ABSTRACT

JINUNG, DO. Scour Mitigation using Microbiallinduced Carbonate Precipitatiggnder 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 constructesgentails 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 t o enhan eminegrg propdrties usirgluredytic 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
applicatons; little has been done regarding assessing erosion or scour behavior efr&&Ea
material.

Therefore, the application of MICP for the aim of scour mitigation is investigated in this
dissertation. A series of submerged impinging jet tests anddirrigests under low confinements
were conducted to examine the debonding mechanism of #M&2aked sand with varying levels
of cementation. Soil column testing and direct simple shear testing were performed with diverse
MICP recipes under the presence ofgmeasium 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 largescale 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 MICRreated sand in the box were analyzed with thaidenations of reaction rate,



transport rate, mass of precipitation, hydraulic conductivity, sstiein behavior, and larggrain
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 ofthii&d 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 untreateckatetitsand under
submerged condition and propose an erosion model for Ni€ed sand, (5) to evaluate the
cementation pattern of MIGReated sand, (6) to provide a design for MICP implementation

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
waterwayqNBI 2016) Briaud (2006yeported that 60% of bridge failures from 1966 to 2005 are
associated withydraulic causes, especially scour. In addition, the anchoring and mooring systems
of a broad range of offshore structsirepresent a major cost fraction of the installation in many
cases, and can be a significant cost driver in the operation and raarggorocess. Therefore,
scour evaluation is a critical step for assessing the stability of foundation systems over water during
design and post construction stages as wehrasighout the operational life

There are traditionally two mitigation approastio enhance the scour resistance of soils
adjacent to foundation systefAnnandale 206). One approach is 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 ayer 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, arpofttbe rock material might
be washed away if placement takes place in-Bgged 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 ammn. However, b 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



addition to the uncertainty with time to installation, this is also a costly approach since mobilization
of construction equipment is needed severalgich&ing the construction phase.

Microbially induced carbonate precipitation (MICP) is a novel approach for improving soll
strength and modulus by harnessing natural microbial communities to catalyze cabaseate
precipitation(DeJong et al. 2010Yrea is easily dissolved in watéowever, 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 metabattivity of the microbes, thus producing carbonate
ions. With the presence of calcium, a natural bonding agent, calcium carbonation is precipitated,

per the reaction shown Fig. 1.1 and following Eg. (1.1)

#1.( ¢( /1 am ¢ ( #l Eq. (1.1a)

#A #l O # Al Eqg. (1.1b)

Stabilization of sand using MICP may provide an alternative solution for scour mitigation.
The idea is to bienediate the soft soil around the foundation system in a zone thatlexten
(laterally and with depth) 22 times the diameter of the area of concéfrWA 1991) This
geometry covers an equivalent soil mass normally susceptible to scour. Such geometrydh terms
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
bacteriag(Gomez et al. 2016h the soil media improving the geotechnical properties with no need
of excessive construction effoftherefore, MICP technology is potentially suitable for enhancing
the | oose sedi ment susmerged canditions whene the implernentation af e r

conventional methods can be challengiftge successful development of MICP process for scour



mitigation will lead to less frequent maintenance and extends the econortigcléecost of the

deployed foundtion 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 tenmologyh er ei n, MI CP stands for 06 mi

cr

precipitation,® instead of O6microbially induc

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 asagge sdibox 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 MICRreated sand; therefore, a series of flow testing, erosion testing on
treated surface, and boringdasampling were involved in the largeale 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 efréétel
sand under low confinements where scour is concerned, (2) to examine the effect ofunagnesi
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 quarttgyscour behavior on untreated and treated



sand under submerged condition and propose an erosion model fortM&@#d sand, (5) to
evaluate the distribution and properties of Mi@ated sand under submerged condition and
spherical flow, (6) to provida design for MICP implementatian situ suggesting the injection

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

1.3 Dissertation Organization

This dissertation consists six additionalchaptersNext five chapters amnain chapters
that have been published in conference proceeding or journal parts or will be submitted, while last
chapter summarizes major contributions in this dissertaBelow is a brief dscription of the
next chapters.

Chapter 2 describes the deboglmechanism of MICRreated sand by erosion and
shearing via smakcale 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 weiaezkamd compared
with data fromliterature. This chapter was published @eomechanics and Engineerjngn
International Journabkuthored by Jinung Do, Brina Montoya, and Mohammed Gabr.

Chapter 3 investigates the effect of foreign components, espeoialigifig on magnesium
and sulfate one the MICP process. Twesitght 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 evatliat terms of mass of carbonate, misoale and

elemental analyses. Four direct simple shear testing were performed for the specimen treated by



MICP under the presence of magnesium. The variations of stiffness and strength on the treated
material were aayzed. Chemical modeling was used to confirm the possible mineralogy and the
effect of foreign species in calcium carbonate growth under given retipeshapter is intended

to be submited to a special edition ofoils and Foundationgor similar, asdeemed by the
organizers of B2Gyauthored byJinung Do, Qianwen Liu, Ashkan Nafisi, Pegah Ghasemi,
Kyunguk Na, Safavi Zadeh Shahin, Brina Montoya, and Mohammed Gabr.

Chapter 4 begins to demonstrate the &édscour ¢
A large-scale soil box of 0.73 chin volume with a sheet flow system was constructed to manifest
the structuresoil-fluid interaction. An innovative delivery system was introduced in an attempt to
address the heavy reduction of the hydraulic conducititile zone near the injection source. A
nonlinear erosion model for MICfPeated 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. Vavus 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 fiostriBution
factor incorporating reaction and transport rates was taken to evaluate the distribution
characteristics of MICP, while an empirical parameter accommodating astraailbehavior and
a largestrain behavior was manipulated to identify theeleof cementation by MICk situ. This
chapter is an enriched version of the conference proceedi@g@Congress 202@uthored by
Jinung Do, Brina Montoya, and Mohammed Gabr; a journal paper will be prepared by the same

authors to incorporate all of@tdata in this chapter.



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 implementationtpcol such as zone of influence, injection
volume, and injection duration. A tracer test was preceded to derive transport parahieters.
chapter was published iGeotechnical Special Publication of GEongress 201@uthored by
Jinung Do, Brina Montoyaand Mohammed Gabr

Finally the main contributions achieved in thesearctare encapsulated in Chapter 7.
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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 @eomechanics and Engineerjrin International Journal
(Do et al. 2019ain the development based on the conference proceedilys etal.(2017) and

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

Citation:
Do, J, Montoya B. M., and Gabr, MA . (2019) . ADebonding of Micr
PrecipitationSt abi | i zed Sand b \yGeotbachanicsiand gEngimeerthg, Bmr o0si 0

International Journal 17(5), 429438.

Abstract

In this chaptey the shear response are terodibility of MICRtreated sand under axial
compression and submerged impinging jet were evaluatddrlow confining stresss as the
outset of this researct.oose, poorly graded silica sand was used in testing. Specimens were
cemented at low confing 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 coefficiemhsktiby 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 ledv&$ed on monitored shear wave velocity, indicated



mineral debonding may commence at 0.05% axial strain. The peak strength was enhanced in terms

of emerging cohesion parameter based on utilizing the 1@okifomb failure criteria.

2.1 Introduction

Severafresearchers have focused on the mechanical behavior of-tv#@ted soilsLin et
al. (2016)andFeng and Montoy&015)observed the shear responses of é@aands under axial
compression at the confining stress range of 25 kPa to 100 kPa and 100 kPa to 400 kPa,
respectivelyLin et al.(2016)indicated that the cohesion of MI@Rated sand improved with no
discernable increase in the friction angle, whileng and Montoya2015) presented the
improvement of the fiction angle with insignificant increase in the cohesion parameter for a range
of stresses for whictine 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 relationshigDo et al. 2017Feng et al. 2017Y0n the other handvialeki et al.(2016)and
Zhan et al(2016)demonstrated the high resistance of Mit#ated soils to windhduced erosion
for fugitive dust controlJiang et al(2017)induced the internal erosion of MI@Reated sandlay
mixtures through seepage, and derived eresitated parameters (e.g., peak emosate, erosion
coefficient) for given levels of cementation.

In this paper, the erodibility and the shear response of Mi€Red sand under submerged
impinging jet and axial compression, respectively, were evaluated to understand the shear strength
behavior and erosion potential of MIGReated 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 Mi€@Rented sand specimens.



2.2 Materials and Methods
2.2.1 Test Saoll

A test sand from a local quarr(-EINE SAND 99.72% of SilicaSouthern Products &
Silica Companylnc., Hoffman, NC) was used. The sand has specific gra@ygqual to 2.66,
the mean particle siz®§o) is 0.49 mm, the minimum and maximum void raémi{ andemay are
0.61 and 0.91, respectively, and classified as poorly graded saRdander the Unified Soil
Classification System (USCRASTM 2011). The specimens for testing were prepared by air

pluviation to a relative densi{¥pr) of approximately 30%.

2.2.2 Triaxial Testing

The shear response of the MKIPRated sand was evaluated using drained triaxial
compression (Fig2.18). The targeted dimensions of the specimen were 72 mm in diameter and
144 mm in height. Assuming that the suBmergec
(e.g., 20 kN/m+9.81 kN/n¥), a pile diameter equal to 3 m, and the maximum scour depth is twice
the pile diamete(FHWA 1991) the effective overburden stress within thettlggone to scour
ranges from @60 kPa. Three levels of confining pressure were needed tdaasdée 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 prevbet 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 untBtha&lue is over 0.95. Due to the focus on
the calcium carbaate precipitation process, G@as 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

10



(e.g., up to two weeks) until the tard®etzalue was achieved. Finally the akcompression 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 seanpleaps. A
stainless steel wire was inserted at the receiving bender element to reduce electrical crosstalk in
the received signgMontoya et al. 2012)A 10 V sinusoidal wave with 10 kHz frequency was
generated by a fuion generatorAgilent 33522Aand received by a digital oscilloscopgilent
MSO6014A The premeasured tiio-tip distance was divided by the first arrival time of the
propagated signal to calculate the shear wave velocity of the specivhem®sya 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 defihNgeHRP(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 devicd)ed mini JET,measuring a diameter ©01.6
mm and a height of 16.4 mm was used to assess the erodibility of the treated specimens (Fig.
2.1b). Each test specimen was treated ub@ekPa of effective overburden pressure. During the
mini JET testing, theurface of the test material was subjected to erosion by a jet induced via a
constant differential head. The applied shear stidsis Calculated as a function of the pressure
head [), the nozzle diametedd), and distance between the jet orifice and the surface of material

(Ji+s) as shown in Eq. (2) (Al-Madhhachi et al. 2013)
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T 6" 6 ¢ — Eq. (2.1)

where Cr is a coefficient of friction = 0.00416y is a fluid density = 1000 kgifnC is a coefficient
of discharge measured,is a gravitational acceleratio@y is a diffusionconstant = 6.3); is an
initial distance between the nozzle anddeformed soil surface, arsds a scoured depth due to
the induced impinging jet. The potential energy due to established head diffef@ntaliges a
shear velocity at the nozzI€Z B8h) providing a shear stress at the noz@ew(Ca Bh)?). The
applied shear stress at the nozzle is converted to an applied shear stress at soil surface using the
relationship with the nozzle diametelk) and the distance between the nozzle and soidseirf
(Ji+s) as given by Eq.2.1). During testing, the head differentidl) (was increased until the scour
was initiated. The value dfusually increased from 0.1 0. 1 P a( 9t0o P5 )m u(nt i |
scour was observed. Once the scour was initigteds¢oured 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 stthsTkie detailed of the testing procedures are
described k Khanal et al(2016)

An ercsion 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

(§) is expressed per E(R.2) (Temple 1992)

-t Eq. (2.2)

where,[Jis an erosion ratdy is a erodibility coefficient, antlis an exponent usualbssumed to

be unity for sandy soilgHanson and Cook 2004y and(j are erosion variables, whila and
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are called erodibility parameterdssumingU=1 as a starting point of this researdh,was
calculated at wherd+s reaches equilibriumhenkg was derived usingy, U, and calculated(.

