning electron microscopy (SEM, Hitachi S3200N) equipped with backscattered and secondary 

electron detectors coupled with an energy dispersive X-ray spectroscopy (EDS, Oxford 

Instruments X-Max). Selected minerals during the SEM were examined by EDS as a local 

elemental analysis. A beam accelerating voltage of 20 kV and a beam current of 80 nAmps were 

used during SEM, while the X-ray energy was analyzed by Aztec (Oxford Instrument). At least 

two different areas were examined via EDS. EDS provided weight proportions of components 

within selected area. In actual, S is estimated by the EDS, but SO4 is presented in this paper 

assuming all S exist as a form of SO4. 

 

3.2.3.2. Mass of precipitated mineral 

After the completion of the experiments, sands at the middle portion of all specimens were 

used to quantify the mass of precipitation in the specimens. The samples were oven-dried at 110 °C 



 

40 

 

for 24 hours. The dried samples were washed by 1 M HCl (Fisher Scientific) with multiple times 

until no more reactions based on the visual observation, and oven-dried. The mass of precipitation 

(mp) for each sample was determined by measuring the difference in percentage of the mass before 

and after the acid washing. The term, ómass of precipitation (mp)ô is used in this paper rather than 

using more widely used terminology, mass of carbonate (mc), because the resulting minerals can 

be not only CO3-based mineral, but also SO4-based one with Ca (i.e., gypsum). To make sure that 

the recorded difference is not due to any error or dissolving of soil particles, uncemented sand 

specimens were washed with acid using the same procedure, and the mass difference before and 

after acid washing was negligible. 

 

3.2.3.3. Global elemental analysis 

During the acid washing in the column test, the supernatants of the acid washed samples 

for the recipes of 20, 70, and 100 mM were collected to quantify the global chemical components 

of the precipitation by an ion chromatography system (IC, Dionex ICS-5000+, Dionex ICS-2000+, 

Dionex AS-DV system, Thermo Scientific). Before the IC tests, the samples were filtered with 0.2 

µm syringe filters (Thermo PTFE Syringe filters) to remove the potential soil particles and bacteria. 

In addition, as the samples showed pH less than 2 due to the used HCl, the pH of the samples were 

adjusted to the range of 6.5-7.3 by deionized water and 1 M NaOH (Fisher Chemical) to increase 

the measuring accuracy during IC. 

 

3.2.3.4. Monitoring by shear wave velocity 

In the DSS setup, the shear wave velocity of the specimen was assessed using a 

piezoelectric shear wave generator, bender element sensors (Piezo Systems, MA) before each 
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treatment. The bender elements were fabricated following Montoya et al. (2012), and mounted at 

the top and bottom caps of the DSS setup. A 5 V square wave with 100 Hz frequency triggered the 

transmitting bender element by a function generator (Agilent 33522A) and captured by the 

receiving bender element using an oscilloscope (Agilent MSO6014A). The measured travel time 

of the propagated signal divided the pre-measured tip-to-tip distance of the benders to calculate 

the shear wave velocity of the treated specimen. 

 

3.2.3.5. Shear response before and after treatment 

The shearing response of untreated and treated specimens under the presence of Mg was 

evaluated using the DSS testing (GeoTAC DigiShear NGI-type DSS device, Houston, TX). The 

saturated specimens were consolidated under the vertical stress of 30 kPa, and then sheared with 

the rate of 15% shear strain per hour under drained condition. During the shearing phase, the 

horizontal stress, the horizontal displacement, and the vertical displacement were collected to 

evaluate the shear stress, the shear strain, and the volumetric strain of the specimen, respectively. 

 

3.3. Chemical Modeling 

3.3.1. Possible Mineralogy 

It is necessary to confirm the possible mineralogy at the chemical equilibrium state 

according the recipes. A chemical modeling software (Visual MINTEQ 3.1, Gustafsson 2012) was 

used to simulate and predict the chemical behavior at the chemical equilibrium state under given 

conditions. The input parameters were designed following the cases of IC test. pH was calculated 

corresponding to the mass balance in the system. A closed system at 20 °C was modeled. As the 
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software is not able to demonstrate the urea hydrolysis, a titration function with NH4
+ and CO3

2- 

(i.e., hydrolysis components of urea) was used following the MICP process as Eq. (3.1) below: 

 

#/.( ς(/ựựự ς.( #/   Eq. (3.1) 

 

The concentrations of the NH4
+ and CO3

-2 were determined by C1V1=nC2V2, where C1 is 

the concentration of NH4
+ or CO3

-2 after full urea hydrolysis, V1 is the solution to be titrated, n is 

the total titration steps, C2 is the concentration of titrant (e.g., NH4
+ or CO3

-2), and V2 is the volume 

of titrant per step. V1 and V2 were selected 1000 ml and 0.01 ml to neglect the change of the volume 

during titration, assuming n=20 steps to ensure the resolution of the results (e.g., 1000 ml ḻ 

20×0.01 ml). The used input parameters are summarized in Table 3.3. The mineralogy at given 

recipe will be addressed and compared with the experimental results. 

 

3.3.2. CaCO3 Growth Modeling under Foreign Species 

In addition to the mineralogy, CaCO3 growth chemical modeling was used to evaluate the 

effect of Mg and SO4 during the MICP process. Several chemical models have been developed 

over last decades for crystal growth in the presence of inhibitors, such as Cabrera-Vermilyea step-

pinning model (Cabrera et al. 1958), kink blocking model (Nielsen et al. 2013), and incorporation 

inhibition model (Nielsen et al. 2013). Andersson et al. (2016) used only adsorption energy on the 

crystal step introducing a microkinetic model of calcite step growth. Recent study, Dobberschütz 

et al. (2018) expanded the microkinetic model to accommodate inhibition species called an 

expanded microkinetic model, and introduced an inhibition factor, ɗ as Eq. (3.2): 
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—    Eq. (3.2) 

 

where, runinhibit is reaction rate uninhibited, and r inhibit is reaction rate inhibited. Then by modifying 

equations in Dobberschütz et al. (2018), the inhibition factor for Mg and SO4 is give as Eq. (3.3): 

 

—
Ͻ Ͻ Ͻ

          Eq. (3.3) 

 

where, KX is adsorption equilibrium constant for X component based on PHREEQC database 

(Parkhurst and Appelo 2013) and empirical parameters by Dobberschütz et al. (2018), and [Y] is 

concentration of Y component in mM. The calculated inhibition factor will be compared with the 

experimental results. 

 

3.4. Results 

3.4.1. Column Testing 

3.4.1.1. Mass of precipitation 

Fifty-six specimens were treated at varying recipes (Table 3.1) including the duplicates. 

The measured mp of the MICP-treated specimens is shown in Fig. 3.2 using the averaged value 

from the couple test. The bars at the points indicate the original values of each test. Except for 

S200 (3.2% and 5.3% mp) and MS300 (1.7% and 3.1% mp), all tests showed the variability of mp 

less than 1% between two tests. Thus, it can be said that the averaged value represents the original 

values. 

The mineral precipitation for the uninhibited group (U) showed almost linear increase in 

mp up to [Urea]=[Ca]=200 mM with mp=6.2%, and mp=6.5% at 300 mM similar with mp at 200 
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mM. Unlike the concerns from the literature (Dobberschütz et al. 2018), the Mg-associated group 

(M) also showed almost linear increase in mp. Even except for M200, all mp were higher than those 

uninhibited. SO4 involved cases (S and MS groups) exhibited higher than ones uninhibited up to 

100 mM showing almost linearity of mp increment. At higher concentrations (i.e., 200 mM and 

300 mM); however, the increasing tendency of mp attenuated (e.g., mp for S: 3.7% to 4.2% to 4.1%) 

and deteriorated (e.g., mp for MS: 3.9% to 5% to 2.4%). Considering the variability of mp during 

the sample collection, mp at lower concentrations ranging 10-100 mM shows similar regardless of 

the types of tests. At higher concentration (e.g., 300 mM); however, U and M groups show similar 

mp, while S and MS groups look analogous. MS group showed the lowest mp at [Urea]=[Ca]=300 

mM than other groups. 

 

3.4.1.2. Microscale observation and elemental analyses 

The morphology of the collected samples were examined via SEM for 70, 100, and 300 

mM concentrations (Fig. 3.3). As specimens for 70 mM and 100 mM showed similar results, SEM 

images for 100 mM recipe are not shown in Fig. 3.3. EDS during SEM analysis at [Urea]=[Ca]=70, 

100, and 300 mM recipes was performed (Fig. 3.4a), while IC measured the components from the 

dissolved precipitation by acid washing at [Urea]=[Ca]=20 mM, 70 mM, and 100 mM recipes (Fig. 

3.4b). The results by EDS is the averaged value from couple measurements at two different 

locations within same sample. The concentration of the hatched [Ca] is same as the concentration 

of [SO4] assuming all SO4
2- reacts with only Ca. Ca and Mg assumed to be precipitated with CO3. 

It needs to note that the elemental analysis by EDS is specified as the area subjected to EDS is 

micrometer-scale selected by an operator. On contrast, the elemental analysis by IC is bulk 

measurement and more representative of the precipitation than one by EDS. 
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Figure 3.3a and 3.3b show the precipitation pattern of CaCO3. U70 shows a semi-spherical 

form onto the sand particle (Fig. 3a and 3b). At higher concentration (e.g., U300), the morphology 

of the precipitation show rhombohedral, which is typical shape of calcite (De Choudens-Sanchez 

and Gonzalez 2009). As U100 showed analogous results with U70, it implies the morphological 

change takes place between [Urea]=[Ca]=100 mM and 300 mM. EDS and IC proved the 

precipitation is pure CaCO3 with no foreign species (Fig. 3.4). 

Figure 3.3c shows similar precipitation pattern with the one in Fig. 3.3a; however, a 

mineral reminiscent of aragonite is observed (dumbell-like shape, De Choudens-Sanchez and 

Gonzalez 2009). In case of M300 (Fig. 3.3d), the precipitation exhibits rhombohedral, which 

implies high urea and Ca concentrations overcome the effect of Mg on the morphology of calcite. 

The proportions of the cooperated Mg in the precipitation for M70 and M100 were 4-6% by EDS 

and IC both. However, IC measured ~14% cooperation of Mg in CaCO3 mineral for M20, while 

0% Mg was detected for M300 by EDS. It is suggested that the lower [Urea]=[Ca] is, the higher 

Mg cooperation shows, and vice versa. However, considering the variability of mp for U and M 

groups in Fig. 3.2, the measured Mg cooperation could be insignificant. 

S70 (Fig. 3.3e) show similar precipitation pattern with slightly granular surface compared 

to ones of U70 and M70. It is interesting observation that there are rod-shaped debris with 10-20 

ɛm in length prevalent on the particle surface, which was confirmed as CaCO3 with 2-3% SO4 

involvement. It is concluded that the presence of SO4 inhibits the enlargement of CaCO3 mineral. 

The scattered CaCO3 seem diminished as the urea and Ca concentration increased. The 

morphology of S300 in Fig. 3.3f shows ovoid shape and corresponding EDS in Fig. 3.4a indicates 

the main precipitation is CaCO3 (e.g., 2% cooperation of SO4 in Fig. 3.4a), which is reminiscent 

of vaterite (ovoid-like, spherical shape, Rodriguez-Navarro et al. 2007). S100 showed the vaterite-
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like minerals, but less frequently. Vaterite is formed from highly supersaturated and moderately 

alkaline solutions (Kralj et al. 1997; Ogino et al. 1987; Vecht and Ireland 2000). Unlike the case 

of U300, vaterite seems to be induced during the MICP process under the presence of SO4 with 

the supersaturation caused by urea hydrolysis. In addition, Fig. 3.4b implies that despite the 

formation of vaterite, approximately 3-4% of Ca remained in the form of CaSO4 within the media. 

MS70 (Fig. 3.3g) looks combined patterns with M70 and S70. The precipitation at the 

middle of Fig. 3.3g shows the transitional precipitation from rough to smooth surface. MS300 (Fig. 

3.3h) looks the precipitation pattern for S300 showing the morphology of aragonite, vaterite, and 

calcite. The elemental analyses still indicate that the majority of the precipitation is CaCO3. Mg 

cooperation in MS group is much less (e.g., 0-2%) than M group (e.g., 0-14%, Fig. 3.4). Figure 

3.4b provides that approximately 3-4% of CaSO4 are cooperated in the mineral precipitation in S 

and MS groups, which cause less efficient precipitation by MICP. 

 

3.4.2. Direct Simple Shear Testing 

3.4.2.1. Shear wave velocity improvement and precipitated mineral 

Figure 3.5 illustrates the improvement of the shear wave velocity for each specimen during 

treatments, and the measured mp for the specimens is summarized in Table 3.4. The specimen with 

only [Ca] available for the precipitation (e.g., CM 2:0) showed mp=4% and the increase in Vs from 

123 m/s to 287 m/s during the treatment. The specimen with [Mg] and no [Ca] (e.g., CM 0:2) 

showed lower mp and improvement of Vs than CM 2:0. CM 0:2 experienced minimal Vs 

improvement from 135 m/s to 146 m/s during the first 6 treatments, and Vs=214 m/s during the 

rest of treatments. mp for CM 0:2 (=2.3%) is 48% lower than one for CM 2:0. CM 1:1 exhibited 

similar Vs improvement pattern with CM 2:0; however, slightly lower as Vs=258 m/s, and mp (=3%) 



 

47 

 

is 25% lower than CM 2:0. CM 2:1 showed the highest improvement of Vs and mp among the 

specimens during treatment as mp=5.1% and Vs=375 m/s. In general, Mg-associated precipitation 

showed lower Vs and mp than Ca-associated ones. When Ca is involved during MICP, the higher 

[Ca] showed higher Vs and mp even with the presence of Mg. 