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 pecimens.

2.2.4 Treatment

Sporosarcina pasteur{iAmerican Type Culture CollectipldTCC 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,ODeoo, Was approximately 1.0. Two porelumes of the bacterial inoculant (e.g., 0.333
M of urea, 0.374 M of NKCI, and 15ml/100 ml bacterial suspensiomjere introduced into
specimens with the seepage velocity of 0.0091 cm/sec as preseifteagognd Montoy&2015)
After 6 hours retention, the cementation solution composed of 0.333 M of urea, 0.374 M3f NH
and 0.05 M of CaG| was injected with 6, 6, and 12urs 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 treatmg 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 wds divide
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 tafé&ng, 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 gravimetally. Then the erodibility parameters were correlated as a function of
the level of cementation.

The shear wave velocity§ was assessed as a function of the strain during the shearing
phase of the triaxial testing. The strength parameters (frictigie @md cohesion) were derived
on the basis of the Mot€oulomb failure criterion. Based on the derived strength parameters, the
stressdilatancy relation of treated sand was evaluated according to the model presettiaddpy
and Salgad¢2010)

Microscopic analysis including variable pressure scanning electron microscopy (SEM,
Hitachi S3200)and an energygispersive Xray spectroscopy (ED®xford Instruments ¥ax)
with a beam accelerating voltage of 20 kV and a beam current of 80 nAmps weré used
understand the morphological and elemental characteristics of cemented particles. Samples were
coated with 42 nm of golgalladium (60% of Au and 40% of Pd) prior to the scanning. The X

ray energy was analyzed Bytec(Oxford Instrument

2.3 Resuls
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 fascion 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 id.Figclude the

applied shear s#ss calculated by EcR.() once the scour was initiated. In this case, the untreated
specimen wascoured rapidly and an ultimate scour depth was reached within one minute under
the lowest applied shear stress (0.16 Hajvever, he MICRtreated specimantolerated 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 sindsthe
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 cha2t4}ighe
untreated and lightly cemented specimensaslan 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 yn@eplendent on the level of the
applied shear stress. Data in F&b represent the correlation between erodibility parameters
calculated by Eg.2(1) and @.2) and the level of cementation. The derived erodibility parameters
were correlated with the relent 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 erodilgffigieats are
reduced by nearly four orders of magnitude compared to the unstabilized specimen. Therefore, it
seems at leasn.=2% (e.g., moderate levels of cementation) may be needed to increase the

resistance of sand against erosion. Thus, as modetegdalgd 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 improvemenof the shear wave velocity during the treatment of the triaxial testing
specimens are shown in FB2. As the shear wave velocity is a function of the confining stress,
different number of injections were observed to achieve the similar target siveavelacities of
the various specimen$he untreated and treated specimens were sheared and showed different
failure modes as shown in Fig6. The untreated specimen showed a bulging mode at 12% axial
strain (Fig2.6a), while clear shear bands wereeasd for the treated specimen (RAdb). 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 generad after the occurrence of the primary shear bBedg et al(2017) explained the
shear band of MICRreated 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 sandnder axial compression are shown in R2g. All unstabilized
specimens (solid lines in Fig.7a) show hardening until around 2% axial strain and converged to
plateau stress level, representative of specimens tested in a loos¢istedger, he MICR
stabilized specimens (dotted lines in RAga) 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 sugptire dilative behavior as the volumetric
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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)ethe initial slopes of the
stressstrain relationship of treated sands are similar prior to the peak point. Not only the peak
stress of the specimens, but also the residual stresses oftMEI&d sands is higher than the
ultimate stress of the untreated sands.

The measured shear wave vélpavas normalized with respect to the confining stress
(4 V[pMY=GI/[p Aj*? ): soil density,p:Npean effective principal stresgs: atmospheric
pressure: shear modulus). Such presentation meant to normalize the results with respect to the
effect of increasing confining stress, so that the delngnaliocess of the cemented sands with the
progress of shearing can be more clearly evaluated2 FFig.shows an indication of the possible
macroscale debonding of MIGReated sands under shearing with increase in axial strain. The
normalized shear modwdwf unstabilized specimens remains nearly constant over the strains range
(e.g., G/[p Aj¥?=1500). On the other hand, the normalized shear modulus efreaitzd
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% strairbsHEmston 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 themalized shear modulus of the MI@Rated sands takes

place before observing the peak strength.

2.3.3 Distribution of Cementation
The mass of calcium carbonatea) as a function of the height of the specimen is shown

in Fig. 2.8. The results show thate 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-ihdiormity of the profile seem

to increase with increasing number of treatments. While imgls 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 observbthrtinez et al(2014) The applied hydraulic
gradient attributes the distribution of the precipitated crystal as well becausduled seepage
forces transport the nucleate crystals to further locations along the direction of the flow before
fixation on the particles occu(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 potenkjand during the impinging jet testing, the 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 coductivities 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 pro@8§ &iigeraged
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 conductivitiefstioe 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

18



of shear wave vectity compared to specimen confined at higher stressZR2g.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 mechaoisime flow

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

GarciaBengochea and Lovel981)established that the hydraulic conductivity is highly
governedy flow through the relatively larger sized pores. Recent reseahadya et al(2019)
revealed cases for which calcium carbonate precipitation during the MICP process is mostly
l ocali zed at t he pathahunioimby dishributed alangtie partipl®surfaces r a't
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. Ithregems t
there is a threshold level of precipitation that is needed to induce the reduction of the hydraulic
conductivity. On the other hand, if the largige pore are not impacted by the precipitation process,
then fluid flows preferentially through less cemted area, and it is reasonable to anticipate slight

change in the hydraulic conductivity.

2.3.5 Microscopic Analysis

A stabilized specimennder10 kPa confinement was collected after triaxial testing and
used for SEM (Fig2.10) and EDS (Fig2.11) to analyze the precipitated morphology and
constituents. As shown in Fig.10b, MICP generally occurs at the particle contacts as well as the
particle surface@eJong et al. 2010The cementation @article contact points primarily attribute
to the peak strength of the soils. Compared to Eifa, data in Fig2.10b show the precipitated

crystals at the particle contact points which directly influence the improvement of the shear
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strength and stiffess, as well as the precipitation at the particle surfaces which attribute to the
residual strengtfBolton 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 il Hygis

compared to Fig2.11a 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 sts&ssn relationship, the Moki€oulomb failure
envelop is shown in Fi@.12. The strengthvasimproved by exhibiting an increase in the cohesion
(c) with cementation (e.g., ancreasan cohesiorfrom 0 kPato 46 kPa)while the friction angle
(e.g., a friction angle of 359 remained constant assuming a linear-8lohiomb failure envelop
over the testing stress range. This enhancement is similar to observation on synthetreaied
and biopolymer treated sands ®lpugh et al(1981)andQureshi et al(2017) respectively.

It is important to note that the failure envelop varies according to the level of confinement
as summarized in Tab21. Results presented in Tal#él are fromthe moderately cemented
specimens (e.gVs=~600-800 m/s). Data at the low confinement in this studylanckt 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 thenfjietrameter remains
relatively constant (Tabl2.1). 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
paramete(Feng and Montoya 2015[Recent research byafisi et al.(2019)observed the shear
strength envelopes of bmemented sands emonlinear 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 cohe®omnant to friction anglkelominant;

additional work is needead better understand this behavior.

2.4.2 Dilatancy Tendency of MICP-Stabilized Sand
The stresslilatancy relation of untreated and treated sands can be derived from Mohr
Coulomb failure criteria as according the model presente@tigng and Salgado 20183 Eq.

(2.3)

Q — Eqg. (2.3)

wheredis a dilatancy rate as 7- (- : plastic volumetric strain rate, : plasticdeviatoric strain
rate, d is a stress ratio agp ,Wj is a stress ratio at critical state defined|as 12% axial strain in

this paper, andlic is a cohesion factor given by HQ.4).

0 Eq. (2.4)

The dilatancystress ratio relationship is shown in F2gl3. Whenthe plastic volumeit
strain rate is higher than the plastic deviatoric strain dagelarger than 1, and vice versa. Data in
Fig.2.13 show that valuesof untreatedands are lower than and thereforel 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 zemvalues atl=12% are almost zero and no dilatancy is observed. Therefore,

the untreated sands show contractive behaMowever treated sands generally showl.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. Thereafterd increases again as the strain increases. As the confinement lowers, the
dilatancy rate shosvhigher for MICPtreated sands. Al values at the peak stress locate below

d=1 as 0.57, 0.05, and 0.2 for the specimens unelf0 kPa, 30 kPa, and 50 kPa, respectively.
However d values atd=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 cdmactive 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 drainBlge.results showhat MICRtreated sands

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

24.3 Debonding of MICP-Stabilized Sands

Although the calcium carbonate precipitation on the particle surface increases the shear
resistane 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 sectid4 . 1 , it i mplies that the
erodibility was mainly achieved by adding a cohesion component.

An alternative precipitation patters 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
usedto 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 withrttneduction 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 confinenséB0 kPa which was then removed for the impinging jet
tests. Figure2.7b 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 @rticle 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 carbonBte summarized conclusiomsse as

below:

1. Theimprovement is achieved through the addition of a cohesion component as assessed
using the MohCoulomb criterion. Microscopic analysis showed that precipitation
takes place at the particle contact points dbageon the particle surtas.

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 thie en

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. Thesesreuittate
sufficient potential of MICP for the purposéerosion and scour mitigation.

4. Data from triaxial testing indicated that potential debonding of Mi€Rted sand was
initiated at a relatively small strain; softening behavior was attributed twthgrence
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 duittite faith 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 tharbated soils.
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Tables

Table 21. Improvement of MICRreated 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 Y 50 0O Y 58 0 Y 5

Friction [ 35 Y 34§ 32 Y 3 33 Y 37
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Figures

(a) Triaxial testing (b) Submerged impinging jet testing
Figure 21. Testing devices
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CHAPTER 3. EFFECT OF MAGNESIUM AND SULFATE ON MICRO BIALLY

INDUCED CARBONATE PR ECIPITATION

This chapter is intended to submit$oils and Foundationas thespecial issue for Bio
mediated and Biinspired Geotechncis, B2G Atlanta 2018 Symposauisimilar journabuthored
by Do, J, Liu, Q., Nafisi, A., GhasemR., Na, K., Safavi Zadeh, S.S., Montoya, Band Gabr,
M.A.. The author was charge of all experiments except for the direct simple shear testing in this

chapter, aneéntirelyorganizel the paper.

Abstract

The effect of Mg and SOon the MICP proceswas 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
SQu. Chemical modeling wassed to predict possible mineralogy and inhibition effect at given
recipes. Micrescale observation and elemental analyses revealed that MICP worked properly with
insignificant incorporation of Mg and S@ CaCQ precipitation as well as stiffness ancesigth
improvements. However, the presence of; &Ohigh urea and calcium concentrations induced

less efficiency of CaCg&precipitation.