 

3.4.2.2. Shearing behavior 

The stress-strain behaviors of the MICP treated specimens are shown in Fig. 3.6a, and 

corresponding the volumetric strain-shear strain relationship are assessed in Fig. 3.6b. An 

untreated specimen followed same sample preparation procedure in DSS is compared with the 

treated specimens. The untreated specimen showed contractive stress-strain behavior and reached 

a constant shear strength of 20 kPa, and it demonstrated initially contractive during the first 7% ɔ 

and, thereafter, dilative volumetric response. In general, all treated specimens showed higher 

stiffness than untreated one (Fig. 3.5), and similar initial shear modulus among treated ones before 

yielding. CM 2:0 showed higher initial shear modulus than the untreated one, and softened at ɔ=4% 

showing the peak stress = 27 kPa. Corresponding volumetric strain showed dilative from the 

beginning of the shearing and reached a constant value after ɔ=10%. CM 0:2 and CM 1:1 showed 

lower peak stress than one for CM 2:0; however, CM 0:2 exhibited outstanding volumetric strain 

among the specimens as 4% during the shearing. CM 1:1 showed similar pattern of the volumetric 

strain-shear strain relationship with CM 2:0, but slightly lower (e.g., Ův=1.4% for CM 2:0, 1.1% 

for CM 1:1 at ɔ=40%). CM 2:1 demonstrated dilative shear responses with the highest shear stress 

as 32 kPa. It is interesting observation that the volumetric strain for CM 2:1 showed lower (e.g., 

Ův=0.8%) than ones for CM 2:0 and CM 1:1 despite the highest peak stress. It implies that the 

precipitation for CM 2:1 forms with less dilative minerals than others. 
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3.4.2.3. Microscale observations 

The mineral morphology and composition of the MICP treated specimens were clarified 

using SEM and EDS (Fig. 3.7). As similar with Fig. 3.3b, the mineral morphology of Specimen 

CM 2:0 consisted of rhombohedral minerals, which is consistent with calcite minerals (Fig. 3.7a). 

CM 0:2 showed rod-shaped minerals precipitated between the sand grains (Fig. 3.7b). The rod-

shaped minerals are known as an indicative of magnesite (Meldrum and Hyde 2001). It supports 

the outstanding behavior in the volumetric strain and the shear strain for the specimen CM 0:2 (Fig. 

3.6b). The rod-shaped minerals are interlocked between the sand particles causing obstacles to 

overturn the particles during shearing. CM 2:1 resulted in some minerals reminiscent of aragonite 

(Fig. 3.7d). In addition, increasing [Ca]:[Mg] ratio decreased the crystal growth inhibition and 

resulted in larger minerals (Fig. 3.7c and 3.7d) as analyzed in Fig. 3.4. The precipitation for CM 

1:1 (Fig. 3.7c) illustrates much smaller and more sparsely distributed over the sand grains 

compared to one for CM 2:1 (Fig. 3.7d) showing almost zero cooperation of Mg for both specimens. 

 

3.4.3. Experimental Testing versus Chemical Modeling 

3.4.3.1. Possible mineralogy at chemical equilibrium 

Experimental results showed that there are a variety of mineralogy associated in the MICP 

process according the recipes. The possible mineralogy at the chemical equilibrium state by 

MINTEQ are shown in Fig. 3.8. For U groups, calcite is the only possible mineralogy and the 

concentration of calcite increases as the hydrolyzed urea increases (Fig. 3.8a). For M, S and MS 

groups, other forms of mineralogy are shown. For M20 recipe, dolomite (CaMg(CO3)2) is only 

anticipated to precipitate with no calcite due to low concentration of Ca2+ (Fig. 3.8b). For M70 and 

M100, calcite is formed first and dolomite starts to show. For M100 calcite is larger than dolomite. 
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Despite the prediction of dolomite, no dolomite was observed in the experiments. Even the 

specimens with M20 and M70 recipes, 86% and 95% of Ca were measured with 14% and 5% of 

Mg in the precipitation, respectively (Fig. 3.4b). It implies the given reaction time was too short 

to reach the chemical equilibrium or the microbe-involved process induces Ca to be involved in 

the precipitation rather than Mg even at low concentrations. 

For S groups, gypsum (CaSO4·2H2O) is expected to initially precipitate before any 

biochemical reaction (Fig. 3.8c). When CO3 is provided to S groups from urea, calcite becomes to 

precipitate by dissolving gypsum. Comparing S groups (Fig. 3.8c) with U groups (Fig. 3.8a), the 

predicted amount of calcite is almost identical. However, IC results (Fig. 3.4b) indicate SO4 was 

not fully converted to CO3 at given time. MS group shows combined patterns with M group and S 

group (Fig. 3.8d). For MS recipe, gypsum is initially precipitated and dissolved with increasing 

urea hydrolysis similar to S groups. 

The chemical modeling predicts that Mg2+ inhibits the production of calcite by forming 

dolomite with decreasing gypsum as [Urea]=[Ca] increases. However, the experiments showed 

that the cooperation of Mg is rather attenuated, while the interruption of gypsum is magnified as 

[Urea]=[Ca] increases. These observation suggests that the MICP process facilitates the Ca 

involvement in the precipitation rather than Mg, and the gypsum is not fully converted to CO3-

based precipitation due to locality of MICP under relatively limited time. 

 

3.4.3.2. Evaluation of inhibition effect by CaCO3 growth modeling 

The experimental results indicate that CaCO3 by the biochemical activity enables to 

precipitate under the presence of Mg and SO4 compared to one under no foreign species available 

in the precipitation. These results can be compared with theoretical evaluations. Given that 
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KCa=1721.869/mM, KCO3=2264.644/mM, KMg=580/mM, and, KSO4=683/mM, assuming that urea 

is fully hydrolyzed (i.e., [Urea]=[CO3]) and [Ca] is same with [Urea], then [Mg]=54.3 mM and 

[SO4]=27.7 mM as typical concentrations of saltwater provide 5 cases of the inhibition factors (ɗ) 

using Eq. (3.3) as shown in Fig. 3.9. Obviously the uninhibited case (i.e., [Mg]:[SO4]=0 mM:0 

mM, MS 0:0) shows no inhibition as ɗ=0 with calcite precipitation. When there are only Mg or/and 

SO4 with no available Ca and CO3 (e.g., at [Urea]=[Ca]=0 mM), ɗ is calculated as ɗ=1, which 

means no CaCO3 precipitation under inhibited condition, but only gypsum in case of MS 0:27.7, 

MS 54.3:27.7 and MS 41:41. Mg-inhibited case (i.e., MS 54.3:0) exhibits higher ɗ than SO4-

inhibited case (i.e., MS 0:27.7) due to higher concentration and Kmg than those of SO4. When Mg 

and SO4 simultaneously present (i.e., MS 53.7:27.7 and MS 41:41), ɗ shows almost identical, and 

higher than the single component-inhibited cases. Figure 3.9 indicates that at low concentrations 

such as below [Urea]=[Ca]=50 mM, Mg and SO4 sensitively affect, and the sensitivity increases 

as urea and Ca concentrations increase, which infers the inhibitory effect is suppressed when urea 

and Ca are sufficient. 

Despite the predicted heavy inhibition of Mg and SO4 in the formation of CaCO3, the 

experimental results showed successful deployment of CaCO3 precipitation through the biological 

activity, even at low concentrations (e.g., below [Urea]=[Ca]=100 mM). It is same conclusion 

between the experimental test and the analytic model that the effect of Mg diminishes as the urea 

and Ca concentrations increase, while Fig. 3.8b showed the presence of calcite and dolomite at the 

chemical equilibrium state. The growth modeling does not take into account the gypsum 

precipitation when SO4 meets Ca, because CaSO4 transforms to CaCO3 at chemical equilibrium 

state as also observed in Fig. 3.8c and 3.8d. However, in practice, the precipitation of CaSO4 in 

the column test caused less mp among others. It is inferred that SO4 decreases the availability of 
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Ca in the system to precipitate by forming CaSO4. Although the MICP process ultimately 

recrystallize CaSO4 to CaCO3, the given period of time seems not sufficient to full recrystallization 

as the MICP process gradually takes place from the local area near the microbes. 

 

3.5. Conclusions 

Column tests and direct simple shear tests were conducted to evaluate MICP-treated sands 

with varying urea and Ca concentrations under the presence of foreign species during precipitation. 

Mg and SO4 were selected as the representative inhibitory components in CaCO3 formulation. 

Various evaluations were performed at elemental-, micro-, and macro-scales. Chemical modeling 

was used to specify the possible mineralogy and the inhibition effect. The major findings in this 

study are following: 

 

1. Mg and SO4 co-precipitated less than 15% in the formation of CaCO3 by the MICP process 

even at low urea and Ca concentrations, which is counter to the anticipated mineral 

composition from the chemical equilibrium modeling. As the urea and Ca concentration 

increased, the effect of Mg on the precipitation was attenuated, while the presence of SO4 

resulted less efficient precipitation. 

2. Mg and SO4 altered the mineralogy of the precipitation after urea hydrolysis. Uninhibited 

MICP demonstrated a mineralogy morphology associated with calcite. Calcite and 

aragonite were observed when both Ca and Mg were available for precipitation, while 

magnesite was found when only Mg was available for precipitation. Vaterite was exhibited 

when Ca and SO4 were available for precipitation. CaCO3 was precipitated in a small size 
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due to the inhibitory effect of SO4 on the mineral growth. Combined and complicated forms 

of precipitation were observed when Ca, Mg, and SO4 existed in the MICP process. 

3. Treated specimens showed 68-196% higher shear wave velocity and 22-54% higher 

strength than the untreated specimen regardless of treatment recipe. At the same total 

concentrations of Ca with or without Mg, MICP-treated sand with only Ca shows higher 

shear wave velocity and strength than MICP-treated sands with Mg with or without Ca also 

present; however, MICP-treated sand with Mg only shows higher dilation than pure MICP-

treated sand due to the unique rod-shaped mineral structure. 

4. Under the presence of Mg and SO4, lower concentration ([Urea]=[Ca] less than 100 mM) 

and larger number of treatments are recommended rather than higher concentration and 

smaller number of treatment for higher level of cementation on MICP implementation. 

 

In case MICP implements in the marine environment, saltwater should be used due to the 

diversity of salinity constituents. A larger scaled system seems required to address the filtering 

issue on gypsum precipitation during injection and to demonstrate the environment in situ. The 

results in this chapter could be a good guideline to investigate the effect of foreign species on 

MICP. 
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Tables 

Table 3.1. Treatment recipes in column test. All tests were duplicated. 

Test Urea [mM] CaCl2 2H2O [mM] MgCl2 6H2O [mM] Na2SO4 [mM]  MgSO4 7H2O [mM] 

U10 10 10 

- - - 

U20 20 20 

U40 40 40 

U70 70 70 

U100 100 100 

U200 200 200 

U300 300 300 

M10 10 10 

54.3 - - 

M20 20 20 

M40 40 40 

M70 70 70 

M100 100 100 

M200 200 200 

M300 300 300 

S10 10 10 

- 27.7 - 

S20 20 20 

S40 40 40 

S70 70 70 

S100 100 100 

S200 200 200 

S300 300 300 

MS10 10 10 

- - 41 

MS20 20 20 

MS40 40 40 

MS70 70 70 

MS100 100 100 

MS200 200 200 

MS300 300 300 

 

Table 3.2. Treatment recipes in DSS test 

Test Urea [mM] CaCl2Ā2H2O [mM] MgCl2 6H2O [mM] [Ca]:[Mg] 

CM 2:0 330 100 0 2:0 

CM 0:2 330 0 120 0:2 

CM 1:1 330 54 55 1:1 

CM 2:1 330 110 55 2:1 
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Table 3.3. Input parameters in MINTEQ 

Test 
Input components [mM] Titrant components [M] 

Ca2+ Cl- Mg2+ Na+ SO4
2- NH4

+ CO3
2- 

U20 20 40 

- - - 

200 100 

U70 70 140 700 350 

U100 100 200 1000 500 

M20 20 148.6 

54.3 - - 

200 100 

M70 70 248.6 700 350 

M100 100 308.6 1000 500 

S20 20 40 

- 55.4 27.7 

200 100 

S70 70 140 700 350 

S100 100 200 1000 500 

MS20 20 40 

41 - 41 

200 100 

MS70 70 140 700 350 

MS100 100 200 1000 500 

 

Table 3.4. Mass of precipitation in DSS test 

Test Mass of precipitation (mp) [%] 

CM 2:0 4.0 

CM 0:2 2.3 

CM 1:1 3.0 

CM 2:1 5.1 
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Figures 

 

 

 

Figure 3.1. Possible carbonate-based minerals under presence of Ca and Mg in terms of rate of 

precipitation and amount of Mg 

Figure 3.2. Mass of precipitation after treatment in column test 
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Figure 3.3. SEM images in column test. (a and b) Baseline, (c and d) Mg-, (e and f) SO4-, and (g 

and h) MgSO4-involved groups. 
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Figure 3.4. Elemental analyses. (a) By EDS and (b) by IC. 
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Figure 3.5. Improvement of shear wave velocity in DSS test 

Figure 3.6. Shear response during DSS. (a) Shear stress-shear strain relationship and (b) 

volumetric strain-shear strain relationship. 
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Figure 3.7. SEM images in DSS test. [Ca]:[Mg] = (a) 2:0, (b) 0:2, (c) 1:1, and (d) 2:1. 
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Figure 3.8. Mineralogy with presence of Ca, Mg, and SO4 at chemical equilibrium. [Urea]=[Ca] 

varies 20, 70, and 100 mM under [Mg]:[SO4] = (a) 0 mM:0 mM, (b) 54.3 mM: 0 mM, (c) 0 mM: 

27.7 mM, and (d) 41 mM: 41 mM. Symbols of circle, triangle, and rhombus refer [Urea]=[Ca]= 

20, 70, and 100 mM concentrations, while red, blue, and green indicate calcite, dolomite, and 

gypsum, respectively. 
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Figure 3.9. Inhibition factors under the presence of Mg and SO4 with varying [Urea]=[Ca] 
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CHAPTER 4. SCOUR MITIGATION AND  ERODIBIL ITY IMPROVEMENT USIN G 

MICROBIALLY INDUCED CARBONATE PRECIPITAT ION 

 

Abstract 

Scour is a major cause in the failure of superstructure under water. The enhancement of the 

scour resistance on the soil adjacent to the foundation system is required for the longevity of the 

structure. In this chapter, the use of microbially induced carbonate precipitation was investigated 

in a cubic-meter soil box for the scour mitigation and the erodibility improvement on sand at the 

zone near a pile. A double wall pile delivery system was developed and used to deploy a successful 

cementation at the surface. A comparative study was performed on the scour behavior of untreated 

and treated surfaces from flow testing. An impinging jet test was used to evaluate the erodibility 

parameters of treated sand. As results, untreated and lightly cemented zone showed similar scour 

depth, while the scour over heavily cemented zone was insignificant. The distribution pattern 

throughout the media showed an ellipsoidal shape based on the injection source. The scour 

behavior and the cementation pattern indicated less cementation was achieved at the zone near the 

injection source due to high seepage velocity. The erosion model of treated sand with a critical 

shear stress, an erodibility coefficient, and an exponent is proposed as a function of level of 

cementation. 

 

4.1. Introduction  

The erosion process, more generalized term of scour, takes place when the external stresses 

imposed by fluid flow exceeds the internal resistance of geomaterial. Temple (1992) defined the 

erosion process as described in Eq. (4.1): 
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‐ Ὧ † †    Eq. (4.1) 

 

where, Ůr is an erosion rate, kd is a erodibility coefficient, Űi is an applied shear stress, Űc is a critical 

shear stress, and Ŭ is an exponent usually assumed to be unity for sandy soils (Hanson and Cook 

2004). Equation (4.1) indicates that Ůr is a function of Űi in association with Űc, kd, and Ŭ. The Űc is 

a threshold parameter of geomaterial to initiate the detachment phenomena, the kd represents the 

relationship between the erosion rate and the net applied shear stress, and the erosion pattern is 

defined by the Ŭ. Therefore, kd, Űc, and Ŭ are called erodibility parameters. 

Nurtjahyo (2004) described the pier scour rate as a function of the maximum pier scour 

depth calculated using the mean particle size, water depth, pier shape (width and length), skew 

angle, pier spacing, fluid density, mean approach velocity, and Reynolds number. Briaud (2013) 

developed an erosion chart based on the shear stress (Űi) and the erosion rate (Ůr). The chart includes 

level-of-erodibility classification of geomaterials. HEC-18 pier is usually used to evaluate the 

maximum scour depth and extent under various factors such as flow depth, pier shape, angle of 

attach of flow, bed condition, pier width, length of pier, Froude number, and approaching velocity 

(FHWA 1991). As proposed by FHWA (1991), the maximum scour depth and extent are estimated 

to be approximately 2D and 4D (D: pile diameter), respectively as a rule of thumbs. The work in 

NCHRP (2011) improved the scour equation proposed by FHWA (1991); the Sheppard and Miller 

(2006) equation included mean particle size and critical shear velocity edited by Florida 

Department of Transportation. 

The induced scour undermines the bearing capacity of the foundation by reducing the 

confinement. Thus, once the foundation elements supporting structures over/or in water are 

constructed, regular maintenance is required for scour protection to ensure the longevity and the 
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functionality of the structure. The prevention and mitigation of scour can be achieved by 

manipulating the three variables affecting scour: the stresses induced by the scouring agents, the 

ability of bed material to resist flow-induced erosive force, and the geometry or design of structure 

(Annandale 2006). For instance, excessive length of the structure can be intentionally designed for 

the expected scour extent and depth. Secondly, hard protection measures are implemented within 

the influence zone adjacent of the foundation system to mitigate a future scour. These measures 

include for example riprap, concrete, or commercial lining systems. This method needs the 

deliberate assessment of filter layers below the reinforcement to prevent the armors from sinking 

into the bed sediments. However, this approach is expensive as it requires the use of heavy 

machinery and transportation, as well as high installation costs due to construction in marine or 

riverine environments. Lastly, the scouring flow can be modified by changing the characteristics 

of the flow in the zone of concern in a way that decreases the induced shear stress. Examples are 

to split or to streamline the flow such that the erosive capacity is reduced (Annandale 2006). 

The use of MICP has gained wide interests in the past decade (Fig. 4.1). Since MICP can 

be initiated by augmenting exogenous bacteria or by stimulating indigenous bacteria (Gomez et al. 

2016), MICP technology is applicable for enhancing the soil properties against to the hydraulic 

erosion under submerged conditions where the implementation of conventional methods can be 

challenging. Research on the MICP process have been performed for last decade; however, limited 

studies have been related to the scour behavior of MICP-treated soil (Fig. 4.1). The majority of the 

research focus on the physical aspects (e.g., mechanical behavior, hydraulic conductivity, etc. 48%) 

and the biochemical aspects (e.g., cell population, pH, kinetics, etc. 26%) of MICP-treated soil, 

while the portion of the published research on erodibility studies of MICP-treated soil is 

approximately 5%. Salifu et al. (2016) and Shanahan and Montoya (2016) demonstrated the 
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improvement of the erosion resistance of coastal soils. Their evaluation relied on the physical 

change of the surface via lab-scale experiments as 0.3 m × 0.3 m × 0.08 m and 0.2 m × 0.2 m × 

0.2 m in width, length, and height, respectively. Bao et al. (2017) performed an actual óscourô 

testing (i.e., soil-structure-fluid interactions) in the flume of 0.3 m × 3 m × 0.45 m. They observed 

no scour for 15 hours flow testing under 0.26 m/s mean approaching velocity in 10 cm flow depth; 

however, they treated sands out of the flume, and placed the treated sands before flow testing, 

which may results in different cementation pattern compared to soil treated in an inundated 

condition. The scour behavior of soil treated with MICP under submerged conditions, to the 

authorsô knowledge, not been studied in detail. 

Despite the lack of research on scour, several studies have investigated the erodibility of 

soils with bio-inspired approaches (Table 4.1). Amin et al. (2017) evaluated the erodibility of 

MICP-treated sand using erosion function apparatus (EFA) and observed erodibility improvement 

up to factor of seven (0.23 Pa to 1.51 Pa). Do et al. (2019) examined the erodibility parameters of 

bio-treated sands using a submerged impinging jet with varying level of cementation determined 

based on the observation from Montoya et al. (2018) and up to 65 Pa Űc was measured at heavy 

level of cementation. Wang et al. (2018) improved sandôs erodibility using MICP modified by 

polyvinyl alcohol (PVA). The treatment took place under dry conditions and it shows the 

erodibility equivalent to the level of intact rock. The polymer renders the solution viscous, and 

cause to increase the retention time of the solution in the media during the surface percolation. 

Ham et al. (2018) and Shafii et al. (2019) treated sandy or silty soils by mixing a biopolymer or an 

enzyme before inundating the specimens. The critical shear stress improved by approximately a 

factor of two. 
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The precipitation pattern in MICP differs according to the degree of saturation (Cheng et 

al. 2013), because the menisci between particles in unsaturated media induce much efficient 

cementation between particles than the saturated one. Most piles subject to scour are submerged, 

which means the bio-cementation needs to be implemented under inundated condition. The 

erodibility chart by Briaud (2013) shows the marginal critical shear stress value of gravel and 

riprap to be approximately 60 Pa. Therefore, it is worthy to note that heavily MICP-cemented sand 

treated underwater following the method by Do et al. (2019) is expected to exhibit a promising 

potential to replace the conventional measures such as rock armors. 

In this chapter, the potential of applying the MICP process for scour mitigation of sand 

under submerged conditions was investigated. Testing was performed on a sample with volume 

that is approximately 0.73 m3 in volume. A model pile representing a single point central injection 

system, with a depth-variable injection source, was developed to implement effective cementation 

adjacent to the pile. A comparative study of the scour behavior on untreated and MICP-treated 

sand was performed through the application of a sheet flow testing. The improvements on 

erodibility using impinging jet were also measured on treated soil surface. The parameters for a 

nonlinear erosion model for MICP-treated sand are proposed as a function of level of cementation. 

 

4.2. Material and Methods 

4.2.1. Large-Scale Soil Box 

Same local sand in Chapter 2 was used as the test soil. A large-scale soil box was 

constructed using clear acrylic sheets of 2.54 cm in thickness with the dimension of 0.91 m × 1.22 

m × 1.22 m (Fig. 4.2). The size of the center of the box is 0.91 m × 0.91 m × 0.91 m, with two 

water reservoirs at each end that are 0.15 m × 0.91 m × 1.22 m in dimension. The sheet wall 
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between the center soil box and the two water reservoirs are 0.91 m × 0.91 m × 0.91 m and 

perforated with 1.27 cm in diameter holes at the interval of 2.54 cm. This setup allows water flow 

above the soil surface as well as through the soil body, simultaneously. Geotextiles (Polypropylene 

commercial grade landscape fabric, Retail Systems, Inc.) were attached inside the main soil box 

to prevent sand particles from escaping through the perforations to water reservoirs. 

 

4.2.2. Flow Velocity 

Past research suggested the correlation between the material properties and the critical 

velocity as summarized in Table 4.2. Given that Gs is 2.66, D50 is 0.5 mm, and water depth (h) is 

5 cm, the test sand usually erodes when the mean approaching velocity exceeds 0.26 m/s. Two 

centrifugal pumps (3 hp, 230/460V, AMT) were used to apply the flow velocity to the sample (Fig. 

4.2). The water circulation system was designed with twice the capacity of the single pump to 

ensure the application of the target mean velocity. 

 

4.2.3. Sample Preparation 

Sand samples were deposited by air pluviation in six layers with pre-measured amount of 

sands for the target height of each layer. For example, oven dried sands weighing 186.5 kg were 

prepared in several buckets and air pluviated from the 30 cm falling height into the soil box. The 

sand surface was then leveled and tamped until the height of 15.24 cm was achieved. The target 

unit weight of the sands was 1463.7 kg/m3, and corresponding to a target relative density, Dr=30%. 

Dyed black sand (Super black India ink, Speedball) was placed between the layers forming the 

sample to visually observe the settlement of the soils due inundation (Fig. 4.2). 
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A nuclear density gauge (Model 3440, Troxler) was used to measure the density of the 

prepared sand in the test box. The direct transmission method was used on each layer (ASTM 

2017a) before a successive layer was placed. The gauge was used to measure the densities at five 

locations on each layer surface (one at the center and four at the corners). The density for the first 

layer was omitted due to the insufficient volume of deposits. The converted relative densities from 

the measured density showed Dr=27.9±3.8% for baseline model experiment, and 28.1±4.3% for 

the MICP-treated model experiment. The densities for the center area showed usually higher 

values (Dr=32.9±3.5%) compared to corner sections (Dr=26.9±3.5%). It seems a higher 

compaction energy was applied onto the center when the sand was pluviated into the soil box. In 

general, the measured densities by the nuclear density gauge were consisted with the target density 

and the uniformity of the soils is acceptable. Before the installation of the model pile which was 

used as the injection source, the soil box was filled with water and the water was circulated by the 

pumps, so that the settlement due to the inundation is neglected during flow testing. The prepared 

samples settled 1-1.5 cm, thus the final relative density was computed as 38-42% (e=0.78-0.79). 

The height of water remained 5 cm above the soil surface during testing. 

 

4.2.4. Model Pile and Injection System 

An unthreaded PVC plastic pipe was used as a single injection source. The pile diameter 

was determined as 5 cm to minimize the internal scale effect between the pile and deposit (e.g., 

D>80D50 (D50=0.5 mm) Peterson 1988), while the boundary effect can be taken into account to 

behave as a ósingle pileô under laterally loaded condition (e.g., distance from pile to wall (=45 cm) 

> 8D, Bowles 1996). The embedded depth of the pile of 61 cm was determined to behave as a 
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ólong pileô under laterally loaded condition by sheet flow to minimize the lateral movement of the 

pile (Broms 1965). 

A double wall pile delivery system was developed herein to deliver the solutions needed 

for the bio-cementation process. The injection system consists of an outer pile (Fig. 4.3a) and a 

movable inner pile (Fig. 4.3b). A perforated zone (1.27 cm in diameter with 2.54 cm in interval) 

was machined to have a length of 4D and is located within the outer pile below the surface. The 

perforations were covered with a filter materials (Porex, Filtration Group Co.) to prevent the sand 

particles from entering inside the pile. The inner pile was coupled with the outer pile for an 

injection source having length of 2D (0.95 cm in diameter with 1.9 cm in interval). The inner pile 

is movable and can be relocated during treatment, such that the impacted zone can be updated by 

changing the location of the inner pile. The premise of the approach is during the multiple 

cementation phases, changing the position of the inner pile can gradually improve the soils 

adjacent to the pile within the scour susceptible zone. 

A geotextile sheet was used to cover the soil surface after the installation of the pile (Fig. 

4.2). To prevent the fabric from floating due to buoyant force and upward seepage during treatment, 

5 kg of gravel (Mosser Lee ML1122 Pearl Stone Soil Cover, dry unit weight 1.62 kg/m3) were 

uniformly spread over the fabric. A surcharge equivalent to the depth of 2D (e.g., 0.94 kPa by the 

gravels) applied onto the soil surface to approximately a distance of 2D from the pile (i.e., 5D in 

diameter) to avoid the quick condition at the zone of the sands adjacent to the pile in case of 

excessive hydraulic gradient. 

 



 

70 

 

4.2.5. Treatment 

Same incubation protocol for bacteria in Chapter 2 was used. The treatment consisted of 

biological and cementation injections. The biological solution consisted of 0.333 M urea 

(Crystalline/certified ACS, Fisher Chemical), 0.374 M ammonium chloride, and 0.15 l of bacterial 

suspension per 1 l of media. The cementation solution consisted of 0.333 M urea, 0.374 M 

ammonium chloride, and 0.25 M calcium chloride. Each injection was planned after one day 

retention time, but the injecting time varied with the experimental progress, for example, bacterial 

incubation time. 

A set of one biological and three cementation injections is referred to as one batch herein. 

The treatment protocol implemented with 6 batches is summarized in Table 4.3. At the first batch, 

the injection source of the inner pile located at 2-4D below the surface. A head differential of 7 

cm was used to induce the injection of solutions for a duration of 3 hours. As the critical flow path 

is along the pile, the highest applied hydraulic gradient (iapplied) is computed as 7cm/20cm=0.35. 

The shortest flow path of 20 cm includes the distance to the injection source from the surface (10 

cm) and equivalent length by the surcharge (10 cm). In this case, the iapplied is lower than the critical 

hydraulic gradient (ic) of the test sand, calculated as [Gs-1]/[1+e]=0.93 (Das 2015). At the first 

batch, the injection rate was 6.6 ml/min; this rate was gradually decreased to 0.4 ml/min as 

cementation occurred. After the completion of the 1st batch, the inner pile was lifted to a depth of 

1-3D below the surface (iapplied=0.47). As for the 1st batch, similar process was adapted in the 2nd 

batch. After completing the 2nd batch, the injection source was located 1 cm below the surface (i.e., 

0.2-1.2D; the 3rd and 4th batches). During preliminary testing it was observed that when the 

injection source located close the surface, the discharge rate increased rapidly and the quick 

condition was observed although iapplied lower than ic. Thus, a lower head was applied (5 cm, 
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iapplied=0.45) with shorter injections (2 hours). Finally two more batches were conducted at 0.2-

1.2D with lower head (3 cm, iapplied=0.27) to target cementation close to the injection source by 

reducing the applied seepage velocity. Once the treatment was completed, the fluid in the box was 

drained and freshwater was refilled until the pore fluid in the system showed normal range of pH 

with freshwater (e.g., 6.5-7.5). The surface gravel layer and fabric were removed over the test 

sample prior to inducing the water flow. 