3.1 Introduction
The majority of MICPrelated research to date have evaluated the mechanical behavior of
treated sadi(Do et al. 2019, Feng and Montoya 2015, Lin et al. 2016, Montoya and DeJong 2015)

the biochemical observation dlg the procesgFidaleo et al. 2003, Mortensen et al. 2011,
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Omoregie et al. 2017, Safavi Zadeh et al. 20df®)deling(Dadda et al. 2019, Martinez al. 2014,
Nassar et al. 2018, van Wijngaarden et al. 204@jong others. Howevanatural environments
usually consist of diverse chemicals other thaA*@ad CQ?, which are thecore catiors and
anions one theMICP process. For example, freshwatentains NaHC®(0.1-4.6 mM), MgSQ
(0.6-19.4 mM), CaS@2H,0 (0.041.4 mM), KCI (0.0070.2 mM) as most typical components
with different levels of hardnegEaton et al. 1995, Mortensen et al. 203ltwater has varicu
chemical components such as (B44.1 mM), N4 (468.9 mM), Mdg* (54.3 mM), S@* (27.7
mM), K* (10.7 mM), C&" (10 mM), HCQ (3.3 mM), and other€Orr 2008, Pilson 2012)

The inhibition of mineral precipitation occurs due tmmpetition among chemicals to
adsorb a nucleation sitein and Singer 2005)olk (1974)addressed that theage two factors
affecting the crystal precipitation: the rate of precipitation and the precipitation environment. In
purelychemicalide,there have been several studies on the inhibition of Ga@0ipitation such
as the effect of Mg, SOPQ;, Fe, Cd,St, etc.(Dobberschiitz 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 cryallization of CaCQ@due to its high electronegativity out of the
other divalent cations available in freshwater and saltwBi@vis et al. 2000, Folk 1974, Reddy
and Nancollas 1976When Mgis involvedin the procses of CaC® precipitation, Mginterferes
in the mutual structuration dfa sheet and CQ sheets as Mg bends the Ca sheet. Therefore,
according themountof Mg and the rate of precipitation, the mineralogy of CaG#ies calcite,
vaterite, aragonite, magsite, dolomite, or a combination of these minerals, whashilts in
different characteristics such as morphology, solubibemical stability and so onKig. 3.1)
(Folk 1974, Gustafsson 2012, van Paassen 2B@@dy and Nancollas 19765Q: can be

considered an anion inhibitor to replaitee COs ion; however,Reddy and Nancollas (1976)
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concluded S@does not interact with CaG(thereforejt doesnot retard the crystal growth rate

or alter the morphology. On themtrary, Dobberschiitz edl. (2018)addressedhat SQ affects
CaCQ growth less strongly than Mg, but still inhibits the process based on their microkinetic
model. The mineralogy of Ca3@an be anhydritegpsomite, and gypsum generalGustafsson
2012)

The inhibitory effect on MICP can be altered by a biological side or/and a chemical side.
Martin et al. (202) andLi et al. (2018)showed the inhibition by oxygen availability inducing the
degradation of the bacteria resulting $porosarcina pasteuriiwhich is the mst common
ureolytic bacteria ifMICP application, is unable to be reproduced under abaeicondition.
Liang et al. (2013) and Zhao et al. (208Bpwed acetol,-Bydroxymethylfufural, phenolic, and
furfural are strong inhibitors for bacterial growtfor the chemical sideheére are a few research
about the effect of foreign species directly to the application of MMIdttensen et al. (2011)
observed higher iprovement of the shear wave velocit)(duringthe MICP process as the
salinity in the solution (50 mM urea, 56.7 mM ME, and 50 mM CagG) increases from 0 ly/
showingVs=350 m/s to 26.8 g§showingVs=650 m/s.Cheng et al. (20143howed that MICP
treated sand under seawater has higher unconfined compressive strength than one under freshwater.
These results imply that the chemical available in the atdtw(e.g., Ca and HGPattributes
larger sources of the precipitation than ones in the vietsed MICP solutiowith natural soill
Safavi Zadeh et al. (2018}udied the effect of MICP in coalkh and corresponding inhibition
effect, and said that Fe in coal ash inhibits the MICP process.

In the summary of the literature review aforementioned, Mg andc8®be an outset to
study about the effedf foreign specie®n the biecementation procesin ground and marine

environments. In this studg, series of column testgth varying urea and Ca concentratioves
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performed under the presence of Mg and ®@valuateheireffect on CaC@formation by MICP.

The geotechnical characteristics wevalaated based on the results of direct simple shear tests.
Treated samples were examined at miaerad elementadcale analyses. Two chemical modeling

were used to compare the chemical behavior to the experimental results. The results in this study
canbroaden the knowledge fduture implementation of MICP in environments where Mg and

SOy are expected to exist, such asgtfbre or near shore conditions.

3.2 Experimental Program
3.2.1 Column Testing
3.2.1.1 Test soil and experimental setup

Ottawa 5070 sand havingss=2.65,Ds50=0.22 mm, a coefficient of curvaturé€sf) = 1.02,
a coefficient of uniformity Cu) = 1.17, andmin andema=0.55 and 0.87, respectively, was used in
the column test. The sand is classified as a poorly graded sand (SP) basiiWw(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 materiddrex 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 wasmade which provides the unit weight\ ~1.63 g/cm and corresponding relative
density Dr) ~70%. Once the target lggit wasachievedadditional filter material was placed onto
the soil surface and approximately 25g of graveleqser Lee ML1122 Pearl Stone Soil Cover
were placed on the filtexrs a scour paib 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 satludategthe 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 followi same manner in Chapter \2arious
concentrations of MICP recipe were used in th
OMgnvol vedda n(vM)l,v edHO ( S)s4 nawod vedMd &MS) SQroups
in Table.3.1. All chemicals ae certified and purchased froRisher Scientific USA. Regular
cementation solutionsonsist ofurea and CaGlwith 10, 20, 40, 70, 100, 200, and 300 mM
concentrations. The M group consists 54.3 mM of M@E0 as the source of Mg, while 27.7
mM of NaSQy were added as the source ofs&®the S group. The 54.3 mM and 27.7 mM values
indicate the typical constituents of Mg and sS@espectively, in seawatgOrr 2008) A
preliminary study found that@ystallization was observed advancevhen NaSQ; and MgSQ
meet theureaCaCp solution without any biological activity. This ppecipitation before MICP
was considered as gypsum (i.e., Ca3B»0, Gustafsson 2012As the gypsum precipitation was
subjected tdiltered causing plugging at the zone near the injection source, the test chemicals for
S and MS groups wermixed immediately before the treatment to minimize the gypsum
precipitationphenomenonrFor the MS group, 41 mM of MgG@H>O were used as the averaged
value of used Mg and SQinstead of using 54.3 mM of Mg&6H>O and 27.7 mM of Ne&sQs to
reduce theample preparation timend minimize the gypsum issue

Approximately 2 PV (50 ml) of cementation solution were percolated on each specimen in
6, 6 and 12hours intervals and 20 times in total numbers. The first treatment solution consisted of

15 ml of the ncubated bacteria per 100 ml of the cementation solution to initiate the MICP process.
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Then every fouh of the treatment (e.g.!"59", 13", and 1% treatments), 7.5 ml of the bacteria
per 100 ml of the cementation solution was used to acceleratemhentation 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 microorgangsm

3.2.2 Direct Simple Shear Tesihg
3.2.2.1 Test soil and experimental setup

A local sand $outhern Products and Silica Compamc., Hoffman, NC) was used in a
direct simple shear (DSS) test. The sand®a2.66,Ds0=0.49 mm,C.=0.99,C,=2.48, anttmin
andema=0.61 and 0.91, respectively. The DSS specimen has 66.8 mm in diameterlsdhoha?
in height. The samples were prepared using air pluviation to target void ratios of 0.77+£0.03, which

providesD; ~50%. The specimen was saturated by deionizédni@fore 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 onigvestigatedexcept for S@due to the gypsum issu@solved The
treatment recipes are summarizedrable3.2. The treatment recipes were designed to produce
the same mass of carbonate per injectilMgh basec
=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 injecdn 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 iB. 2 able
were injected to the specimen with the injection rate of 12 ml/min using a perigtatip 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 (SENIitachi S3200N equipped with backscattered and secondary
electron detectors coupled with an energy dispersiveayX spectroscopy (EDSQOxford
InstrumentsX-Max). Selected minerals during the SEM were examined by EDS as a local
elemental analysis. A beamcaterating voltage of 20 kV and a beam current of 80 nAmps were
used during SEM, while the-Kay energy was analyzed Bytec(Oxford Instrumeny. At least
two different areas werexamined via BS. EDS provided weight proportions of components
within seleted area. In actual, S is estimated by the EDS, butiS@resented in this paper

assuming all S exist as a form of SO

3.2.3.2 Mass of precipitated mineral
After the completion of the experiments, saatitie middleportionof all specimens were

usal to quantify the mass of precipitation in the specimens. The samples wetdrieeeat 110 °C
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for 24 hours. The dried samples were washed by 1 M H&hér Scientifig with multiple times

until no more reactionsased on the visual observati@md overdried. The mass of precipitation

(mp) for each sample was determined by measuring the difference in percentage of the mass before
and after the acid washinmg).6 Tihse useerdn,i nd nmahsiss of
usingmore widely usederminology, mass of carbonat&], because the resulting minerals can

be not only C@based minerabut also S@based onevith Ca (i.e., gypsum)lo make sure that

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

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 washkxs samp
for the recipes of 20, 70, and 100 mM were collected to quantify the global chemical components
of the precipitation by an ion chromatography systemRiGnexICS-5000+, DionexICS-2000+,
DionexASDV systemThermoScientifig. Before the IC testshe samplesverefiltered with 0.2
pm syringe filtersThermoPTFESyringé€filters) to remove the potential soil particksd bacteria
In addition, as the samples showed pH less than 2 due to the used HCI, the pH of the samples were
adjusted to the rangd 6.57.3 by deionized water and 1 M NaOFigher Chemica) to increase

themeasuring accuraajuring 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 wavgenerator, bender element sens®®{o SystemdvIA) before each
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treatment. The bender elements were fabricated folloiimigtoya et al. (2012)and mounted at

the top and bottoroaps of the DSS setup. A 5 V square wave with 100 Hz frequency triggered the
transmitting bender element by a function generatgilént 33522A and captured by the
receiving bender element using an oscilloscdjmlént MSO6014A The measured travehte

of the propagated signal divided the -jpnmeasured tigio-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 specumeer the presence of Mg was
evaluated using the DSS testif§eoTACDIgiShearNGI-type DSSdevice Houston TX). The
saturated specimens were consolidated utidarertical stres®f 30 kPa and then sheared with
the rate ofl5% shear strain per hounder drained condition. During the shearing phése,
horizontal stressthe horizontal displacement, arttie 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 Mneralogy

It is necessary to confirm the possible mineralogy at the chemical equilibrium state
according the recipes. A chemical modeling softwsisl@lMINTEQ 3.1, Gustafsson 20)2vas
used to simulate and predict the chemical behavior at the chemical egmilgtate 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 Umgdrolysis, a titration function with NF¥ and CQ*

(i.e., hydrolysis components of urea) was used following the MICP process &sliEge(ow:

#1.( (/7w c.(  # Eq. B.1)

The concentrations of the NHand CQ? were determined b{:Vi=nC:V», whereCi is
the concentration of NF or CQOs? after full urea hydrolysisy is the solution to be titrated,is
the total titration steps; is the concentration of titrant (e.g., Mtor CQs?), andVz is the volume
of titrant per stepv1 andV> were selected 1000 ml and 0.01 ml to neglect the chafrige volume
during titration,assumingn=20 steps tceensurethe resolution of the results (e.g., 1000 Iml
20x0.01 ml). The used input parameters are summarized in 38bl€he mineralogy at given

recipe will be addressed and compared with the experimental results.