 

4.2.6. Assessment 

4.2.6.1. Surface flow velocity 

The velocity on the water surface (Usurface) was measured for the 5 cm water depth. A 

marker was floated on the surface and the distance with a travel time was recorded. The 

measurements were conducted 30 min after the initiation of the experiment to obtain representative 

velocity at equilibrium condition. A non-uniformity of the velocity along the flow direction was 

observed due to the experimental setup with the velocity ~0.25 m/s, 0.19-0.20 m/s, and ~0.16 m/s 

at the inflow, the injection pile, and the outflow, respectively. These velocities correspond to 

applied shear stresses (Űi) of ~0.6 Pa, ~0.4 Pa, and ~0.2 Pa on the soil surface, respectively, based 

on the relationship between the surface velocities and bed shear stress presented by Julien (1995). 

 

4.2.6.2. Flow testing and topographic change 

The flow testing herein focuses on the comparative study between a baseline and the bio-

cemented case. Therefore initial calibration such as a flow testing without the model pile was not 

performed in this paper. Three flow tests were conducted: one for untreated sand (i.e., baseline) 

and two for bio-treated sand. Instead of single continuous flow testing, a series of flow testing was 
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conducted to obtain the successive changes of the sample surface for both untreated and treated 

sands. An open source geospatial software, Tangible Landscape, under GRASS GIS (Petrasova et 

al. 2015) with a real-time feedback three-dimensional scanner (Microsoft Kinect One Motion 

Sensor for Xbox One, Fig. 4.2) was used. The surface of the test samples was scanned for 

assessment of the elevation change. The scour depth and extent were manually measured based on 

the reference mark along the pile indicating the initial soil surface. The inclination of the scanner 

was manually calibrated based on the reference surface before the flow testing, and this calibration 

was applied to the entire scanning. The measurements were conducted before testing and at 1, 3, 

7, 11, 15, and 20 hours after the initiation of the flow. The surface changes during the flow testing 

on untreated (denoted U) and treated surface (T1) were measured. After the completion of the T1 

scour assessment, an additional model pile was installed in an upstream location that appeared to 

be heavily cemented based on minimal surface changes during the flow test. The location of the 

additional pile was 3.3D away from the injection source, and the subsequent scour assessment for 

this pile is denoted T2. The induced Űi at the T2 location was higher (Űi=0.6 Pa) than the induced Űi 

at the injection pile location (Űi=0.4 Pa), where scour assessments U and T1 were performed, due 

to the variation in the water velocity.  

 

4.2.6.3. Erodibility on treated surface 

After scanning the surface changes due to the testing, the loose deposit on the soil surface 

were removed using a brush. The un-eroded surface was utilized for the submerged impinging jet 

testing following Khanal et al. (2016) and ASTM (2017b) as addressed in Chapter 2 to evaluate 

the erodibility of the cemented material. The device consists of a jet nozzle, a cylindrical mold 

with a 101.6 mm diameter, a head differential system, and two reference beams. The jet nozzle 
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was connected to the constant head differential system, which induces a constant velocity at the 

nozzle. The nozzle was inserted at the center of the lid of the mold and fixed. The mold was 

attached beside two reference beams and the beams were mounted on the top of the soil box to 

stabilize the impinging jet system during testing. Űi is calculated following Al -Madhhachi et al. 

(2013) as Eq. (4.2) below: 

 

† ὅ”Ὗ    Eq. (4.2) 

 

where, Cf is a coefficient of friction (0.00416), ɟw is a fluid density (1000 kg/m3), U is a shear 

velocity at nozzle as a function of head differential (h), Cd is a diffusion constant (6.3), d0 is a 

nozzle diameter, Ji is an initial distance between the nozzle and initial soil surface, and s is a 

scoured depth due to the induced impinging jet. The pressure head (i.e., h) is increased until s is 

initiated. The induced s and corresponding time (t) are recorded under the constant pressure. When 

no more erosion is induced, the applied shear stress is called a critical shear stress (Űc). s and t are 

used to calculate the erosion rate (e.g., Ůr(j)=[s(i+1)ïs(i)]]/[ t(i+1)ït(i)]) and corresponding applied shear 

stress (e.g., Űi(j)=[Űi(i+1)+Űi(i)]/2) Finally the erodibility coefficient (kd) and the exponent (Ŭ) are 

derived from the relationship between Ůr(j) and Űi(j) (Eq. (4.1)) using least square curve fitting 

approach. Same procedure with the method in Chapter 2 to determine the erodibility parameters 

was used; however, in this chapter, Ŭ is not assumed to be unity. 

 

4.2.6.4. Distributio n of cementation 

After completing impinging jet testing, the cemented sand in the vicinity of the test was 

collected and acid washed using 1 M HCl to measure the level of precipitated calcium carbonate 
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(mc). In addition, samples were collected at 0D, 1D, 2D, 3D, 4D, 6D, and 7D distances from the 

injection source along the depth, and acid washed to evaluate the distribution of the cementation 

within the model. The gravitational weight ratio of acid washed mass over mass of acid-washed 

sand provides the mass of calcium carbonate. 

 

4.3. Results 

4.3.1. Visual Observations 

The surface changes before and after the flow testing are shown in Fig. 4.4 and 4.5 for the 

untreated model (U), and the treated model (T1 and T2). For the untreated sand (U, Fig. 4.4b), the 

entire surface was subjected to erosion with a substantial change in the landform compared to the 

initial condition (Fig. 4.4a). The majority of the scour around the pile was initiated at the beginning 

of the test (1 hr) with some level of erosion near the inflow source (Fig. 4.5a). The surface in front 

of the pile showed sediment transport due to the impact of the inlet flow. As the flow is attenuated 

with distance, the surface behind the pile showed the accumulation of the sediments from the area 

in front of the pile. 

On the other hand, the treated surface (T1, Fig. 4.4c and Fig. 4.5b) showed less elevation 

changes compared to the untreated surface. For example, changes in the surface occurred the first 

7 hours of flow testing on the untreated sand, while the treated surface generally maintained the 

original elevation throughout the testing (Fig. 4.5). The surface in front of the pile was observed 

to show degraded features due to the detachment of the cemented particle clusters. Despite the 

degradation of the treated surface, the sediment transport that occurred for the case of the untreated 

sample was not observed for the treated sample. Approximately 5 cm and 3 cm sediment 

depositions were observed for the untreated and treated surfaces behind the pile, respectively. It is 
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noteworthy that the scour zone adjacent to the injection pile of untreated sand showed a cone shape, 

while a cylindrical shape was observed for treated sand. 

The installation of T2 (Fig. 4.4d) resulted in a 0.2 cm gap surrounding the pile and a 1.5 

cm cracked segment adjacent to the pile. Except for the damage due to the installation, no 

significant change of the surface adjacent to the pile under Űi=0.6 Pa (Fig. 4.4c and 4.4d) was 

observed. Specific scour depth and extent for each case is discussed in following section. 

 

4.3.2. Quantified Scour Behavior 

The measured scour depth and extent on U, T1, and T2 are shown in Fig. 4.6. In the case 

of flow testing on untreated surface (Fig. 4.6a and 4.6b), the majority of the scour took place within 

0-1 hour (e.g., depth: 0.5D and extent: 0.86D, normalized by the pile diameter, D=5 cm). After 3 

hours of flow testing, the scour depth and extent were recovered, because the loose sediments from 

the area front of the pile were transported to the scoured area. After 7 hours of flow, the dimension 

of the scour became larger and increased gradually as the scour testing was continued. 

The scour for T1 was also observed at the beginning of the testing on treated surface (Fig. 

4.6a and 4.6c). At 1 hour, the scour depth was slightly higher (0.56D) than the untreated condition 

(0.5D); however, the scour extent was lower (0.7D) than the untreated condition (0.83D). 

Thereafter the scour extent showed insignificant increase and reached an ultimate level after flow 

testing for 11 hours. In the meantime, the scour depth for treated sand increased gradually and 

reached an equilibrium state after 7 hours of flow duration. Unlike the cone shaped scour pattern 

of untreated sand with a ratio of scour extent to depth of nearly two, the ratio of scour extent to 

depth for treated sand was approximately one with cylindrical shape. Moreover, some MICP-

treated debris detached from the treated surface were trapped inside the scour hole (Fig. 4.6c). 
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The measurements of the scour on the heavily cemented surface (T2, Fig. 4.6a and 4.6d) 

show significant scour mitigation under the relatively higher applied shear stress (e.g., 0.59 Pa). 

The intact surface adjacent to pile shows a scour depth of 0.08D (0.4 cm) and extent of 0.04D (0.2 

cm) after 20 hours flow testing. The 0.2 cm extent was mainly induced during the pile installation 

process and backfilled with loose sand before testing. Once the loose sands at the gap washed away, 

the scour depth gradually increased to 0.4 cm after 20 hours of flow. After completing the flow 

testing, the remaining sand at the zone near the pile was collected and acid washed using 1 M HCl 

to measure the amount of calcium carbonate precipitation (mc). The measurement indicated 5.2% 

mc. 

Overall, the visual observations indicate that the MICP approach modified the scour pattern 

as well as the magnitude of sediment transport. The sand at the zone near the injection source were 

observed to be less cemented, likely due to induced high seepage velocity near the injection source. 

However, the scour mitigation at further distance (e.g., 3.3D) shows promising results. 

 

4.3.3. Impinging Jet Testing and Erosion Model 

Seventeen impinging jet tests were performed at different locations of the treated soil 

surface that remained relatively intact after the flow testing. After completing the impinging jet 

tests, mc was measured at each location. Briaud (2013) proposed an erodibility chart with applied 

shear stresses versus erosion rates for diverse types of geomaterials. The initial applied shear stress 

after the occurrence of the first scour and the corresponding initial erosion rate are plotted on the 

erodibility chart (Fig. 4.7). For 0% < mc <1.3%, the untreated (0%) and treated sands (0.2%, 0.4%, 

0.6%, 1.2%, and 1.3%) show an erodibility level equivalent to that of sand (silty sand or poorly 

graded sand). MICP-treated sands with 1.4% < mc < 3.6% (e.g., 1.4%, 2%, 2.3%, 2.5%, 3.1%, 
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3.4%, and 3.6%) are located at the level of high erodibility analogous to that of low plastic silt. 

Those specimens treated to mc larger than 4.2% (4.2%, 4.5%, 4.7%, 4.8%, 5.2%, 6.2%, and 6.6%) 

are plotted within the category of medium erodibility corresponding the level of high plastic silt 

or low plastic clay. Even though the erosion rate is a function of the applied shear stress, the 

resistance to erosion becomes larger and the erosion rate becomes lower, in general, as the level 

of cementation increases. 

The erodibility parameters were derived from the relationship between Ůr(j) and Űi(j) using 

least square curve fitting approach (Fig. 4.8). By assuming the erodibility parameters are 

independent of each other, the erosion model for MICP-treated sand is empirically derived as a 

function of mc as Eq. (4.3): 

 

† φȢσφά φȢρφ (for mc < 1%, † πȢς Pa) Eq. (4.3a) 

Ὧ Ὡ Ȣ Ȣ Ȣ
  Eq. (4.3b) 

‌ ρȢρχά ρȢπχὩ Ȣ Ȣ   Eq. (4.3c) 

 

where, mc is in %, Űc is in Pa, kd is in mm/hrĀPa, and Ŭ is in dimensionless. The term for Űc is taken 

equal to 0.2 Pa below mc=1% (Eq. (4.3a)). The equation represents the critical shear stress linearly 

increasing with x-intercept as 0.2 Pa defaulting 0.2 Pa below mc=1%. The equation for kd 

exponentially decreases as mc increases (Eq. (4.3b)), which indicates that the rate of erosion 

reduces as the cementation level increases. Lastly, the Ŭ term was derived based on a Rayleigh 

distribution (Papoulis and Pillai 2002) (Eq. (4.3c)). This indicates the exponent increases from 1.2 

at mc=0% up to 2.1 at mc=2% and then exponentially decreases as mc continues to increase. It is 

interesting to note that moderately cemented sand (e.g., mc < 4%) tends to detach exponentially as 
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the agglomerated sand particles erode once the critical shear stress is exceeded. Then the 

deceleration of the detachment was obtained from the model as the erosion rate attenuates with 

increasing level of cementation for heavily cemented sand (e.g., mc > 4%). As the equation is made 

by limited numbers of the testing, there needs a caution to allow a certain level of tolerance. 

 

4.3.4. Distribution of Cementation 

The soil box was dissected and samples were collected at various distances from the 

injection pile to measure the pattern of the mineral precipitation (Fig. 4.9). The injection source is 

at a depth ranging from 1 to 20 cm, while the hatched box near the origin depicts the general area 

scour was induced during flow testing. In general, the zone of cementation resulted in an ellipsoidal 

shape centered near the base of the injection source. As observed during the scour testing, the 

surficial layer near the injection (e.g., 0-1D) showed light levels of cementation (e.g., 0-1% mc), 

while the surficial layer further from the injection (e.g., 2-3D) showed from a moderate to a heavy 

level of cementation (e.g., 2-5% mc). Although the applied hydraulic gradient had been lowered 

gradually from 0.45 to 0.27, the ólightô level of cementation indicates the induced seepage velocity 

was still high to provide sufficient time to nucleate and fixate the precipitated mineral into the soil 

network near the injection. The precipitation reactions starts to stabilize around 2-3D from the 

injection source. Similar observations were reported by Martinez et al. (2014) and van Paassen et 

al. (2009). Further discussion on the surficial cementation and the erodibility with respect to the 

distance is presented in next section. 

Results indicated that at 30-40 cm depths along 0D distance, an extraordinarily heavy 

cementation (e.g., 7-20% mc) was obtained. This may be explained by the effect of the seepage 

velocity and the difference in the density between the injection solution and the existing pore fluid. 
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The induced head differential is dissipated throughout the domain, which the zone near the 

injection source tends to discharge higher injection volume compared to the zone below the 

injection source due to the distance of the flow path (Holtz et al. 1981). In addition, the injected 

solution tends to sink downwards as the solution is heavier than the pore water (e.g., injected 

chemical: 1076.7 kg/m3, pre-injection pore water: 1000 kg/m3). Therefore, the heavy accumulation 

of the mineral takes place below the injection source. 

Additionally, the upper zone of an area that is 6D away from the injection source showed 

meaningful cementation (e.g., mc=0.9%, 1.7%, and 2.6%). This implies that inoculated 

microorganisms may preferentially reside at close zone of the test box boundary wall as observed 

in Fig. 4.9. 