3.3.2 CaCOs Growth Modeling under Foreign Species

In addition to the mineralogy, CaG@rowth chemical modeling was used to evaluate the
effect of Mg and S@duringthe MICP process. Several chemical models have been developed
over last decades for crystal growth in the presence of inhibitors, such as Gébreiigea step
pinning model(Cabrera et al. 1958kink blocking mode(Nielsen et al. 2013Rnd incorporation
inhibition model(Nielsen et al. 2013Andersson et al. (2016)sed only adsorption energpy the
crystal step introducing a microkinetic model of calcite step growth. Recent Bloblyerschiitz
et al. (2018)expanded the microkinetic model to accommodate inhibition species called an

expanded microkinetic model, and introduced an inhibition fadtas, Eq. 8.2):
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— Eq. 8.2)

where runinhitit IS reaction rate uninhibited, anghibit IS reaction rate inhibited. Then by modifying

equations irbobberschitz et al. (201,8he inhibition factor for Mg and SQs give as Eq.3.3):

— Eq.(3.3)

where,Kx is adsorption equilitum constant for X component based on PHREEQC database
(Parkhurst and Appelo 2018hd empirical parameters Bobberschitz et al. (201,8nd [Y] is
concentration of Y component in mM. Thalculatednhibition factor will becomparedwith the

experimental results.

3.4. Results
3.4.1 Column Tesiing
3.4.1.1 Mass of precipitation
Fifty-six specimens were treated at varying reci@dle 3.1)including the duplicates.
The measuredy, of the MICRtreated specimens is shown in F3 usingthe 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%,) and MS300 (1.7% and 3.1P4,), all tests showed the variability ot
less than 1% between two tests. Thus, itlmeaid that the averaged vatepresents the original
values.
The mineral precipitation for the uninhibited group (U) showed almost linear increase in

mp up to [Urea]=[Ca]=200 mM withmy=6.2%, andn,=6.5% at 300 mM similar witm, at 200
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mM. Unlike theconcerns from the literatu(®obberschiitz et al. 201,8he Mg-associged group

(M) also showed almost linear increasewi Even except for M200, ath, were higher than those
uninhibited. S@involved cases (S and MS groups) exhibited higher than ones uninhibited up to
100 mM showing almost linearity of, increment. At lgher concentrations (i.e., 200 mM and
300 mM) however, the increasing tendencymfattenuated (e.gn, for S: 3.7% to 4.2% to 4.1%)

and deteriorated (e.gnp for MS: 3.9% to 5% to 2.4%). Considering the variabilityngfduring

the sample collectiomy, at lower concentrations ranging-100 mM shows similar regardless of

the types of tests. At higher concentration (e.g., 300;rmMyever,U andM groups show similar

mp, While SandMS groups look analogous1S group showed the lowest, at [Urea]=[C4=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). As specimens for 70 mM and 100 mM showed similar resu#s] S
images for 100 mM recipe are not shown in Bi§. EDS during SEM analysis at [Urea]=[Ca]=70,
100, and 300 mM recipes was performed (Biga), while IC measured the components from the
dissolved precipitation by acid washing at [Urea]=[Ca]=20 mMMRQ and 100 mM recipes (Fig.
34Db). The results by EDS is the averaged value from couple measurements at two different
locations within same sampl€he concentration of the hatched [Ca] is same as the concentration
of [SO4] assuming all S@ reacts withonly Ca.Ca and Mg assumed to be precipitated wittsCO
It needs to note that the elemental analysis by EDS is specified as the area subjected to EDS is
micrometerscale selected by an operator. On contrast, the elemental analysis by IC is bulk

measuremerdnd more representative of the precipitation than one by EDS.
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Figure3.3a and3.3b show the precipitation pattern of Ca$2070 shows a sensipherical
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 cdlegeChoudenssanchez
and Gonzalez 2009As U100 showed analogous results with U70, it implies the morphologica
change takes place between [Urea]=[Ca]=100 mM and 300 mM. EDS and IC proved the
precipitation is pure CaCQvith no foreign specie@-ig. 3.4)

Figure 3.3c shows similar precipitation pattern withe one in Fig.3.3a however, a
mineral reminiscent ofragonite is observe@umbeltiike shape,De Choudensanchez and
Gonzalez 2009)In case of M300Kig. 3.3d), the precipitation exhibits rhombohedral, which
implies high urea and Ca concentrations oveeetira effect of Mg on the morphology of calcite.

The proportions of the cooperated Mg in the precipitation for M70 and M100488eby EDS

and IC boh. However, IC measureell4% cooperation of Mg in CaC{nineral for M20, while

0% Mg was detected for M300 by EDS. It is suggested that the lower [Urea]=[C4a] is, the higher
Mg cooperation shows, and vice versa. However, considering the variabitityfof U and M
groups in Fig3.2, the measured Mg cooperatioould 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 arshequbd deris with 1620
em in |l ength preval ent was confiimedas Gaavithi28% &Q sur f ac
involvement. It is concluded that the presence of iBlibits the enlargement of CaG@ineral.

The scattered CaCfOseem diminished as the urea a@@ concentration increased. The
morphology of S300 in Fi®.3f shows ovoid shape and corresponding EDS inFa indicates
the main precipitation is CaCe(e.g.,2% cooperation of S£in Fig. 3.4a), which is reminiscent

of vaterite(ovoid-like, spherical shap®&odriguezNavarro et al. 20075100 showed the vaterite
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like minerals, but less frequently. Vaterite is formed from highly supersaturated and moderately

alkaline solutiongKralj et al. 1997; Ogino et al. 1987; Vechtdaineland 200Q)Unlike the case

of U300, vaterite seems to be induced dutimgMICP process under the presence of; 3@h

the supersaturation caused by urea hydrolysis. In addition,3Rig.implies that despite the

formation of vaterite, approximde3-4% of Ca remained in the form 6&SQ 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) looksthe precipitation pattern for30 showing the morphology of aragonite, vaterite, and

calcite The elemental analyses still indicate that the majority of the precipitation iszCMgQO

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

3.4b provides that approximately48o of CaSQs arecooperated in the mineral precipitationSn

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

3.4.2 Direct Simple Shear Tesihg
3.4.2.1 Shear wave velocity impraeement and precipitated mineral

Figure3.5 illustrates the improvement of the shear wave velocity for each specimen during
treatments, and the measiding, for the specimens is summarized in Table Bl specimen with
only [Ca] available for the preciptian (e.g., CM 2:0) showea,=4% and the increase \f3 from
123 m/s to 287 m/s during the treatment. The specimen with [Mg] and no [Ca] (e.g., CM 0:2)
showed lowerm, and improvement ols than CM 2:0. CM 0:2 experienced minims}
improvement from 135 ra/to 146 m/s during the first 6 treatmerasdVs=214 m/s during the
rest of treatmentsm, for CM 0:2 (=2.3%) is 48% lower than one for CM 2:0. CM 1:1 exhibited

similarVsimprovement pattern with CM 2:8owever, slightly lower ags=258 m/sandm, (=3%)
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is 25% lower than CM 2:0. CM 2:1 showed the highest improveme¥t ahd m, among the
specimens during treatmentm@as=5.1% andVs=375 m/s. In general, Mgssociated precipitation
showed lowels andm, than Caassociated ones. When Ca is involved myivICP, the higher

[Ca] showed highe¥s andm, even with the presence of Mg.

3.4.2.2 Shearing behavior

The stresstrain behaviors of the MICP treated specimens are shown ir8.Bay. and
corresponding the volumetric streshear strain relationshiprea assessed in Fig.6b. An
untreated specimen followed same sample preparation procedure in DSS is compared with the
treated specimens. The untreated specimen showed contractivssaeskehavior and reached
a constant shear strength of 20 kPa,jand de monstrated initially con
and thereafter, dilative volumetric response. In general, all treated specimens showed higher
stiffness than untreated offég. 3.5) and similar initial shear modulus among treated ones before
yielding. CM 2:0 showed higher initial shear n
showing the peak stress27 kPa. Corresponding volumetric strain showed dilative from the
beginning of the shearing an@GVOr2ama €M &Xshaavedc o n st
lower peak stress than one for CM;h0@wever, CM 0:2 exhibited outstanding volumetric strain
among the specimens as 4% during the shearing. CM 1:1 showed similar pattern of the volumetric
strainshear strain relationship with CR10, but slightly lower (e.gl}=1.4% for CM 2:0, 1.1%
for CM 1:1 at 2=40%). CM 2:1 demonstrated dil i
as 32 kPa. It is interesting observation that the volumetric strain for CM 2:1 showed lower (e.qg.,
(=0.8%) than ones for CM 2:0 and CM 1:1 despite the highesk stresslt 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 treapstisnens were clarified
using SEM and EDS (Fid.7). As similar with Fig.3.3b, the mineral morphology of Specimen
CM 2:0 consisted of rhombohedral minerals, which is consistent with calcite mineral3.7T&ig.
CM 0:2 showed roghaped minerals precipied between the sand grains (A@b). The rod
shaped minerals are known as an indicative of magn@édkelrum and Hyde 2001)t supports
the outstanding behavior in the volumetric strain and the shear strain for the specimen CM 0:2 (Fig.
3.6b). The roeshaped minerals are interlocked between the sand particles causing obstacles to
overturn the parties 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 (Fi§.7c and3.7d) as analyzed in Fi@.4. The pecipitation 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.7d) showing almost zero cooperation of Mg for both specimens.

3.4.3 Experimental Testing versus Chemical Maleling
3.4.3.1 Possible mineralogy at chemical equilibrium

Experimental resultshowedhat 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 shan in Fig.3.8. For U groupscdcite is the only possible mineralogndthe
concentration of calcite increases as the hydrolyzed urea inc(€&ge3.8a) For M, S and MS
groups, other forms of mineralogy are shown. For M20 recipe, dolomite (CaMgj@Oonly
anticipated to precipitate with no calcite due to low concentration%f(Eig. 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 dolbenwas observed in the experiments. Even the
specinens with M20 and M70 recipes, ®6and95% of Ca were measured with%4nd 5% of
Mg in the precipitation, respectively (Fi§4b). It implies the given reaction time was too short
to reach the chemicabailibrium or the microbenvolved process induces Ca to be involved in
the precipitation rather than Mg even at low concentrations.

For S groups, gypsum (Ca%EH:0) is expected to initially precipitate before any
biochemical reactio(Fig. 3.8c) When CQis provided to S groups from urea, calcite becomes to
precipitateby dissolving gypsum. Comparing S grousg. 3.8c)with U groups(Fig. 3.8a) the
predicted amount of calcite is almost identi¢ébwever,IC results (Fig.3.4b) indicate S@was
not fuly converted to C®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 thdg?* 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] inceases. These observation suggests tthaMMICP process facilitates the Ca
involvement in the precipitation rather than Mg, and the gypsum is not fully convertecsto CO

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

3.4.3.2 Evaluation of inhibition effect by CaCOs growth modeling
The experimental results indicate that CaQ® the biochemical activity enables to
precipitate under the presence of Mg and &@npared 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/mMMKco=2264.644/mMKmg=580/mM, andKso+~683/mM, assuming that urea
is fully hydrolyzed (i.e., [Urea]=[C€)) and [Ca] is same with [Urea], then [Mg]=54.3 mM and
[SO4]=27.7 mM as typical concentrations of saltwater provide 5 cagbe @ihibition factorsd)
using Eqg. 8.3) as shown in Fig3.9. Obviously the uninhibited case (i.e., [Mg]:[8€0 mM:0
mM, MS 0:0) shows no inhibition @0 with calcite precipitation. \\dn there are only Mg or/and
SOy with no available Ca and GQe.g., at [Urea]=[Ca]=0 mM) is calculated as=1, which
means no CaC{precipitation under inhibited condition, but only gypsum in case of MS 0:27.7,
MS 54.3:27.7 and MS 41:41. Mghibited cae (i.e., MS 54.3:0) exhibits highdrthan SQ-
inhibited case (i.e., MS 0:27.7) due to higher concentratiorKagthan those of S©When Mg
and SQ simultaneously present (i.e., MS 53.7:27.7 and MS 41didh)pws almost identical, and
higher than thesingle componernhibited cases. Figur@9 indicates that at low concentrations
such as below [Urea]=[Ca]=50 mM, Mg and Ss&nsitively affect, and the sensitivity increases
as urea and Ca concentrations increase, which infers the inhibitory effqmpisssed when urea
and Ca are sufficient.

Despite the predicted heavy inhibition of Mg ands3®the formation of CaCg) the
experimental results showed successful deployment of €p@Cipitation through the biological
activity, even at low concentratie (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 Bigb showed the presence of calcite and dolomite at the
chemical equilibrium state. The growth modeling does not take into account the gypsum
precipitation when SOmeets Ca, because Castansforms to CaCg&at chemical equilibrium
state as also observed in F&8c and3.8d. However, n practice, the precifation of CaS®@in

the column test caused less among others. It is inferred that $@ecreases the availability of
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Ca in the system to precipitate by forming CaS@lthough the MICP process ultimately
recrystallize CaSgxo CaCQ, the given period ofihe seems not sufficient to full recrystallization

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

3.5. Conclusions

Column tests and direct simple shear tests weneuctedd evaluate MICRreated sands
with varying ureand Ca concentrations under the presence of foreign species during precipitation.
Mg and SQ were selected as the representative inhibitory components in {Ja@ulation.
Various evaluations were performed at elemepntaicro, and macrescales. Chema modeling
was used to specify the possible mineralogy and the inhibition effect. The major findings in this

study are following:

1. Mg and SQ co-precipitated less than %bin the formation of CaC£bythe MICP process
even at low urea and Ca concentragiowhichis counter to the anticipated mineral
composition fromthe chemical equilibriunmodeling As the urea and Ca concentration
increased, the effect of Mg on the precipitation was attenuated, tvbifgesence &GOy
resultedessefficient precipitaion.

2. Mg and SQ altered the mineralogy of the precipitation after urea hydrolysis. Uninhibited
MICP demonstrated a mineralogy morphology associated watlcite. Calcite and
aragonite were observethen bothCa and Mgwere availablefor precipitation, whie
magnesite &sfound when only Mgvasavailablefor precipitation. Vaterite was exhibited

when Ca and Sfwere available for precipitatio€aCQ was precipitated in a small size
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due to the inhibitory effect of& on the mineral growtlCombined and copilicated forms
of precipitation were observed when Ca, Mg, and &Gsted inthe MICP process.

3. Treated specimenshowed 68L96% higher shear wave velocity and-226 higher
strength tharthe untreatedspecimenregardless of treatment recipe. thie sametotal
concentratios of Ca with or without MgMICP-treated sand witlbnly Ca shows higher
shear wave velocity and strength than Mittéated sarslwith Mg with or without Ca also
presenthowever, MICPtreated sand with Mg only shows higher dilation tharegMICR
treated sand due to the unique-sbthped mineral structure.

4. Under the presence of Mg and £@wer concentration ([Urea]=[Ca] less than 100 mM)
and larger number of treatmsrstre recommended rather than higher concentration and

smaller numberfareatment fohigher level of cementatioon 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 requiesititesghe filtering
issue on gypsum precipitation during injection and to demonstrate the enviranrsgat The
results in thischaptercould be a good guideline to investigate the effect of foreign species on

MICP.
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Tables

Table3.1. Treatmentecipes in column test. All tests were duplicated.

Test Urea [mM] CaCb 2H,O [mM] | MgCl, 6H,O [mM] NaSQs [mM] MgSQ; 7H,O [mM]
Uul10 10 10
U20 20 20
u40 40 40
u70 70 70 - - -
U100 100 100
U200 200 200
U300 300 300
M10 10 10
M20 20 20
M40 40 40
M70 70 70 54.3 - -
M100 100 100
M200 200 200
M300 300 300
S10 10 10
S20 20 20
S40 40 40
S70 70 70 - 27.7 -
S100 100 100
S200 200 200
S300 300 300
MS10 10 10
MS20 20 20
MS40 40 40
MS70 70 70 - - 41
MS100 100 100
MS200 200 200
MS300 300 300
Table 32. Treatment recipes iDSS test
Test Urea mM] CaCbRH,0 [mM] MgCl, 6H,O [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

53



Table 33. Input parameters in MINTEQ

Test Input componentgmM] Titrant componentfM
ca* Cl Mg?* Na SO NH4* COs*

u20 20 40 200 100
u70 70 140 - - - 700 350
U100 100 200 1000 500
M20 20 148.6 200 100
M70 70 248.6 54.3 - - 700 350
M100 100 308.6 1000 500
S20 20 40 200 100
S70 70 140 - 55.4 27.7 700 350
S100 100 200 1000 500
MS20 20 40 200 100
MS70 70 140 41 - 41 700 350
MS100 100 200 1000 500

Tale 3.4. Mass of precipitation iDSStest

Test Mass of precipitationnfy,) [%0]
CM 2:0 4.0
CM 0:2 2.3
CM1:1 3.0
CM 2:1 5.1
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(a) BL70 ' (b) BL300.

(f) S300

Figure 33. SEM images in column test. (a andBgseling (c and d) Mg, (e and f) S®@, and (g
and h) MgS@-involved groups.
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Figure 37. SEM images in DSS test. [Ca]:[Mg] = (a) 2:0, (b) 0:2, (c) 1:1, and (d) 2:1.
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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 thiéyamighe
structure. In thizhaptey the use of microbially induced carbonate precipitation was investigated
in a cubiemeter soil box for the scour mitigation and the erodibility improvement on sand at the
zone near a pile. A double wall pile deliveystem was developed and usedédploya successful
cementation at the surface. A comparative stmdy performean the scour behavior of untreated
and treated surfasérom flow testing. An impinging jet test was used to evaluate the erodibility
paramegrs 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 injgoticoe. 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 coefficienhdaan 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 geomateeialple (1992)efined the

erosion process as described in BdL)
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- 0t ot Eq. @.1)

where,(Jis an erosion ratédg is a erodibility coefficient(Jis an applied shear stregis a critical

shear stress, andis an exponent usuallssumed to be unity for sandy sditanson and Cook

2004) Equation 4.1) indicates that) is a function ofJin association with, ks, andU Thel is

a threshold parameter of geaterial to initiate the detachment phenomenakdhepresents the
relationship between the erosion rate and the net applied shear stress, and the erosion pattern is
defined by thdJ Thereforekq, U, andUare 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
ande, pier spacing, fluid density, mean approach velocity, and Reynolds nuBniaerd (2013)
developed an erosion chart based on the shear sfjessi(the erosion rat&)f, The chart includes
levelof-erodibility classification of geomaterials. HEKB 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 flowbed condition, pier width, length of pier, Froude number, and approaching velocity
(FHWA 1991) As proposed bifHWA (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)mproved the scour equation proposedbiyWA (1991) theSheppard 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 canchevad by
manipulating the three variables affecting scour: the stresses induced by the scouring agents, the
ability of bed material to resist floimduced erosive force, and the geometry or design of structure
(Annandale 2006)or instance, excessive length of the structure can be intentionally designed for
the expected scour extent arepth. 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
delibaate assessment of filter layers below the reinforcement to prevent the armors from sinking
into the bed sedimentslowever, his approach is expensive as it requires the use of heavy
machinery and transportation, as well as high installation costs dwastruction 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 flosuch that the erosive capacity is redu@&inandale 2006)

The use of MICP has gainedde interests in the past decade (Eig.). Since MICP can
be initiated by augmenting exogenous bacteria or by stimulating indigenous h@abenez et al.
2016) MICP technabgy is applicable for enhancing the soil properties against to the hydraulic
erosion under submerged conditions where the implementation of conventional methods can be
challengingResearch on the MICP process have been performed for last decade; hiawigser,
studies have been related to the scour behavior of Mi€zed soil (Figd.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 pdma pH, kinetics, etc. 26%) of MIGReated soill,
while the portion of the published research on erodibility studies of Mi€Red soil is

approximately 5%Salifu et al. (2016)and Shanahan and Montoya (201é¢monstrated the

64



improvement of the erosion resistance of coastal soils. Their evaluation relied on the physical

change of the surface via labale experiments as 0.3 m x 0.3 mG80Gn and @ m x 0.2 m x

0.2 m inwidth, length and heightrespectivelyBao et al. (2017per f or med an act u:

testing (i.e., soibtructurefluid interactions) in the flume of 8m x 3 m x 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 differéncementation pattern compared to soil treated in an inundated

condition. The scour behavior of soil treated with MICP under submerged conditions, to the

aut horsoé knowledge, not been studied in detai
Despite the lack of research on scour, several sthdies investigated the erodibility of

soils with bicinspired approaches (Tabfel). Amin et al. (2017)evaluated the erodibility of

MICP-treated sand using erosion function apparatus (EFA) andvebserrodibility improvement

up to factor of seven (0.23 Pa to 1.51 Pa).et al. (2019examined the erodibility parameters of

bio-treated sands iy a submerged impinging jet with varying level of cementation determined

based on the observation frdiontoya et al. (20183nd up to 65 P& was measured at heavy

level of cementationWang et al. (2018) mpr oved s andrigMICE madiiedby | i t y

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 swiuim the media during the surface percolation.

Ham et al. (2018) and Shafii et al. (201@ated 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 pecipitation pattern in MICP differs according to the degree of satur@@ioeng 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 bioementation needs to be implemented under inundated icondihe
erodibility chart byBriaud (2013)showvs the marginal critical shear stress value of gravel and
riprap to be approximately 60 Pa. Therefares worthy to note that heavily MIGBemented sand
treated underwater following the method by et al. (2019)s expected to exhibit a promising
potential to replace the conventional measures such as rock armors.

In this chaptey the potential of applying the MICP process for scour mitigatiorantl s
under submerged conditions was investigated. Testing was performed on a sampt@umth v
that is approximately 0.7®°%in volume A model pile representing a single point central injection
system, with a depthariable injection source, was developedmplement effective cementation
adjacent to the pile. A comparative study of the scour behavior on untreated andrdé@g
sand was performed through the application of a sheet flow testing. The improvements on
erodibility using impinging jet werelso measured on treated soil surface. The parameters for a

nonlinear erosion model for MIGtPeated 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 Chapterwas used as thtest soil. A largescale soil box was
constructedisingclear acrylic sheetsf 2.54 cm in thicknessith the dimension of 0.91 m x 1.22
m x 1.22 m (Fig4.2). The size of the center of the box is 0.91 m x 0.91 m x 0.91 m, with two

water reservoirs at elacend that are 0.15 m x 0.91 m x 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 x 0.91 m x 0.91 m and
perforated with 1.27 cm in diameter holes at the interval of 2.54 cm. This setup allows water flo
above the soil surface as well as through the soil body, simultaneously. GeotEBrtypsqpylene
commercial grade landscape fabrRetail Systemsnc.) were attached inside the main soil box

to prevent sand particles from escaping through the pé¢idos to water reservoirs.

4.2.2 Flow Velocity

Past research suggested the correlation between the material properties and the critical
velocity as summarized in TaMe2. Given thaGsis 2.66,Dsois 0.5 mm, and water depth)(is
5 cm, the test sanasually erodes when the mean approaching velocity exceeds 0.26 m/s. Two
centrifugal pumps3 hp 230/460Y 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 [zimgfeto

ensure the application of the target mean velocity.