 

4.4. Discussion 

4.4.1. Validation of Proposed Erosion Model on MICP-Treated Sand 

To validate the proposed erosion model, the output of the proposed erosion model is 

compared with the impinging jet testing results (Fig. 4.10). As the erosion behavior changes with 

logarithmic scale, general assessment for the erodibility parameters between the model and the 

experiment is needed based on the trend rather than addressing the accuracy of the values. The 

general trend is the x-intercept (Űc) increases and the modulus of each curve (kd) decreases as the 

level of cementation increases. The erosion rate on untreated sand behaves almost linearly with 

respect to the applied shear stress (e.g., Ŭ=1.2 at mc=0%, Fig. 4.10a). The Ŭ is ~2 at mc=3.1% (Fig. 

4.10b), which means the erosion rate is sensitive to the applied shear stress. At mc=6.2% (Fig. 

4.10c), Ŭ=0.4 is predicted, which indicates the erosion rate becomes less sensitive to the applied 

shear stress. It is noted that the erosion behavior of the sandstone locates similar with MICP-treated 
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sands at mc=10% (NCHRP 2011) (Fig. 4.10d). Briaud (2013) presents the marginal critical shear 

stress value of gravel and riprap as approximately 60 Pa; thus, result using Eq. (4.3a) predicts that 

approximately mc=10% is required for full replacement of the conventional mitigation method 

(e.g., rock armors) to achieve the critical shear stress level as 60 Pa comparable to gravel and riprap. 

In general the proposed erosion model predicts the erodibility parameters of MICP-treated 

sand within factors of two to four. In fact that the shear stress and erosion rate vary at logarithmic 

scale, it can be said that the proposed model can capture the erosion behavior of MICP-treated 

sand with a certain level of tolerance. The erosion model also can be braced by increasing the 

number of testing. 

 

4.4.2. Erodibility with respect to Distance from Injection Source 

The measured Űc and corresponding mc are expressed in accordance with the distance from 

the injecting source to the testing locations (Fig. 4.11). Due to the cylindrical mold of the 

impinging jet system, the measurements within 1-8D distance were enabled. Űc and corresponding 

mc show very similar trends, as expected based on the linear relationship predicted by Eq. (4.3a). 

The distribution is also comparable with the internal cementation pattern of the media (Fig. 4.9). 

At 1-1.5D distances, the critical shear stresses exhibit 0.6-4.4 Pa with 1.3-1.5% mass of calcium 

carbonate. After 2D distance, both parameters increase rapidly and show peak at around 3-4D 

distance as approximately Űc=50 Pa and mc=6%. The maximum critical shear stress achieved by 

the bio-cementation is 2.5 orders of magnitude higher than one on untreated sand. Then the values 

gradually decrease as the distance from the injection source increases. This observation shows 

similar pattern with previous research. van Paassen et al. (2009) and Martinez et al. (2014) 

observed less precipitated calcium carbonate directly adjacent to the injection source, with an 
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increase in cementation at further distances due to the balance of seepage velocity and bio-

chemical reactions. In a similar manner, it shows that the erodibility at 3-4D distance is improved 

most rather than one at the zone near the injection source. This indicates that the given testing 

program (Table 4.3) induces too high seepage velocity to deploy a stable cementation near the 

injecting area. 

A meaningful improvement of Űc was achieved as 12 Pa with mc=2.3% at 7.6D distance 

due to the boundary effect. Not only improving the soil by directly applying the bio-cementation 

technique via a single source of the injection as proposed in this study, but only the injection at 

distance indirectly is a possible approach as presented Gomez et al. (2016). In the case of the 

injection at distance, 3-8D distance from the injection source to the substructure is expected to 

bring an effective cementation at the surface. 

 

4.5. Conclusions 

The scour behavior and erodibility of MICP-treated sand was investigated in the large-

scale soil box system with a model pile measuring 5 cm in diameter. A double wall pile delivery 

system was developed to deploy the successful implementation of the bio-cementation technology. 

Six biological and eighteen cementation injections were introduced by one injection per day for a 

total duration of about one month. The untreated and treated surface was evaluated through the 

flow testing for 20 hours, and thereafter the impinging jet was performed to derive the erodibility 

parameters of MICP-treated sand as a function of the level of precipitation. Below is the major 

findings in this chapter. 
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1. The treated soil surface showed higher scour resistance and less landform changes 

compared to the untreated one. The scour resistance varied according to the level of 

cementation. 

2. The zone of the precipitation was formed an ellipsoidal shape with respect to the injection 

source. The zone near the injection source experienced less cementation due to high 

seepage velocity, while the zone further showed higher cementation due to lower seepage 

velocity, the gravity effect, and the boundary effect. 

3. The level of cementation adjacent to the injection source can be modified by controlling 

the applied hydraulic gradient of the system as a function of the applied hydraulic gradient, 

the injection duration, the number of treatments, and the rate of bio-chemical reactions, 

among other factors. 

4. The erosion resistance of treated sand becomes higher, the erosion rate gets lower, and the 

erosion against the applied shear stress turns into less sensitive as the level of cementation 

increases.  

 

In case of an existing foundation system requires scour mitigation, the idea of a wall design 

can be used with the observations in this paper. Multiple injection pipes can be installed adjacent 

to the existing foundation then the soil susceptible to scour can be indirectly improved via the 

surrounding injection systems. The erodibility improvement with respect to the injection source 

will be critical criteria to determine the distance or spacing of the injection system. Therefore, 

further investigation on delivery optimization is required; however, the results and proposed model 

presented herein are a useful reference for the future work. 
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Tables 

Table 4.1. Erodibility improvement of soils with bio-inspired approaches. mc refers to percentage 

of mass of calcium carbonate over mass of soil. Values in parentheses mean control ones. 

Classification 
Erodibility parameters 

Note Reference 
Űc [Pa] kd [mm/hrĀPa] 

Untreated 

SP-SM < 0.25 103-105 

Assessed using erosion 

function apparatus (EFA) 

Briaud 

(2013) 

ML 0.3-1.5 102-103 

MH-CL 1.5-10 10-1-102 

CH / gravel 10-60 10-3-10-1 

Riprap / rock 60-500 10-5-10-3 

Intact rock > 500 < 10-5 

MICP 

(treated 

underwater) 

Sand 

< 1% mc ~0.25 (0.16) 103-105 (105) Treated under water and 

mini JET on 940 cm3 mold 

Ŭ assumed to be unity 

Do et al. 

(2019) 
2-3% mc 2-5 80-400 

4-5% mc 25-65 10-40 

Sand 3-16% mc 1-1.5 (0.23) 22-528 (818) 
Treated under water 

assessed using EFA 

Amin et al. 

(2017) 

Sand-Clay 

mixture 
< 1% mc 

0.4-0.7 

(0.2-0.6) 
- 

Seepage induced internal 

erosion treated under water 

in 200 cm3 column, values 

based on loss of soils 

Jiang et al. 

(2017)  

Polymer modified 

MICP 

(surface 

percolation) 

Sand ~2% mc ~950 (0.2) ~0.01 
Treated in dry assessed 

using EFA 

Wang et al. 

(2018) 

Biopolymer 

treated 
SP 1.23% conc. 0.23 (0.1) 103 

Treated in dry assessed 

using EFA. Concentration 

based on weight versus soil 

mass 

Ham et al. 

(2018) 

Enzyme treated 

ML 0.2 wt% 16.08 (10) 13.16 (25) Treated in dry assessed 

using EFA. Concentration 

based on weight versus soil 

mass 

Shafii et al. 

(2019) SC-SM 1 wt% 1.5 (0.2) 1 (14) 

 

Table 4.2. Critical velocities proposed by previous studies 

Reference Critical velocity at bed, uc [m/s] 
Critical mean approach 

velocity, Vc [m/s] 
Note 

Shields 

(1936) 
ό πȢρὋ ρὫὈ

πȢπςψ  
- 

Ὣ: gravimetric acceleration in 

m/s2 

Hjulström 

(1939) 
- 0.25 

Hjulstromôs diagram at grain 

size of D50=0.5 mm 

Melville 

(1997) 

ό πȢπρρυπȢπρςυὈȢ

πȢπρφ  
υȢχυόÌÏÇ

Ȣ
πȢςφ  

For 0.1 mm < D50 < 1 mm 

Ὤ: water depth (5 cm) 

Briaud 

(2013) 
- πȢσυὈ Ȣ πȢςφ D50 in mm 
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Table 4.3. Treatment process 

Elapsed time 

[day] 
Name Location of injection source 

Duration of 

injection [hour] 

Applied head [cm] 

(iapplied) 

3.0 1st batch 2-4D (2D below surface) 

3 

7 

(7cm/20cm=0.35) 

7.8 2nd batch 1-3D 
7 

(7/15=0.47) 

13.6 3rd batch  

0.2-1.2D 2 

5 

(5/11=0.45) 
18.5 4th batch 

24.6 5th batch 
3 

(3/11=0.27) 
29.4 6th batch 

30.6 Completion of treatment 

 

  



 

85 

 

Figures 

 

 

 

Figure 4.1. Trend of publication on microbially induced carbonate precipitation 

Figure 4.2. Overall view of large-scale soil box system 
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Figure 4.3. Double wall pile delivery system. (a) Concept of the system and (b) picture of 

assembled pile. 

Figure 4.4. Soil surface in large-scale system. (a) Untreated surface (U) before and (b) after 20 

hours flow testing, (c) treated surface (T1) after the testing, and (d) after the testing with post-

installed pile on heavily cemented surface (T2). Arrows indicate the direction of flow. 
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Figure 4.5. Scanned surfaces during flow testing. (a) U and (b) T1. The image of the pile is 

artificially added. Arrows indicate the direction of flow. 
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Figure 4.6. Scour measurements. (a) Measured scour depth and extent normalized by the pile 

diameter (1D=5 cm). Scour adjacent to the pile for (b) U, (c) T1, and (d) T2. 

Figure 4.7. Initial erosion rate versus initial shear stress relationship on treated surface with 

erodibility classification 
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Figure 4.8. Erodibility parameters of treated sands as a function of precipitated calcium carbonate 
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Figure 4.9. mc profile. The injection source located at 0-20 cm depths. The profile is parallel to the 

direction of flow. Dots indicate the locations measured with measured mc, while the hatched box 

at origin refers the induced scour after the flow testing.  
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Figure 4.11. Critical shear stress with mass of calcium carbonate in accordance with the testing 

locations from the injection source 

Figure 4.10. Nonlinear erosion model on MICP-treated sand with experimental results. (a) mc=0%,  

(b) 3.1%, (c) 6.2%, and (d) 10% with data from NCHRP (2011). óExô and óMoô denote experiment 

and model, respectively. 
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CHAPTER 5. DISTRIBUTION AND PRO PERTIES OF MICROBIAL LY INDUCED 

CARBONATE PRECIPITAT ION IN SAND UNDER SPHERICAL FLOW AND 

SUBMERGED CONDITION  

 

This chapter is an enhanced version of the paper submitted to Geo-Congress 2020. Detailed 

descriptions on the distribution and properties of MICP-treated sand have been reinforced 

compared to the original conference proceeding. 

 

Citation: 

Do, J., Montoya, B. M., and Gabr, M. A. (2020). ñMicrobially Induced Carbonate Precipitation 

Process for Soil Improvement adjacent to Model Pile by Innovative Delivery System.ò Geo-

Congress 2020 (paper submitted and under review). 

 

Abstract 

This chapter elucidates the cementation pattern achieved during the treatment in Chapter 4 

after the flow testing. The treated model media were spatially tested, excavated, bored, and 

sampled. Various sectional profiles such as the shear wave velocity, the mass of carbonate, the 

cone tip resistance, and the hydraulic conductivity are presented with respect to the injection source. 

A distribution factor, Damkohler number (Da) is used to normalize the reaction rate over the 

transport rate. An empirical parameter, KG is applied to correlate the shear wave velocity and the 

cone tip resistance in an attempt to identify the level of cementation treated by MICP. 
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5.1. Introduction  

MICP is achieved by introducing the cementation solution into media, thus, larger-scale 

system brings better understanding on the mechanism of calcium carbonate distribution. van 

Paassen et al. (2009) used a linear tube well for a single point injection source under drained 

condition in an approximately 1 m3 container. The MICP application cemented the sand body with 

a spherical shape based on the injection source having less cementation at the zone near the 

injection source. van Paassen et al. (2010) used 5.6 m × 8.0 m × 2.5 m soil container and cemented 

the soil by injecting the MICP-solution from one side to the other side by extracting the solution 

via multiple vertical tubes with the hydraulic gradient (iapplied) of 0.3. 10% of the total volume of 

the container was used per each treatment monitored by geophones. The cementation was achieved 

through a flow net and the highest cementation was obtained at 8 times distance of the tube 

diameter from the injection source. Burbank et al. (2013) utilized indigenous bacteria to induce 

the bio-cementation with iapplied=1.7 by gravity in 0.76 m × 1.02 m × 0.31 m soil box. One pore 

volume (PV) of the cementation solution were used for each treatment phase starting under dry 

condition and becoming inundated. Cheng and Cord-Ruwisch (2014) used a surface percolation 

method in 0.45 m in diameter cylinder under unsaturated condition and showed higher strength 

improvement at upper layer than lower layer. Gomez et al. (2016) and Gomez et al. (2018a) used 

horizontal flush by injecting and extracting the solution through wall to wall with 1.2 m in spacing 

and 0.3 m in height in totally 1.7 m in diameter and 0.5 m in height soil tank under saturated 

condition. 0.5-0.75 PV cementation solution for one treatment were gravimetrically applied to 

sample using a pump with iapplied=0.5. The process monitored by the shear wave velocity and the 

post-treated sample was evaluated by a cone tip resistance. Lin et al. (2016) and Lin et al. (2017) 

conducted axial pull-out and compression tests on MICP-treated sand in 1 m3 container under 
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drained condition. They observed localized cementation and moisture retention at the zone near 

the injection source. However, all research show the implementation of MICP under unsubmerged 

condition. The cementation mechanism under water or dry condition shows significantly different 

behavior due to the preferential precipitation of the crystals at particle contact points resulting from 

a capillary force (Cheng et al. 2013). 