4.2.3 Sample Preparation

Sand sampkeweredepositedy air pluviationin six layers with praneasured amount of
sands for the targéieightof each layer. For example, oven dried sands weigh®&g5 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 k§/andcorresponding to a target relative dendiy30%.
Dyed black sandSuper black India inkSpeedba)l was placed between the layers forming the

sample to visually observe the settlement of the soils due inundatiod @ig.
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A nuclear density gaugeMpdd 3440 Troxler) was used to measure the density of the
prepared sand in the test box. The direct transmission method was used on ea@kSIayer
2017a)before a successive layer was placdte §auge 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 showBg=27.9+3.8% for baseline model experiment, and 28.1+4.3% for
the MICRtreated model experiment. The densities for the center area showed usually higher
values D=32.9+3.5%) compared to corner sectiom%=R6.9+3.5%). It seems &igher
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. Betheeinstallation 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 d8ed 1-1.5 cm, thus the final relative density was computed 24238 (e=0.78).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 singldionesource. The pile diameter
was determined as 5 cm to minimize the internal scale effect between the pile and deposit (e.g.,
D>80Dso (Dsg=0.5 mm)Peterson 1988)while the boundary effect can be taken into account to
behavasingepildda umwder | aterally | oaded condition (

> 8D, Bowles 1996) The embedded depth of the pile of 61 cm was determined to behave as a
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dongpildd under | aterally | oa dimide the aterdl movenem ofthg s h e «

pile (Broms 1965)

A double wall pile delivery system was developed herein to deliver the solutions needed
for the biecementation process. The injection system consists of an outer pild.@pand a
movable innepile (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 materi&@siex Filtration Group (.) 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 dutiregatment, 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 t& 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 Cqvery unit weight 1.62 kg/f) 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 frometl{egjl5D in
diameter) to avoid the quick condition at the zone of the sands adjacent to the pile in case of

excessive hydraulic gradient.
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4.2.5 Treatment

Same incubation protocol for bacteria in Chapter 2 was Usedtreatment consisted of
biologicd and cementation injections. The biological solution consisted of 0.333 M urea
(Crystalline/certified AC3-isher Chemicgl 0.374 M ammonium chloride, and 0.11&f bacterial
suspension per I of media.The cementation solution consisted of 0.333 M u874 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 certadion injections is referre asone batch herein.
The treatment protocol implemented with 6 batches is summarized in4labfd the first batch,
the injection source of the inner pile located @@ 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 gradiepgié) is computed as 7cm/20cm=0.35.
The shortest flow path of 20 cm includes the distance tmjbetion source from the surface (10
cm) and equivalent length by the surcharge (10 cm). In this casgyikgs lower than the critical
hydraulic gradientif) of the test sand, calculated &-[]/[1+€]=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 ccurred. After the completion of thé' batch, the inner pile was lifted to a depth of
1-3D below the surfacéafpiec=0.47). As for the % batch, similar process was adapted in tie 2
batch. After completing the"®batch, the injection source wasdbed 1 cm below the surface (i.e.,
0.2-1.2D; the & and 4" 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 althou@ppied lower thanic. Thus, a lower head was applied (5 cm,
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iappliec=0.45) with shorter injections (2 hours). Finally two more batches were conducted at 0.2
1.2D with lower head (3 cmagppiec=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., 6:8.5). The surface gravel layer afabric 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 surfacBs(iracg Was measured for the 5 cm water depth. A
marker was floated on the surface and ths&tagice 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 neaniformity of the velocity along the flow direction was
observed due tthe experimental setup with the velocity ~0.25 m/s,-@.2® m/s, and ~0.16 m/s
at the inflow, the injection pile, and the outflow, respectively. These velocities correspond to
applied shear stressdg pf ~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 preséuiied ({995)

4.2.6.2 Flow testing and topographic tiange

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 papef.hree flow tests were conducted: owe fintreated sand (i.e., baseline)

and two for bietreated 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 sourceaspatial softwaréllangible LandscapeinderGRASS Gl$Petrasova et

al. 2015)with a realtime feedback thredimensional scanneiMjcrosoft Kinect One Motion

Sensor for Xbox Oneig. 4.2) was sed. 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 maually 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. Theasarchanges 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 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 inducgdt the T2 location was highd0.6 Pa) than the inducét

at the injection pile locatiorl#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 scannng the surface changes due to the testing, the loose deposit on the soil surface
were removed using a brush. Theamded surface was utilized fibre submerged impinging jet
testing followingKhanal et al. (2016andASTM (2017b)as addressed in Chaptetd?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 bearjed. ndezle
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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 omtid andfixed. The mold was
attached beside two reference beams and the beamsneantéed on the top of the soil box to
stabilize the impinging jet system during testitlgs calculated followingAl-Madhhachi et all.

(2013)as Eq. 4.2) below:

8T Y — Eq. ¢2)

where,C; is a coefficient of friction (0.00416) w is a fluid density (1000 kg/fp U is a skear
velocity at nozzle as a function of head differentig| Cq is a diffusion constant (6.3} is a

nozzle diameterJ; is an initial distance between the nozzle and initial soil surfaces &a
scoured depth due to the induced impingingTée pressure head (i.en) is increased unti is
initiated. The inducedand corresponding timé) @re recorded under the constant pressure. When
no more erosion is induced, the applied shear stress is called a critical sheadstseswit are

used to calculate the erosion rate (edg=[si+1)i Siyl/[ti+n)i te]) and corresponding applied shear
stress (e.g.l)=[Gi+1+W»]/2) Finally the erodibility coefficientky) and the exponent)( are
derived from the relatizship betweeny; and () (Eg. (4.1)) usingleast square curve fitting
approachSame procedure with the method in Chapter 2 to determine the erodibility parameters

was used; however, in this chapfdis 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 HCI to measure the lepetoipitated calcium carbonate
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(m). In addition, samples were collected at OD, 1D, 2D, 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 eWasided

sand provides the mas§calcium carbonate.

4.3 Results
4.3.1 Visual Observations

The surface changes before and after the flow testing are shown #4FRad4.5 for the
untreated model (U), and the treated model (T1 and T2). For the untreated sand44bkithe
ertire 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 tiflew source (Fig4.5a). 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 o the pile.

On the other hand, the treated surface (T1,4#dr and Fig4.5b) 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, whidettbated surface generally maintained the
original elevation throughout the testing (Figb). 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 theeated 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 @dtyebspt 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 (Figd.4d) resulted in a 0.2 cm gap surrounding the mig @ 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 ugd@6 Pa (Fig4.4c and4.4d) 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 shown4r6Fig.the case
of flow testing on untreated surface (Mga and4.6b), the majority of the scour took place within
0-1 hour (e.g., deptld.5D and extent0.86D, normalized by the pile diameter, D=5)c#fter 3
hours of flow testing, the scour depth and extent were recqueeduse 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 obsedvat the beginning of the testing on treated surface (Fig.
4.6a and4.6¢). At 1 hour, the scour depth was slightly higles§D) than the untreated condition
(0.5D); however, the scour extent was low&.70) than the untreated conditio®.83D)
Thereafer 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. Uthi&eone 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 teglasurface were trapped inside the scour hole 4rg).
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The measurements of the scour on the heavily cemented surface (T26&ignd4.6d)
show significant scour mitigation under the relatively higher applied shear stress (e.g., 0.59 Pa).
The intat surface adjacent to pile shows a scour dep€hGHD (0.4 cm)and extent 00.04D (0.2
cm) after 20 hours flow testing. TI®2 cmextent was mainly induced during the pile installation
process and backfilled with loose sand before testing. Once gedaads at the gap washed away,
the scour depth gradually increased to 0.4 cm after 20 hours ofAltsy.completing the flow
testing, the remaining sand at the zone near the pile was collected and acid washed using 1 M HCI
to measure the amount of dalm carbonate precipitatiom). The measurement indicated 5.2%
M.

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 injectioveseurce
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 andErosion Model

Seventeen impiging 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,m. was measured at each locatiBniaud (2013)proposed an erodibility chart with applied
shear stresses versus erosidaeg#or 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 (Fig4.7). For 0% <m: <1.3%, the untreated (0%) and treateudsa(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). MIGRreated sands with 1.4% i < 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 higldiertity analogous to that of low plastic silt.
Those specimens treatednelarger 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 plasticclay. 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 takationship betweell; and () using
least square curve fitting approach (F#8). By assuming the erodibility parameters are
independent of each othéhe erosion model foMICP-treated sands empirically derived as a

function ofm as Eq. 4.3):

T @@ o @dform<1%,t & Pa) Eqg. @.3a)
0 Q8 8 ° Eq. @.3b)
| pdX&  p8TxQ ° 8 Eq. @.3¢)

where,meis in %,Wis in Paksisinmm/ h r A Pia in dimensibnlessThe term fold is taken
equal to 0.2 Pa belom:=1% (Eq.(4.39). The equatiomepresents the critical shear stress linearly
increasing with xntercept as 0.2 Pa defaulting 0.2 Pa below1%. The equation fokg
exponentially decreases as increaseqEq. (4.3b)), which indicates that the rate of erosion
reduces as the cementation level increases. Lastly) téven was derived based on a Rayleigh
distribution(Papoulis and Pillai 200Z[Eq. (4.3¢)). This indicates the exponent increases from 1.2
atm=0% up to 2.1 am:=2% and then exponentially decreasesnasontinues to increase. It is

interesting to note that moderately cemented sand if&.g.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 cementatidor heavily cemented sand (e, > 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 andngles were collected &ariousdistances from the
injectionpile to measure the pattern of the mineral precipitaffog. 4.9). The injection source is
at a depth ranging frorhto 20 cm, while the hatched box near the origin depicts the general area
scour was induced duringpfl 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-1®) showed light levels of cementationdie G-1% m),
while the surficial layer further from the injection (e.g3R) showed from a moderate to a heavy
level of cementation (e.g.;%226 mc). Although the applied hydraulic gradient had been lowered
gradually from 0. 4d cementatidon irtlicates thehinelucédlseepapetvdocity e v e |
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 are@Ibdr@m the
injection source. Similar observations were reportebytinez 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 &0-40 cm depthsalong OD distancean extraordinarilyheavy
cementation (e.g7-20% m¢) was obtained. Thimaybe explained by the effect of the seepage

velocity and the difference thedensity between the injection solutiamdathe existing pore fluid.
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The induced head differential is dissipated throughout the domduich the zone near the
injection sourcetends to discharge higher injection volume comparethéozone below the
injection source due to the distance of tleflpath(Holtz et al. 1981)In addition,the injected
solution tends to sinklownwardsas the solution is heavier théme porewater (e.g., injected
chemical: 1076.7 kg/fnpreinjection pore water: 1000 kgAn Therefore, the heavy accumulation
of the mineral takeplace below the injection sece.

Additionally, the upper zone of an area that is 6D away from the injection source showed
meaningful cementation (e.gm=0.9%, 1.7%, and 2.6%). Thignplies that inoculated
microorganismsnay preferentially residat close zone of the test box boandwall as observed

in Fig. 4.9

4.4. Discussion
4.4.1 Validation of Proposed Erosion Modelon MICP-Treated Sand

To validate the proposed erosion model, the output of the proposed erosion model is
compared with the impinging jet testing results (Fig04. 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 thEhealues.
general trend is the-ntercept (J) increases and the modulus of each cukWedecreases as the
level of cementatioimcreases. The erosion rate on untreated sand behaves almost linearly with
respect to the applied shear stresg.(U=1.2 atme=0%, Fig. 4.10a). ThBis ~2 atm:=3.1%(Fig.
4.10b), which means the erosion rate is sensitive to the applied shear stmess6.2% (Fig.
4.10c),U=0.4 is predicted, which indicates the erosion rate bectessssensitive to the applied

shear stres#t is noted that the erosion behaviotld sandstone locates similar with MKieated
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sands am:=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 usid@&gpredicts that
approximately me=10% is required for full replacement of the conventional mitigation method
(e.g., rock armors) to achieve the critical shear skegstas 60 Pa comparable to gravel and riprap.
In general the proposed erosion model predicts the erodibiligyneders of MICRreated
sand within factors of two to four. In fact that the shear stress and erosion ratelogayititmic
scale, it can be said that the proposed model can capture the erosion behavior -tfelsti€cP
sand with a certain level of tokrce. 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 measuret) and correspondingy are expressed in accordance with the distance from
the injecting sourcdo the testing locations (Figt.11). Due to the cylindrical mold of the
impinging jet system, the measurements withBDLdistance were enabldd.and corresponding
me show very similar trends, as expected based on the linear relationship predictpd4ye.
The distribution is also comparable with the internal cementation pattern of the medd@9q¥Fig.
At 1-1.5D distances, the critical shear stresses exhibi .@.?a with 1.31.5% mass of calcium
carbonate. After 2D distance, both parametecsegse rapidly and show peak at arourtD3
distance as approximatel§=50 Pa andn=6%. The maximum critical shear stress achieved by
the biccementation 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 obserwaton sho
similar pattern with previous researclan Paassen et al. (200@)d Martinez et al. (2014)

observed less precipitated calcium carbonate directly adjacent to the injection source, with an
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increase in cementatioat further distances due to the balance of seepage velocity and bio
chemical reactions. In a similar manner, it shows that the erodibilitgBt @istance is improved
most rather than one at the zone near the injection source. This indicates theenhegiing
program (Tablet.3) induces too high seepage velocity to deploy a stable cementation near the
injecting area.

A meaningful improvement dff was achieved as 12 Pa witl=2.3% at 7.6D distance
due to the boundary effect. Not only improving the soil by directly applying thedmentation
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 prese@tedez et al. (2016)n the case of the
injection at distance,-8D distance from thénjection source to the substructure is expected to

bring an effective cementation at the surface.

4.5, Conclusiors

The scour behavior and erodibility of MIGReated sand was investigated in the large
scale soil box system with a model pile measurimgnan diameter. A double wall pile delivery
system was developed to deploy the successful implementation of #benbémtation technology.
Six biological and eighteen cementation injections were introduced by one injection per day for a
total duration ofabout 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 MICRreated sand as a function of the level of precipitatiotovés the major

findings in this chapter.
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. 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.

. The zone of the precipitation wdormed an ellipsoml 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 déct, and the boundary effect.

. 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 theents, and the rate of bahemical reactions,

among other factors.

. 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 susd#ptio 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,

furtherinvedigation 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 41. Erodibility improvement of soils with binspired approaas.mc refers to percentage
of mass of calcium carbonate over mass of soil. Values in parentheses mean control ones.

Classification Igc[)g:;mty plzr? mr:trir/s h Note Reference
SRSM <0.25 10%-10°
ML 0.315 10%-1C°
Untreated MH-CL 1.5-10 101107 Assessed using erosiof  Briaud
CH / gravel 10-60 103-101 | function apparatus (EFA| (2013)
Riprap / ock 60-500 105-10°3
Intact rock > 500 <10°
<1%m. | ~0.25(0.16) |10*-10° (10°) | Treated under water an Do et al
Sand | 2-3%m 25 80-400 | mini JET on 940 cfhmold (206196; '
4-5% m 2565 10-40 Uassumed to be unity
MICP Treated under wate | Amin et al.
(treated Sand | 3-16%m. | 1-1.5(0.23) |22-528 (818) assessed using EFA | (2017)
underwatey Seepage induced intern
Sar_1dCIay < 1%m 0.40.7 i grosion treated under wa| Jiang et al.
mixture (0.2-0.6) in 200 cni column, valuey (2017)
based on loss of soils
Polymer modiied
MICP Treated in dry assesse{ Wang et al.
(surface Sand | ~2%m ~950(0.29 ~0.01 using E)I/:A (2(?18)
percolation)
Treated in dry assesse
Biopolymer using EFA. Concentratio| Ham et al.
tr%atyed SP 1.23% coe.|  0.23(0.1) 10° base?j on weight versus §  (2018)
mass
ML 0.2wt% 16.08 (L0) 13.16(25) | Treated in dry assesse
Enzyme treated using EFA. C_:oncentratio Shafii et al.
SGSM 1 wt% 1.5(0.2) 1(14) |based on weightversusg (2019)
mass

Table 42. Critical velocities proposed by previous studies

Reference

Critical velocity at bedyc [m/s]

Critical mean approach
velocity, V¢ [m/s]

Note

stiaeslgs 6 ™0 pD ) Q/ gzravimetric acceleratiom
Hj(ulstrt'))m T[St o 0.25 Ir-n|_julstronﬁ s diagrar
(1939) size 0fDs¢=0.5 mm
e | O e ©T | i me ol
I(E’>2r(i)iu30)l - ™o & T} o Dsoin mm
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Table 43. Treatment process

Elapsed time Name Location of injection source Duration of Applied head [cm]
[day] injection [hour] (iapplied
7
st _
3.0 1stbatch 2-4D (2D below surface) ; (7em/20cm=0.35)
7
nd -
7.8 2"4patch 1-3D (7/15=0.47)
13.6 39 patch 5
18.5 4" batch (5/11=0.45)
0.2-1.2D 2
24.6 5 batch 3
29.4 6™ batch (3/11=0.27)
30.6 Completion of treatment
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Figure 44. Soil surface in largscale system. (a) Untreated surface (U) before and (b) a
hours flow testing, (c) treated surface (T1) after the testing, and (d) after the testing w
installed pile on heavily cemented surface (T2). Arrovaéciate the direction of flow.
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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 isn enhanced version of the paper submitt€&tmCongress 202Metailed
descriptions on the distribution and properties of Mi@fted sand have been reinforced

compared to the original conference proceeding.

Citation:
Do, J, Montoya, B.M., and Gabr, MA . (2020) . A Mi cr o bPrecipifaton | nduc
Process for Soil | mprovement adjacefdo t o Mo

Congress 202Qpaper submittednd under revieyv

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 presenteckgict to the injection source.
A distribution factor, Damkohler numbeb4) is used to normalize the reaction rate over the
transport rate. An empirical parametegg is applied to correlate the shear wave velocity and the

cone tip resistance in an attpt 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,-&oaer
system brings better understanding on the mechanism of calcium carbonate distnlastion.
Paassen et al. (20085ed a linear tube well for a single point injection source uncenedt
condition in an approximately 1%nontainer. 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 sourcevan Paassen et al. (201®ed 5.6 m x 8.0 m x 2.5 m soil conéiand cemented
the soil by injecting the MICRolution from one side to the other side by extracting the solution
via multiple vertical tubes with the hydraulic gradieiggdied of 0.3. 10% of the total volume of
the container was used per each treatmenitored 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 sourddurbank et al. (2013)tilized indigenougacteria to induce
the bieccementation withappieq1.7 by gravity in 0.76 m x 1.02 m x 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 inundatedheng and CoriRuwisch (2014used 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. (20168pamz et al. (2018ajsed
horizontal flush by injecting and extracting the solution through wall to wall with 1.2 m in spacing
and 0.3 m in heighin totaly 1.7 m in diameter an@.5 m in height soil tank under saturated
condition. 0.50.75 PV cementation solution for one treatment were gravimetrically applied to
sample using a pump witkpiec=0.5. The process monitored by the shear wave velocity and the
posttreated sample was evaluated by a cone tip resistaimcet al. (2016)andLin et al. (2017)

conducted ial pull-out and compression tests on MKEPated sand in 1 frcontainer under
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drained condition. They observed localized cementation and moisture retention at the zone near
the injection sourcédowever, # research show the implementation of MICP unalesubmerged
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 tramspbitiatiminerals
(Martinez et al. 2014)in sandy soils, the hydraulic conductivity reduces approximately less than
two orders of magnitude under constant seepageitelin smaliscale setupAl Qabany and
Soga 2013Cheng et al. 201 Do et al. 2019and others)Al Qabany and Soga (2018bserved
higher reduction of the hydraulic conductivity as the concentration of inoculated bacteria increases.
It is concluded that the distribution of bieduced cementation needs to be evaluated in the
consideration of the reaction rate (e.g., amairgrecipitation, reaction time) and transport rate
(e.g., dimension of the system, seepage velodgmbare et al. (201@prrelated 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 thendestacreasesowever, 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 idefitation 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 muiple 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-bEmentation processconsideed as an important
role in MICP researctWeil et al. 2012)There are two perspectives to monitor the biogeochemical
process: a pore fluid and a solid netkvd-or analyzing the pore fluiéjdaleo et al. (2003howed
the increase in pH is a common indicator during MICP processGomez et al. (2018) and
Zambare et al. (201%pllected the pore fluid during MICP testing to measure the population of
the bacteriaAlbuquerque et al. (2019howed tlke potential of a magnetoresistive biochip to
guantify ureasen 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 prboessver,
the pH and theopulation of the microorganism cannot directly tell the current status of the
cementation. In these regards, a geophysical indicator as-@estuctive method, especially a
shear wave velocity) is the one of the best options to monitor the cemientarogress of the
soils during the bicementation proces®Veil et al. (2012)showed the suitability of a bender
element to generate the shear wave velocity for the monitoring of MEaRed soilsMontoya
and DeJong (201%)roposed certain levels of the shear wave velocity with respect to the levels of
liquefaction hazard based on the classificatipiNEHRP (2003) As the shear wave velocity is a
function of confinementNafisi and Monbtya (2018)suggested a new identifying framework on
MICP-treated sands based on the measured shear wave velocity according to measured mass of
precipitated calcium carbonated at varying confining stresses.

Despite of the quantification Bys andm., Feng and Montoya (201 addressed there are
limitations to quantify the level ofementation relying on few indications (e.g., shear wave
velocity andm). In addition to the smaBtrain behavior by the shear wave velocity, the karge

strain behavior can distinguish between artificially (e.g., Portland cement) cemented and biotically
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(e.g., MICP) cemented sandonsoli et al. (20103howed the unconfined compressive strength
(UCS) for the artificially cementedards increases in 0.4 MPa at 4%, 0.69 MPa at 6% mass of
Portland cement over sarheng et al. (201 9ndGomez and DeJong (201measired the UCSs

for MICP-treated sand, which present 0.8 MPa at 4%, 1.6 MPa at 5%, and 3.2 MPa at.653%

cone penetration test (CPT) is another strong approach to identify the behavior of cemented soils
at largestrainin situ. Burbank et al. (2013ndGomez et al. (2016howed CPT can capture the
change of the cone tip resistangg pefore and after the bicementation with no confinement

and under confinement, respectively.

Schneider and Moss (201tlefined a unique empirical paramet&g; to corelate the
smallstrain parameter normalized by the lagge@in measuremeniGg/q, Go: initial shear
modulus) and the normalized largain parametegin, normalized tip resistance as a function
of overburden pressure) for Holocene uncemented {d€330) and cemented and calcareous
sands (330Ke<1100). Gomez et al. (2018&a)orrelatedVs and g measurements from MIGP
treated sand tGo/qi-qrin relaionship, and the results showed tKatof bio-cemented sand could
be a function oimc and generally higher than artificially cemented and naturally cemented ones
(e.g.,Ke up to 10,000 at 5%n). However, thekg approach in MICP research is very rare and
needs to be reinforced in additionGomez et al. (2018a)s f i ndi ng.

In this study, sands in B7? soil box were cemented by MICP through a sphefioat
monitored by the shear wave velocity. Pwsated 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. dib&ibution 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 quantifthe biocemented 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 vaenatical 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 seRseze SystemdvA) were
embedded in the soil bdixated bythe frame of a fiber paper to maintain thetbgip distance
of the sensors as exactly 10 cm during inundation and treatmerk.(fig Seventeen pairs dfi¢
benderelementwere placedhroughout 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 thé fidw
sinusoidal wave with 10 kHz frequency was generated by a function gen&giten( 33522A
and received by a digital oscilloscop&gi{lent MSO6014A A stainless steel wire was attached
close to the receiving sensor to ground afectrical crosstalk. The pietermined tigto-tip
distance was divided by the first arrival time of the transmitted signal to obtain the shear wave

velocity of depositsVs wasmeasured immediately before implementing the treatment.
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5.2.2.2 Hydraulic conductivity pre -, during, and posttreatment

A global hydraulic conductivity throughout the zone of influenkgsa) was measured
before, during, and after the treatment falal byBouwer (1989c al | ed o6 Bouwer and
test. 0 The head differential was applied into
table was measured according to the time. Thagzdown was recorded by a video and the time
and drawdown were tabulated later for accurate evaluation as the rapid drawdown {&0g., 10
seconds for & cm head drawdowns) was observed due to high hydraulic conductivity. Then the
slope of the time and tldrawdown 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 fi@nd129 batches), and
10 min and 110 min after starting the treatment for 2 hours injection phase™(iee6"batches).
Immediately before conducting the slug test, the effluent rate was measured by collecting the
effluent with time measurement.