As results of the cementation, the porosity is reduced inducing the change of hydraulic 

conductivity. Experimental and numerical analysis in MICP showed further distance from the 

injection source becomes most cemented due to induced seepage and transportation of the minerals 

(Martinez et al. 2014). In sandy soils, the hydraulic conductivity reduces approximately less than 

two orders of magnitude under constant seepage velocity in small-scale setup (Al Qabany and 

Soga 2013, Cheng et al. 2017, Do et al. 2019, and others). Al Qabany and Soga (2013) observed 

higher reduction of the hydraulic conductivity as the concentration of inoculated bacteria increases. 

It is concluded that the distribution of bio-induced cementation needs to be evaluated in the 

consideration of the reaction rate (e.g., amount of precipitation, reaction time) and transport rate 

(e.g., dimension of the system, seepage velocity). Zambare et al. (2019) correlated the reaction rate 

and the transport rate with the distance from the injection source in radial flow. They concluded 

that the higher efficient cementation takes place as the distance increases; however, this could be 

controversial because the radius of the system was limited to 3D. Therefore, it can be said that the 

distribution pattern of MICP within large boundary is not fully uncovered. 

In addition, the quantification and identification of MICP-treated soil is continuous issue. 

Unlike the conventional cementation methods (e.g., synthetic cement) which fill the entire voids 

with the cement agency resulting in prompt reduction of porosity, the MICP is generally 

implemented with multiple treatments to prevent the voids from rapid clogging at the zone near 
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the injection source so that better distribution of cementation can be achieved throughout the target 

media. In this regard, the monitoring of the bio-cementation process is considered as an important 

role in MICP research (Weil et al. 2012). There are two perspectives to monitor the biogeochemical 

process: a pore fluid and a solid network. For analyzing the pore fluid, Fidaleo et al. (2003) showed 

the increase in pH is a common indicator during the MICP process. Gomez et al. (2018) and 

Zambare et al. (2019) collected the pore fluid during MICP testing to measure the population of 

the bacteria. Albuquerque et al. (2019) showed the potential of a magnetoresistive biochip to 

quantify urease in situ (i.e., urease concentration, [mg/ml]) in the pore fluid system. All these 

methods are sufficient to confirm the ongoing bacterial activity during the MICP process; however, 

the pH and the population of the microorganism cannot directly tell the current status of the 

cementation. In these regards, a geophysical indicator as a non-destructive method, especially a 

shear wave velocity (Vs) is the one of the best options to monitor the cementation progress of the 

soils during the bio-cementation process. Weil et al. (2012) showed the suitability of a bender 

element to generate the shear wave velocity for the monitoring of MICP-treated soils. Montoya 

and DeJong (2015) proposed certain levels of the shear wave velocity with respect to the levels of 

liquefaction hazard based on the classification by NEHRP (2003). As the shear wave velocity is a 

function of confinement, Nafisi and Montoya (2018) suggested a new identifying framework on 

MICP-treated sands based on the measured shear wave velocity according to measured mass of 

precipitated calcium carbonate (mc) at varying confining stresses. 

Despite of the quantification by Vs and mc, Feng and Montoya (2017) addressed there are 

limitations to quantify the level of cementation relying on few indications (e.g., shear wave 

velocity and mc). In addition to the small-strain behavior by the shear wave velocity, the large-

strain behavior can distinguish between artificially (e.g., Portland cement) cemented and biotically 
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(e.g., MICP) cemented sand. Consoli et al. (2010) showed the unconfined compressive strength 

(UCS) for the artificially cemented sands increases in 0.4 MPa at 4%, 0.69 MPa at 6% mass of 

Portland cement over sand. Cheng et al. (2017) and Gomez and DeJong (2017) measured the UCSs 

for MICP-treated sand, which present 0.8 MPa at 4%, 1.6 MPa at 5%, and 3.2 MPa at 6.3% mc. A 

cone penetration test (CPT) is another strong approach to identify the behavior of cemented soils 

at large-strain in situ. Burbank et al. (2013) and Gomez et al. (2016) showed CPT can capture the 

change of the cone tip resistance (qt) before and after the bio-cementation with no confinement 

and under confinement, respectively. 

Schneider and Moss (2011) defined a unique empirical parameter, KG to correlate the 

small-strain parameter normalized by the large-strain measurement (G0/qt, G0: initial shear 

modulus) and the normalized large-strain parameter (qt1N, normalized tip resistance as a function 

of overburden pressure) for Holocene uncemented (110<KG<330) and cemented and calcareous 

sands (330<KG<1100). Gomez et al. (2018a) correlated Vs and qt measurements from MICP-

treated sand to G0/qt-qt1N relationship, and the results showed that KG of bio-cemented sand could 

be a function of mc and generally higher than artificially cemented and naturally cemented ones 

(e.g., KG up to 10,000 at 5% mc). However, the KG approach in MICP research is very rare and 

needs to be reinforced in addition to Gomez et al. (2018a)ôs finding. 

In this study, sands in 0.73 m3 soil box were cemented by MICP through a spherical flow 

monitored by the shear wave velocity. Post-treated sands were evaluated via a cone penetrometer 

varying the distance from the injection source. The cemented media was taken down to measure 

the hydraulic conductivity and the mass of precipitation. The distribution of the cementation was 

analyzed with respect to a reaction rate and a transport rate in conjugation with a seepage analysis. 
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Finally, the shear wave velocity, the cone tip resistance, and the mass of precipitation were 

correlated to quantify the bio-cemented sand. 

 

5.2. Material and Methods 

5.2.1. Soil Box, Sample Preparation, Injection System, and Treatment 

As the treated sands in the soil box after the flow testing in Chapter 4 was used in this 

chapter, same setup and injection system were identical with Sections 4.2.1, 4.2.3, 4.2.4, and 4.2.5 

in Chapter 4 (Fig. 5.1 and 5.2). 

 

5.2.2. Assessment 

5.2.2.1. Shear wave velocity 

Piezoelectric shear wave generator, bender element sensors (Piezo Systems, MA) were 

embedded in the soil box fixated by the frame of a fiber paper to maintain the tip-to-tip distance 

of the sensors as exactly 10 cm during inundation and treatment (Fig. 5.1b). Seventeen pairs of the 

bender element were placed throughout the one section at 2D, 4D, and 6D distance from the pile 

(Fig. 5.2). The direction of the bender pairs was perpendicular to the direction of the flow. A 10 V 

sinusoidal wave with 10 kHz frequency was generated by a function generator (Agilent 33522A) 

and received by a digital oscilloscope (Agilent MSO6014A). A stainless steel wire was attached 

close to the receiving sensor to ground any electrical crosstalk. The pre-determined tip-to-tip 

distance was divided by the first arrival time of the transmitted signal to obtain the shear wave 

velocity of deposits. Vs was measured immediately before implementing the treatment. 
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5.2.2.2. Hydraulic conductivity pre -, during, and post-treatment 

A global hydraulic conductivity throughout the zone of influence (kglobal) was measured 

before, during, and after the treatment followed by Bouwer (1989) called óBouwer and Rice slug 

test.ô The head differential was applied into the inner pile, stopped, and the drawdown of the water 

table was measured according to the time. The drawdown was recorded by a video and the time 

and drawdown were tabulated later for accurate evaluation as the rapid drawdown (e.g., 10-60 

seconds for 5-7 cm head drawdowns) was observed due to high hydraulic conductivity. Then the 

slope of the time and the drawdown provides the hydraulic conductivity of the influential zone as 

a function of pile geometry and water table. The slug test was performed 10 min, 90 min, and 170 

min after the beginning of the treatment for 3 hours injection phase (i.e., 1st and 2nd batches), and 

10 min and 110 min after starting the treatment for 2 hours injection phase  (i.e., 3rd to 6th batches). 

Immediately before conducting the slug test, the effluent rate was measured by collecting the 

effluent with time measurement. 

Local hydraulic conductivities (klocal) after the treatment were evaluated by sampling the 

treated sands at 1D, 3D, and 6D distances from the pile along S2 (Fig. 5.1a) using constant head 

hydraulic conductivity testing (ASTM 2006). A copper-nickel unthreaded pipe measuring 44.6 

mm in diameter and 1.83 mm in thickness was used for the boring pushed into the sand by a 

hydraulic jack (ENERPAC) beneath a reaction beam above the soil box. A preliminary test showed 

that the compression of sands occurred during the penetration up to 75 cm depth due to the 

dragging force inside the pipe. To minimize the compression, two staged boring under submerged 

condition was implemented for the depths of 0-30 cm and 30-75 cm, respectively. The initial 

centimeters of each boring exhibited disturbed due to the tube seating under no confinement, thus 

the samples at the depths of 0-5 cm and 30-35 cm were ignored. At least 10 PV of tap water flushed 
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out the segment to obtain the hydraulic conductivity at steady state. The value at the middle of the 

segment was used to draw a contour. 

 

5.2.2.3. Cone penetration testing 

The miniature cone penetrometer (Centre for Offshore Foundation Systems, The University 

of Western Australia) measuring 1 cm in diameter and 60° cone tip with a sensor was installed 

above the soil box to assess the spatial penetration resistance of the treated sand (Fig. 5.1c). This 

mini CPT was connected to the end of the hydraulic jack (ENERPAC), and the cone tip was 

penetrated into the ground at the rate of 0.3 cm/sec up to the depths of 25-30 cm. A guide plate 

attached with the cone penetrometer prevented the penetrometer from spinning, so a linear position 

transducer (SP2-25, Measurement Specialties, Inc.) connected to the guide plate can record the 

pure vertical movement of the penetrometer. The displacement and the cone tip resistance were 

recorded by a data acquisition software (System 7000 StrainSmart, Vishay Precision Group, Inc.) 

with 10 points per second. 

 

5.2.2.4. Calcium carbonate profile along sections 

Samples in the sand media were collected to evaluate the actual amount of precipitation 

along the depth and distance from the pile. The pore fluid inside the soil box was removed and the 

target cross section was excavated up to 70 cm depth. As the section cemented and unsaturated 

inducing a matrix suction, the section enabled to maintain the vertical section during the excavation. 

Around 4-10 g of treated sands were collected at multiple locations (S1, S2, S3, and S4 in Fig. 

5.1a) from the vertical cross section excavated. The collected samples were oven-dried and acid-

washed using 1 M HCl (Fisher Chemical) to measure the amount of calcium carbonate 
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precipitation. The gravitational weight ratio of reduced mass over acid-washed sand provides the 

mass of calcium carbonate (mc) in percentage. 

 

5.3. Results 

5.3.1. Progress of Cementation 

Figure 5.3 shows the shear wave velocity (Vs) contour measured by the bender elements 

before (Fig. 5.3a), during (Fig. 5.3b-5.3e), and after the treatment (Fig. 5.3f) at 2D, 4D, and 6D 

distances from the pile at 5 cm, 15 cm, and 25 cm depths. The x-axis is normalized by the pile 

diameter of 5 cm. Hereafter, a óyD/xcmô denotes a value at óyD distance from the pile and x cm 

depth.ô This notation remains throughout the paper. Before applying MICP, the untreated domain 

showed Vs=~60-90 m/s at 0-35 cm depths and Vs=~90-100 m/s at 35-75 cm depths in general due 

to different overburden stresses. After the 1st batch (Fig. 5.3b), the shear wave velocities at 2D 

distance up to 35 cm depth significantly increased (e.g., 72 m/s to 276 m/s, 86 m/s to 472 m/s, 82 

m/s to 410 m/s, 92 m/s to 481 m/s), while rest of the zone showed no or minimal improvements 

less than (e.g., 61 m/s to 79 m/s, 82 m/s to 92 m/s). Event after the injection source relocated from 

2-4D to 1-3D below the surface (2nd batch, Fig. 5.3c), the improvement pattern remained, which 

infers a localized cementation formed at the zone near the injection source. 

During 3rd-6th batches with the relocation of the injection source to 0.2-1.2D (Fig. 5.3d and 

5.3c); however, further distances became cemented more (e.g., 100 m/s to 206 m/s at 4D/5cm, 60 

m/s to 215 m/s at 6D/5cm as well as the ultimate cementation at 2D distance at 15 cm (581 m/s to 

625 m/s), 25 cm (588 m/s to 649 m/s), and 35 cm depths (490 m/s to 658 m/s). It is interesting 

observation that 4D/15-35cm depths showed perceptible increases in the shear wave velocity 

during 3rd-6th batches, which was anticipated no further improvement as the zone was blocked by 
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the heavily localized zone of 2D distance. The upper layer is subject to high seepage velocity (i.e., 

quick dissipation of head) than the lower layer (Das 2015) and thus, less reduction of the hydraulic 

conductivity is expected (Zambare et al. 2019). It implies that the cementation solution during 3rd-

6th batches flowed over the local cemented zone at 10-30 cm depths and finally reached further 

zone beyond the close zone. 

Unlike the dynamic changes at up to 35 cm depth, the lower depths, 55cm to 75 cm depths 

showed almost no improvement of the shear wave velocity. As results in Fig. 5.3f, the distance 

near the injection source is rapidly cemented, while less cementation at 4D and 6D distances under 

given applied hydraulic gradients. When the injection source locates at shallow layer, the 

cementation seems happened preferentially following less cemented zone rather than additional 

heavy localization of the cementation at the zone near the injection source. 

 

5.3.2. Distribu tion of Precipitated CaCO3 

The cemented sample was excavated and totally 168 samples were collected along the 

sections, S1, S2, S3, and S4 illustrated in Fig. 5.1. The samples were dried, acid washed, and the 

measured mc along S1-S4 are separately shown in Fig. 5.4. Since the measurements were 

performed after completing the flow testing over the sample surface, the zone near the pile was 

scoured with a geometry of 4.2 cm in extent and 4.4 cm in depth, with the score zone having a 

cylindrical shape and an area as indicated by the hatched zone near the origin on Fig. 5.4. However, 

based on mc within 0-5cm near the surface, very low level of cementation was detected. 

The cementation pattern in general shows an ellipsoidal shape around the injection source 

with additional cementation along the surface and at the wall. For section S1 (Fig. 5.4a), low level 

of cementation was measured with mc=0.2%, 0.7%, and 1.1% at 5 cm, 10 cm, and 15 cm depths, 
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respectively along 0D distance from the pile. The cementation rapidly increased below a depth of 

about 20 cm, such that by a depth of about 35 cm the measured precipitation was 16.2%. The 

attenuation of mc was observed at 50 cm depth (=5.1%), but such value is still relatively higher 

than the values located at similar distance from the injection source. No cementation was detected 

at 85 cm depth. It is suggested that a gravity effect might induce the cementation solution to flow 

down and induces cementation at further depth (70 cm) even though the injection source was 

located at the depth ranging from 0-20 cm. The vertical transport of the cementation solutions is 

much greater than that observed within the horizontal zone of influence (e.g., a distance of about 

3D or 15 cm from the pile). In addition, the injected solution sank as the solution is heavier than 

water inducing (e.g., injected chemical density: 1076.7 kg/m3, initial pore water: 1000 kg/m3). 

Meanwhile, it seems low seepage velocity is also a factor contributing to the heavy accumulation 

of the precipitations at 30-40 cm depth as the deeper flow path is longer than flow path within the 

zone near the surface (Holtz et al. 1981). This observation is validated in following section. Based 

on the cementation scheme employed herein, mc=4.7%, 3.4%, 2%, and 2.3% were measured at 

2.1D, 4.3D, 5.6D, and 7.6D distances, respectively, along the surface. However, less cementation 

was measured at 5 cm depth as mc=1.8%, 0.7%, 0.9%, and 1.7% was measured at 2D, 4D, 6D, and 

7D distance from the pile, respectively. This observation implies bacteria preferentially reside at 

the zone near the surface as well as the wall (i.e., boundary effect). The zone beyond 4D distance 

and 15 cm below the surface showed no cementation. 

For section S2 (Fig. 5.4b), a general pattern similar to S1was shown. The mc at 2D/5-20cm 

shows relatively higher level of cementation of around 4-5%. The section S3 exhibits a pattern 

analogous to S1 (Fig. 5.4c). In case of S3, the highest level of cementation, among the 4 sections, 

was mc=19.6% at 0D/40cm. The cementation near the wall shows 3.5% mc. The section S4 showed 
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the most perceptible cementations (mc=1.1-2.7%) at the shallow depths (e.g., 5-15 cm depths) at 

4-7D distances from the pile. 4.8% mc was measured at 8D/5cm. 

In summary, relatively less cementation (0.2-1.9% mc) was observed at the zone near the 

injection source at 0-15 cm depths within 0-1D distance from the pile, while the horizontal zone 

further from the pile (e.g., 2D/0-20cm) showed higher cementation (e.g., ~2-5% mc) as depicted 

in Fig. 5.4. The level of cementation beyond 3D distance attenuates rapidly to almost 0% mc. The 

depths of 30-40 cm show highly cemented zone as mc=6-20%, and averaged mc=15.1% at 35 cm 

depth. The mc at the surface showed ~1% at ~1D, increased to ~4-6% at ~2D, and decreased to 

~3% at ~4D, ~2% at 6D. It is concluded that the distribution of the cementation in the large-scale 

system is a function of the location of the injection source, the transport rate, the depth or gravity 

effect (Zone 1 in Fig. 5.4d), and the presence of boundaries (Zone 2 in Fig. 5.4d). 

 

5.3.3. Changes in Hydraulic Conductivity 

5.3.3.1. Global hydraulic conductivity  

The effluent rate (q) and the global hydraulic conductivity (kglobal) measured before, during, 

and after the treatment can assist to better explain the cementation mechanism in the soil box (Fig. 

5.5). As the kglobal is independent on iapplied while the q is dependent on iapplied, the analysis below 

focused on the kglobal in general. Before the treatment, the pre-kglobal measured via the entire 

injection zone (i.e., 0.2-4D) showed 0.053 cm/s under h=5 cm and iapplied=0.46. When the first 

biological injection at the 1st batch began, kglobal was measured as 0.011 cm/s under h=7 cm and 

iapplied=0.35. The kglobal supposes to have same value regardless of the testing location and iapplied; 

however kglobal via 0.2-4D source showed higher than one via 2-4D source. It seems the injection 

zone near the surface (i.e., 0.2D) induced a preferential flow resulting in a high discharge rate. The 
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reduction of the hydraulic conductivity was quickly observed at 10 min after the initiation of the 

1st cementation injection (e.g., 0.011 cm/s to 0.0041 cm/s), and further reductions were found as 

time passed (e.g., 0.0041 cm/s to 0.0012 cm/s to 0.0009 cm/s). This observation can be matched 

with the improvement pattern of the shear wave velocity shown in Fig. 5.3b. 

As the inside the inner pile was brushed out to eliminate any precipitation or bio-clogging 

at inside the filter material, the kglobal at the 2nd cementation injection was recovered from 0.0009 

cm/s to 0.002 cm/s; however, the kglobal reduced again at the end of the injection. This pattern 

remained at the 3rd cementation injection as well. At the 2nd biological injection for 2nd batch, the 

kglobal showed 0.009 cm/s similar with one at the 1st biological injection (0.011 cm/s). It infers that 

the zone near 1-3D injection source was not heavily cemented yet, or the reduced kglobal due to the 

1st batch might increase due to a preferential path along 0-5 cm depths. However, the kglobal during 

the cementation phase reduced rapidly as low as 0.0007 cm/s, which is similar with the 

kglobal=0.0009 cm/s at the end of the 1st batch. Figure 5.3c also indicates heavy localization is 

expected at the zone near the injection source. 

When the 3rd batch was performed, the kglobal at the biological injection showed 0.03 cm/s 

similar with pre-kglobal (e.g., 0.053 cm/s). The reduction of kglobal after subsequent cementation 

phases was approximately factor of two, which is lower than around one order of magnitude 

observed at 1st and 2nd batches. Even during 4th batch, the reduced kglobal was recovered to 0.036 

cm/s. At the meantime, continuous improvement of the shear wave velocity was monitored at the 

further zone (e.g., 4-6D distance from the pile) including 2D distance from the pile (Fig. 5.3d). 

This observation infers the precipitation at the zone near the injection source could be washed 

away to further zone due to high induced seepage velocity (e.g., 0.34-0.121 cm/s at the injection 

zone, calculated by measured q over injection area). 
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Once the iapplied was reduced from 0.45 to 0.27 during the 5th and 6th batches, gradual 

reduction of kglobal was observed as the treatment conducted. Finally the kglobal reduced from 0.036 

cm/s to 0.0023 cm/s as approximately one order of magnitude. The post-kglobal gave 0.0048 cm/s 

via 0.2-4D injection source. Despite of the reduction of kglobal during last batch, the final 

cementation profile presented less cementation at the zone near the injection source (Fig. 5.4). 

Especially the mc at 5-10 cm depths at 0D distance showed lightly level of cementation (0.2%, 

0.3%, 0.5%, 0.6%, 0.7%, 1%, and 1.4%) including mc at 7.5 cm depth at 1D distance (0.7%, 0.9% 

and 1.2%) (Fig. 5.4). The results from the kglobal and q and mc measurements clearly indicate that 

the applied hydraulic gradients at 0.2-2D injection phases were not low sufficient to provide the 

nucleation or the fixation of microbially induced precipitation at the zone near the injection source. 

 

5.3.3.2. Local hydraulic conductivity  

Figure 5.6 shows the variation of the hydraulic conductivity (klocal) throughout the half-

cross section of the soil box, S2. The dotted segments in Fig. 5.6 indicate the sampling locations 

at 1D (0.5-1.5D), 3D (2.5-3.5D), and 6D (5.5-6.5D) distance from the pile, and 19 constant head 

hydraulic tests were conducted. The measured klocal varied from 0.0035 cm/s at 1D/35-40cm 

expected to have mc=~8.5% (Fig. 5.4b) to 0.0182 cm/s at 6D/50-75cm to be untreated grounded 

on Fig. 5.4. The klocal at 1D distance from the pile showed 0.0097 cm/s and decreased up to 40 cm 

depth (e.g., 0.0074 cm/s to 0.0062 cm/s to 0.0043 cm/s to 0.0035 cm/s), which exhibited the 

localized heavy cementation in Fig. 5.4b. Then the klocal became recovered up to 75 cm depth as 

0.0055 cm/s, 0.0045 cm/s, and 0.0104 cm/s. The klocal at 2D distance from the pile showed similar 

pattern with ones at 1D; however, approximately factor of two higher (e.g., 0.0066 cm/s to 0.0162 
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cm/s). The klocal at 6D distance from the pile was measured as 0.0132 cm/s to 0.0182 cm/s, which 

expected to be untreated based on mc profile. 

The pre-kglobal showed 0.0529 cm/s, while the klocal with mc=0% ranged 0.017 cm/s to 

0.0182 cm/s. It infers the slug test and the constant head test are unable to exactly compare each 

other as they have different protocol of the evaluation. However, given that the post-kglobal is 0.0048 

cm/s and klocals at 0.5-1.5D/5-30cm ranges 0.0043-0.0097 cm/s, the discrepancy can be acceptable 

considering the variability of the hydraulic conductivity in soil (Holtz et al. 1981) at lower range 

of the hydraulic conductivity. Moreover, klocal at 0-0.5D/0-20cm distance was not investigated, but 

expected to be less impactful due to less cementation at the zone near the injection source than 

klocal at 0.5-1.5D/0-20cm. 

 

5.3.4. Strength Improvement 

Eighteen CPTs were conducted 3 penetrations for untreated (denoted óUô) and 15 

penetrations for treated (denoted óT) model media (Fig. 5.7). The tip measurements may need a 

normalization in terms of the overburden pressure; however, normalized values showed high 

exaggeration due to low overburden pressure. Therefore, raw tip resistances are presented in this 

section. The data are classified for better explanation in accordance with the testing location as 

near 2D, 4D, and 6D in Fig. 5.3a, 5.3b, and 5.3c, respectively. All data were merged into one 

domain as shown in Fig. 5.7d for untreated sample and Fig. 5.7e for treated sample, respectively. 

To avoid the interference among tests, the testing locations were selected with the distance at least 

6 times of the cone diameter (Bowles 1996). As the CPTs were performed after completing the 

flow testing along the surface, the scoured zone was filled with loose sands before the CPT. In this 

reason, qt at 0-5 cm depths for óT-1.7Dô and óT-1.8Dô in Fig. 5.7a were disregarded. 
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The cone tip resistance on untreated sand showed almost zero resistance up to 5 cm depth, 

and started to increase up to around 0.5 MPa at 25 cm depth (U-2D, Fig. 5.7). At 10 cm depth, qt 

at 2D, 4D, and 6D distances are 0.2 MPa, 0.18 MPa, and 0.07 MPa, respectively, while at 25 cm 

depth, 0.7 MPa, 0.6 MPa, and 0.4 MPa for 2D, 4D, and 6D distances. It implies that the zones near 

the pile experienced a densification during the pile installation. In spite of the densification and 

corresponding increases in qt, it is considered that the improvement due to the bio-cementation 

was comparatively captured. The majority of the values show 0-0.5 MPa in general as shown in 

Fig. 5.7d. 

The cone tip resistance at 2D showed clear improvement of the sandôs cone penetration 

resistance after the treatment compared to untreated sandôs one. A linear increase in the cone tip 

resistance at 2D was observed up to 13 cm depth and a rapid increase in qt to 2.8 MPa to 5 MPa at 

17 cm depth was detected. In cases of óT-1.7D,ô óT-1.8D,ô and óT-2D,ô qt at 17-25 cm depths 

remained similar with ones at 17 cm depth or slightly increased, while T-1D gradually increased 

up to 7.1 MPa. The case of óT-1.7Dô showed unusual fluctuation at 17-25 cm depths. It is implied 

that the soil body was cemented heavily and fractured as the cone penetrated. In addition, óT-1.7Dô 

and óT-1.8Dô can be considered almost same distance from the pile, but óT-1.7Dô exhibited 

approximately 0.3-2 MPa higher values than ones for óT-1.8D,ô which implies a spatial variability 

was associated in the MICP process. Overall, although óT-1Dô is subjected to the boundary effect 

due to the pile (4.5 cm distance); however, it is concluded that the qt shows high as the distance 

close to the pile in Fig. 5.7a. 

Unlike the qts near 2D distance, ones near 4D and 6D showed less improvements than 1 

MPa in general. óT-3.5Dô profile showed almost no improvement up to 12 cm depth; however 

increased from 0.6 MPa to 0.85 MPa at 25 cm depth, where expected heavily cemented zone as 
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predicted in Fig. 5.7a. The qt profiles for óT-4Dô and óT-4.8Dô are generally 0.2-0.3 MPa higher 

than ones for untreated values (óU-4D,ô Fig. 5.7b) throughout the depth. The case of óT-4.2Dô 

showed similar improvement with óT-4Dô up to 5 cm depth, but attenuated and almost overlapped 

with untreated values. 

The cone tip resistances at the zone around 6D distance (Fig. 5.7c) showed dynamic 

variations than ones near 4D cases (Fig. 5.3b). The qts for óT-5.4D,ô óT-5.7D,ô and óT-6Dô showed 

similar improvement pattern compared to qts near 4D distance. However, óT-6Dᾳ,ô óT-7.1D,ô and 

óT-8.1Dô showed perceptible increase in qt, for example, 0.2-0.5 MPa at 1cm depth and 0.5-0.75 

MPa at 5 cm depth. It is worthy note that even qt=0.2-0.75 MPa at very shallow depths (0-5 cm) 

are meaningful evidence of the cementation considering the low confinement. These observations 

infers the injected bacteria may preferentially stay at close zone near the wall, and this hypothesis 

will be reinforced further with mc measurements. 

All 15 CPT results are merged and contoured in Fig. 5.7e. It seems the zone of cementation 

forms an ellipsoid based on the depth of 25 cm extending 15 cm towards outer spherically. The 

strength improvement by qt looks well matched with the shear wave velocity measurements (Fig. 

5.3e). The CPT better captured the irregular improvement at the zone near the wall. It indicates 

that the small-strain behavior by Vs and the large-strain behavior by qt are linked each other as 

presented by Schneider and Moss (2011). 

 

5.4. Discussion 

5.4.1. Distribut ion of MICP with respect to Reaction Rate and Transport Rate 

The distribution pattern of the cementation can be explained by the reciprocal effect 

between the chemical reaction and the solute transport through advection. Zambare et al. (2019) 
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found the Damkohler number can illustrate the distribution pattern of MICP using the reaction and 

transport rates. Damkohler number (Da) is a dimensionless ratio of the reaction rate to the transport 

rate. The system in Zambare et al. (2019) was based on a radial flow in a disc measuring 23 cm in 

diameter and 1 mm in height. In case of the system tested herein, the reaction rate at point i (Ri) is 

calculated by Eq. (5.1) as: 

 

Ὑ
 

 Eq. (5.1) 

 

where, mCa(i) is a total Ca mass precipitated based on measured mc, VolFluid(i) is a fluid volume at i 

in cm3, t is a reaction time in seconds, MCa and MCaCO3 are molar mass of Ca (40 g/M) and CaCO3 

(100 g/M), respectively, and ɔd is a dry density of sand (1.489 g/cm3 as Dr=40.6%). As the equation 

requires the Ca mass, not CaCO3, a reduction factor (MCa/MCaCO3=0.4) is applied to mc. The 

reaction time is assumed as the cumulative duration of the cementation injection during the 

treatment (i.e., [3 h × 6 times + 2 h × 12 times]×3600 sec). As a value of mc is representative of a 

small volume, a unit volume (1 cm3) is used in the analyses. The reaction rate highly relies on the 

measured mc (Fig. 5.4). On the other hand, a transport rate at point i (Ti) is calculated by Eq. (5.2) 

as: 

 

Ὕ
 

  Eq. (5.2) 

 

where, Qi is a volumetric flowrate in cm3/s, and [Ca0
2+] is a influent Ca concentration (250 

mM=0.01 g/cm3). The Qi can be derived from a Darcian velocity at point i (vi). As the value of vi 
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exhibits the velocity at ópointô i, a unit area (1 cm2) is used in the analyses. The transport rate is 

governed by the influent rate. Although the reaction and transport rates change over time, such 

temporal changes are difficult to track as was addressed by Zambare et al. (2019). Therefore, the 

apparent Damkohler number, Daapp can be expressed using Eq. (5.1) and (5.2) as Eq. (5.3): 

 

Ὀὥ
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  Eq. (5.3) 

 

All information to calculate the Daapp are known except for vi. Given the two dimensional nature 

of the flow, it is essential to perform the seepage analysis through a computational method to assess 

the value of vi. 

A finite element based seepage analysis software, SEEP/W (GeoStudio 2012, Alberta, 

Canada) was used for the determination of vi. SEEP/W provides the equipotential head distribution 

within the subsurface domain and seepage through the soil. The axisymmetric geometry of the 

domain shown in Fig. 5.8a is representative of the physical geometry of the experiment.  The head 

differential of 5 cm was applied as a representative head differential (e.g., level of tail water: 95 

cm, level of applied head: 100 cm). The distribution of the hydraulic conductivity in Fig. 5.6 was 

simulated within the domain. The results at steady state condition with the lines for the 

equipotential head and flow channels are shown in Fig. 5.8b. 80% of the head (1 m to 0.96 m) is 

quickly dissipated at around 1D distance from the injection source. This is because the majority of 

the flow channels are located at the zone near the injection source rather than the zone below the 

injection source. This is attributed to the high seepage velocity in the upper layer (0-10 cm depths), 

and the lower seepage velocity in the lower layer (e.g., depths below 10 cm). 
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Based on the mc measurements in Fig. 5.4 and the vi reading from the seepage analysis 

(velocity magnitude, vxy), the Daapp at the location of the mc measurement was calculated by Eq. 

(5.3) and plotted with respect to the distance from the injection source (Fig. 5.9a) and 

corresponding mc (Fig. 5.9b). The shortest distance from the measurement to the injection source 

is normalized by the pile diameter and defined as Dinjection. As the vi varies from 10-6 cm/s at high 

Dinjection to 10-2 cm/s at low Dinjection, the Daapp is plotted in logarithmic scale in Fig. 5.9. The mc 

measurements within zone 1 and zone 2 (Fig. 5.4) are differentiated because the values are 

influenced by gravity in Zone 1 and influenced by the wall boundary in Zone 2 (Zone 1 is called 

óGravityô in Fig. 5.9 with gray symbols, and Zone 2 is called óBoundaryô in Fig. 5.9 with open 

symbols). This compared to values minimally affected by either factors and called herein ñgeneralò 

MICP implementation (i.e., Daapp except for the Gravity and Boundary, called óGeneralô in Fig. 4 

with solid symbol). Figure 5.9a presents Daapp generally increases as the distance from the 

injection source increases up to approximately 4Dinjection. After 4Dinjection, general Daapp rapidly 

decreases to zero (i.e., mc=0%), and remained zero up to 12Dinjection. There is a clear distinction 

between Daapp near zero and Daapp=0. The low levels of Daapp at 0-1Dinjection distance are attributed 

by the high levels of transport rate (e.g., vi=~10-3-10-2 cm/s) at the zone near the injection source 

even though with some levels of the reaction (e.g., mc=0.2-1.9%), while Daapp=0 is due to no 

reaction (i.e., mc=0%). The data from Zambare et al. (2019) showed similar pattern with the data 

in this study, moreover, the results in this study broaden the tendency of Daapp on MICP beyond 

3Dinjection from the injection source. However, Daapp due to gravity and boundary effects showed 

different patterns. The Daapp within Zone 1, called Gravity in Fig. 5.9a, showed 0.1-0.5 at 3-

12Dinjection. Daapp within Zone 2 shows similar with those within Zone 1 at 5-8Dinjection. The gravity 
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or the boundary effect provides one or two of magnitude higher than the general Daapp at 3-

4Dinjection. 

Figure 5.9b shows the Daapp increases as mc increases in general. The Daapp by the gravity 

and the boundary effects shows higher than the general Daapp. It indicates the gravity and the 

boundary effects took place with higher efficiency than those happened by normal MICP 

implementation. Figure 4b provides how much vi is required to achieve certain level of cementation 

as mc can be a function of Daapp, and correspondingly vi (Eq. (5.3)). These results are useful for 

the future design of MICP in situ. To achieve higher levels of cementation near the injection source, 

the vi (iapplied) should be lowered to become similar with Daapp at 3-4Dinjection. As lower vi brings 

higher mc, Daapp will nonlinearly change, which requires further investigation. In addition, except 

for the gravity and the boundary effects, whether 4Dinjection is the maximum distance to be cemented 

or not should be also confirmed by further research as a function of applied hydraulic gradient and 

the characteristics of microbes (e.g., cell population). 

 

5.4.2. Identification of MICP -Treated Sand via Small- and Large-Strain Properties 

It is necessary for MICP-treated soil to be identified in field. Schneider and Moss (2011) 

proposed an empirical parameter, KG based on the G0/qt (i.e., shear wave velocity, Vs) as a small-

strain property (Rix and Stokoe 1991) and qt1N (i.e., cone tip resistance, qt) as a large-strain 

property (Eslaamizaad and Robertson 1997). These two parameters are expressed below: 

 

ὑ
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Ȣ    Eq. (5.4a) 

   Eq. (5.4b) 
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   Eq. (5.4c) 

 

where, G0 is an initial shear modulus calculated by the Vs and a saturated soil density, ɟ, qt1N is a 

stress-normalized cone tip resistance by pa, the pa is an atmospheric pressure (101.325 kPa), ů'vo is 

an effective overburden pressure. Robertson and Wride (1998) indicted that the term of (pa/ů'vo)
0.5 

in Eq. (5.4c) should be less than 2 at shallow depth as low ů'vo exaggerates the qt1N. In this study, 

the term is always higher than 2 due to the low overburden pressure within the testing condition. 

Thus a constant value of (pa/ů'vo)
0.5=2 was applied in Eq. (5.4c). 

The measured Vs and qt were correlated with the corresponding mc to the form of KG, and 

plotted in Fig. 5.10 with observations from Gomez et al. (2018a). As the location of mc differed 

for Vs and qt, the average value of mc at where Vs and qt were measured is used as a representative 

mc in Fig. 5.10. Despite the variation of the KG values, there seems to be a clear trend with respect 

to mc versus KG. Schneider and Moss (2011) found the lower boundary of KG is 110, thus a y-

intercept=110 is also adapted in this study (i.e., KG=110 at mc=0%). With the conjugation of the 

observations from Gomez et al. (2018a), the KG parameter for MICP-treated sand is proposed as 

Eq. (5.5): 

 

ὑ ρςππά ρρπ   Eq. (5.5) 

 

The mc in Eq. (5.5) is in percent. The KG linearly increases with the slope of 1200 as mc increases 

up to mc=5.5%. The values in this study reinforce low ranges of mc (e.g., 0%<mc<2%) in addition 

to the observation by Gomez et al. (2018a). 
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The derived KG values are expressed in Fig. 5.11 on the G0/qt-qt1N plane and presented 

along with the data from literature on cemented sands (Eslaamizaad and Robertson 1997, Fahey 

et al. 2003, Schneider et al. 2004, van Impe et al. 2015, Gomez et al. 2018a). Schneider and Moss 

(2011) proposed KG=110, 330, and 1100 for the boundaries of uncemented and cemented sands, 

which corresponds mc=0%, 0.2%, and 0.8% based on Eq. (5.5), respectively. Artificially Portland 

cemented sands shows KG=560-800 (Eslaamizaad and Robertson 1997), while ones for naturally 

cemented are 490-640 (Fahey et al. 2003, Schneider et al. 2004). 94% calcareous sand exhibits 

KG=340-510 (van Impe et al. 2015), which is slightly lower than artificially and naturally cemented 

ones. The KG for MICP-treated sand at mc=2%, 4%, and 6% are calculated as 2510, 4910, and 

7310, respectively, which are higher than the general range of the naturally cemented and 

calcareous sands (i.e., up to 1100). The MICP-treated sand with mc below approximately 1% may 

behave similar with other normally cemented sand; however, mc over 1% by MICP provides much 

higher KG. It is suggested that the mc=1% by MICP might be considered as a threshold level of 

cementation to form an effective mineral bridge between the particles, which is directly associated 

with the soilôs force chain in actual (i.e., strength and stiffness), rather than voids (Dadda et al. 

2019). On the contrary, the artificially cemented sands seem to be cemented less efficiently as the 

cement agency bonds the particles by filling the voids rather than a preferential cementation at the 

particle contact point. Overall, the level of cementation can be identified using the shear wave 

velocity and the cone tip resistance as in situ measurements. 

 

5.5. Conclusions 

The research herein investigates the distribution pattern of MICP via the proposed double 

wall pile delivery system. Sands in 0.73 m3 soil box were treated by MICP technology under 
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spherical flow and submerged condition. During the treatment, the shear wave velocity (Vs) and 

the hydraulic conductivity (kglobal) were measured. Post-treated sands were evaluated by the cone 

tip resistance (qt). The cementation profile (mc) along the section and the local hydraulic 

conductivity (klocal) were evaluated by boring and samples. The major findings are summarized as 

below: 

 

1. The double wall pile delivery system enabled to cement the model media adjacent to 

the pile without heavy reduction in the hydraulic conductivity. 

2. The shear wave velocity, the cone tip resistance, the mass of carbonate, and the local 

hydraulic conductivity mutually support the general improvement pattern. The 

improvement pattern attenuated showing an ellipsoidal shape with respect to the 

injection source. 

3. The values of the mc elucidated less cemented zone at near the injection source and 

highly cemented zone at further distance. This trend indicates that the precipitated 

mineral transports from the zone near the injection source to further distance due to 

high induced seepage velocity, which does not provide a sufficient time to nucleate and 

fixate the precipitation onto the particle surface. Heavy cementation was observed at 

deeper depth due to the gravity effect of the solution and precipitated minerals. 

Moderate level of cementation was found at the zone near the boundary due to 

preferential residence of bacteria or transported minerals. 

4. A distribution factor, Damkohler number (Da) enabled the evaluation and 

generalization of the cementation pattern as a function of the reaction rate (mass of 

carbonate) and the transport rate (seepage velocity). The calculated Da indicates 
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potential to control the level of cementation with respect to the applied hydraulic 

gradient under submerged condition and spherical or radial flow. 

5. The shear wave velocity and the cone tip resistance were correlated to the empirical 

parameter, KG, to identify the level of cementation in situ. The results showed that KG 

linearly increases as the mass of carbonate increases, and MICP-treated sand has higher 

KG than other form of cemented sand. 

 

Overall, cementation from spherical flow and within submerged conditions induces a 

localization of the cementation near the injection source. However, the cementation is a function 

of the reaction rate and the transport rate. Daapp helps to understand the target level of cementation 

considering mc and iapplied. KG parameter derived in this study can indicate the level of cementation 

using field instrumentations such as shear wave velocity and cone penetration test. Therefore, the 

distribution pattern and identification method of MICP in this study can be a useful reference for 

future implementation of the bio-cementation technology. 
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Figures 

 

  

Figure 5.1. Overview of soil box system. (a) Soil box with injection system, (b) pair of bender 

element with frame, and (c) miniature cone penetration system over the soil box. 
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Figure 5.2. Schemes of soil box and treatment mechanism 
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Figure 5.3. Improvement of shear wave velocity during treatment. (a) Before treatment, (b) after 

3rd, (c) 6th, (d) 12th, (e) 18th cementation injections, and (f) increases in the shear wave velocity for 

2D, 4D, and 6D distances from the pile at 5 cm, 15 cm, and 25 cm depths. The blue bars at the 

origin in  (b), (c), (d), and (e) illustrate the applied head differentials. 



 

120 

 

 

 

Figure 5.4. Cementation profiles. mc measurements along (a) S1, (b) S2, (c) S3, and (d) S4. Hatched box and green bar at origin indicate 

the scoured zone and the injection source, respectively. Dots and values show the measurement locations and corresponding mc. All 

contours follow the levels at the right side of the figure. Zone 1 and 2 are considered as the areas subjected to the gravity and boundary 

effects, respectively. 
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Figure 5.5. Changes of the global hydraulic conductivity (kglobal) and the effluent rate (q) before, 

during, and after the treatment. Pre-kglobal&q means kglobal and q before the treatment, while Post-

kglobal&q means ones after the treatment measured under h=5 cm via the entire injection zone (0.2-

4D). 
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Figure 5.6. Local hydraulic conductivity (klocal) profile. The dotted segments indicate the sample 

for the constant head hydraulic conductivity test. Dots and values show the measurement locations 

and corresponding klocal (×10-3 cm/s). 
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Figure 5.7. Cone tip resistance profiles. qt near (a) 2D, (b) 4D, and (c) 6D, and merged qt for (d) untreated and (e) treated sample. The 

bar at 0-20 cm depths in (e) indicates where the injection source located, and hatched box at the origin presents the refilled zone due to 

scour testing. 
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Figure 5.8. Seepage analysis. (a) Modeling geometry and (b) head distribution with flow path. 



   

125 

 

 

 

 

 

 

Figure 5.9. Damkohler number with respect to the distance from the injection source (a) and mass 

of calcium carbonate (b). óGravityô refers Daapp calculated using values in Zone 1 in Fig. 5.4, while 

óBoundaryô means Daapp by Zone 2. óGeneralô indicates Daapp calculated except for the gravity and 

dam effects. 

Figure 5.10. KG-mc relationship with the conjugation of Gomez et al. (2018a).  refers this study, 

while  denotes Gomez et al. (2018a). 








