Local hydaulic conductivities Koca)) after the treatment were evaluated by sampling the
treated sands at 1D, 3D, and 6D distances from the pile along S3.{Fpusing constant head
hydraulic conductivity testingASTM 2006) A coppernickel untheaded pipeneasuringd4.6
mm in diameter and 1.83 mm in thickness was used for the boring pushed into the sand by a
hydraulic jack ENERPAQ beneath a reaction beam above the soil box. A preliminary test showed
that the compression of sands occurred dutitegpenetration 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 eB®cm and 35 cm, respectively. The initial
centimeters of each hiog exhibited disturbed due to the tube seating under no confinement, thus

the samples at the depths e @m and 365 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 vhkeenaddle of the

segment was used to draw a contour.

5.2.2.3 Cone penetration testing

The miniature cone penetromet€efitre for Offshore Foundation Systeifise University
of Western Australjameasuringl cm in diameter and 60° cone tip with a sensas installed
above the soil box to assess the spatial penetration resistance of the trea(Edysanid). This
mini CPT was connected to the end of the hydraulic j&KERPAQ, and he cone tip was
penetrated into the ground at the rate of 0.3 emig tothe depths 02530 cm. A guide plate
attached with the cone penetrometer prevented the penetrometer from spinning, so a linear position
transducer §P225, Measurement Specialtiekic.) connected to the guide plate can record the
pure vertical mvement of the penetrometer. The displacement and the cone tip resistance were
recorded by a data acquisition softwaggtem 7000 StrainSmgavtishay Precision Grougdnc.)

with 10 points per second.

5.2.2.4 Calcium carbonate profile along sections

Sanples in the sand media were collected to evaluate the actual amount of precipitation
along the depth and distance from the pile. The pore flsidethe soil box was removed and the
target cross section was excavated up to 70 cm depth. As the sectemtexk@and unsaturated
inducing a matrix suction, the section enabled to maintain the vertical section during the excavation.
Around 410 g of treated sands were collected at multiple locations (S1, S2, S3, and S4 in Fig.
5.1a) from the vertical cross semti excavated. The collected samples were @lread and acid

washed using 1 M HCIHsher Chemicgl to measure the amount of calcium carbonate
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precipitation. The gravitational weight ratio of reduced mass oveveastied sand provides the

mass of calciuncarbonaterfx) in percentage.

5.3 Results
5.3.1 Progress of Cementation

Figure5.3 shows the shear wave velocftys) contour measured by the bender elements
before (Fig.5.3a), during (Fig5.3b-5.3e),and after the treatmenfi@. 5.3f) at 2D, 4D, andD
distances from the pile at 5 cm, 15 cm, and 25 cm depths. -8Ris xs normalized by the pile
diameter of 5 cmHereafter, @ y D/ xcmé denotes a valwue at o0yD
depth. 6 This notation r e mdyingMICP theruotreaged domain t h e
showedVs=~60-90 m/s at 685 cm depths ands=~90-100 m/s at 355 cmdepths in general due
to different overburden stresses. After tiebatch (Fig.5.3b), the shear wave velocities at 2D
distance up to 35 cm depth sifycantly 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 riztwoated
2-4D to 13D below the surface [@batch, Fig5.3c), the improvement pattern remained, which
infers a localized cementation formed at the zone near the injection source.

During 396" batches with the relocation of the injection source tel®2® (Fig. 5.3d and
5.3c), however, further distances became cemented more (e.g., 100 m/s to 206 m/s at 4D/5¢cm, 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 35dapths (490 m/s to 658 m/s). It is interesting
observation that 4D/285cm depthsshowedperceptible increases in the shear wave velocity

during 39-6™ batchesyhich was anticipated no further improvement as the zone was blocked by
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the heavily localizedone of 2D distance. The upper layer is subject to high seepage velocity (i.e.,
quick dissipation of head) than the lower laff@as 2015pand thus, less reduction of the hydraulic
conductivity is expecte(Zambare et al. 2019l implies that the cementation solution durirfty 3
6" batches flowed over the local cemented zone €80l€m depths and finally reached further
zone beyond the close zone.

Unlike the dynamic changes at up to 35 cm ddpth|ower depths, 55cm to 75 cm depths
showed almost no improvement of the shear wave velocity. As results iB5.Jigthe distance
near the injection source is rapidly cemented, while less cementation at 4D and 6D distances under
given applied hydraudi 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 CaCOs

The cemented sample was excavated and totally 168 samples were collected along the
sections, S1, S2, S3, and S$4 illustrated in &ity. The samples were dried, acid washed, and the
measuredm. along S1S4 are separately shown Kig. 54. Since the measuremsnivere
performed after completing the flow testinger the samplesurface, the zone near the pile was
scouredwith a geometry o#..2 cm in extent and 4.4 cm in depi¥ith the score zone havirg
cylindrical shapand an aga as indicated lthehatchedzone neathe originon Fig. 5.4 However,
based omm: within 0-5cmnear the surfacegery low level of cementatiowas 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 S3.4&jglow level

of cementation was measured with=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 rapabased below a depth of
about 20 cm, such that by a depth of about 35 cm the measured precipitation was 16.2%. The
attenuation ofn. was observed at 50 cm deftb.1%) but such value is still relatively higher
than the values located at similar digta 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 from2D 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)n addition, he injected solution s& as the solution is heavier than
waterinducing (e.g., injected chemical density: 1076.7 kg/initial pore water: 1000 kg/fh
Meanwhile, it seems low seepage velocity is also a factor contributing to the heavy accumulation
of the precipitations at 380 cm depth as the deeper flow path is longer than flow path within the
zone near the surfa¢eoltz et al. 1981)This observation is validated in following section. Based
on the cementation scheme employed herair4d.7%, 3.4%, 2%, and 2.3% were measured at
2.1D, 4.3D, 5.6D, and 7.6D distancesspectively, along the surface. However, less cementation
was measured at 5 cm depthmas1.8%, 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
thezone 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 (Figh.4b), a general pattern similar to S1was shown. mhat 2D/520cm
shows relatively lgher level of cementation of arouneb%. The section S3 exhibits a pattern
analogous to S1 (Fi$.4c). In case of S3, the highest level of cementation, among the 4 sections,

wasm=19.6% at 0D/40cm. The cementation near the wall shows @B5¥he sectia S4 showed
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the most perceptible cementationg£1.1-2.7%) at the shallow depths (e.g:15 cm depths) at
4-7D distances from the pile. 4.8% was measured at 8D/5cm.

In summary, relatively less cementation (0.9% m.) was observed at the zone nea th
injection source at-@5 cm depths within-AD distance from the pile, while the horizontal zone
further from the pile (e.g., 2D/20cm) showed higher cementation (e.g-5%2m) as depicted
in Fig.5.4. The level of cementation beyond 3D distance attes rapidly to almost 0%c. The
depths of 340 cm show highly cemented zonenmas-6-20%, and averagat.=15.1% at 35 cm
depth. Themc at the surface showed ~1% at ~1D, increased 16%4t ~2D, and decreased to
~3% at ~4D, ~2% at 6D. It is concluddtht the distribution of the cementation in the lasgale
system is a function of the location of the injection source, the transport rateptheorgravity

effect (Zone 1 in Fig5.4d), and the presence of boundaries (Zone 2 in5=g).

5.3.3 Changes in Hydraulic Conductivity
5.3.3.1 Global hydraulic conductivity

The effluent rated) and the global hydraulic conductivitina) measured before, during,
and after the treatment can assist to better explain the cementation mechanism ibdxegSwjl
5.5). As thekgiobal is independent onppiedWhile theq is dependent onppies the analysis below
focused on thegonal in general. Before the treatment, the -kgiena measured via the entire
injection zone (i.e., 0-:2D) showed 0.058m/s undeth=5 cm andiappies0.46. When the first
biological injection at the®ibatch begarkgona was measured as 0.011 cm/s urigef cm and
iappliec=0.35. Thekgioba SUPPOSES to have same value regardless of the testing locatieppaad
howeverkgonal Via 0.24D source showed higher than one A2 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 obsera¢ 10 min after the initiation of the

1%t 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 gtern of the shear wave velocity shown in FH@b.

As the inside the inner pile was brushed out to eliminate any precipitation-dobgging
at inside the filter material, tHgiobal at the 2¢ cementation injection was recovered from 0.0009
cm/s to 0002 cm/s however, thekgiobal reduced again at the end of the injection. This pattern
remained at the'8cementation injection as well. At thé%biological injection for 24 batch, the
Kgiobal Showed 0.009 cm/s similar with one at tiibiblogical njection (0.011 cm/s). It infers that
the zone near-3D injection source was not heavily cemented yet, or the redygeggdue to the
15tbatch might increase due to a preferential path alefigrd depths. However, thgoba during
the cementation lase reduced rapidly as low as 0.0007 cm/s, which is similar with the
Kgloba=0.0009 cm/s at the end of th& Ratch. Figureb.3c also indicates heavy localization is
expected at the zone near the injection source.

When the 3 batch was performed, thgobal at the biological injection showed 0.03 cm/s
similar with prekgiobal (€.9., 0.053 cm/s). The reduction kfoba after subsequent cementation
phases was approximately factor of two, which is lower than around one order of magnitude
observed at®land 29 batches. Even during"batch, the reducekljoba 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.,-8D distance from the pile) including 2D distance from 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.Q3% cm/s at the injection

zone, calculated by measurg@dver injecton area).
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Once theiapplied Was reduced from 0.45 to 0.27 during tHedhd & batches, gradual
reduction ofkgionaiWas observed as the treatment conducted. Finallgitagareduced from 0.036
cm/s to 0.0023 cm/s as approximately one order of matgiflhe poskgioba gave 0.0048 cm/s
via 0.24D injection source. Despite of the reduction kgitba during last batch, the final
cementation profile presented less cementation at the zone near the injection souté)(Fig.
Especially themc at 510 an depths at OD distance showed lightly level of cementation (0.2%,
0.3%, 0.5%, 0.6%, 0.7%, 1%, and 1.4%) includmat 7.5 cm depth at 1D distance (0.7%, 0.9%
and 1.2%) (Fig5.4). The results from thiejiobal @andg andm. measurements clearly indicateat
the applied hydraulic gradients at 2P 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

Figure5.6 shows the variation of the hydraulic conductivit§oda) throughout the half
cross section of the soil box, S2. The dotted segments i Bighdicate the sampling locations
at 1D (0.51.5D), 3D (2.53.5D), and 6D (5.%.5D) distance from the pile, an® constant head
hydraulic tests were conducted. The measligd varied from 0.0035 cm/s at 1D/3®cm
expected to have=~8.5% (Fig.5.4b) to 0.0182 cm/s at 6D/5lbcm to be untreated grounded
on Fig.5.4. Thekocal at 1D distance from the pile shed/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 Figd4b. Then thekeca became recovered up to 75 cm depth as
0.0055 cm/s, 0.0045 cm/93ch0.0104 cm/s. Thigscarat 2D distance from the pile showed similar

pattern with ones at I,owever, approximately factor of two higher (e.g., 0.0066 cm/s to 0.0162
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cm/s). Thekioca at 6D distance from the pileasmeasured as 0.0132 cm/s to 0.0182s¢mhich
expected to be untreatbdsed om profile.

The prekgioba Showed 0.0529 cm/s, while th®&ca with m:=0% ranged 0.017 cm/s to
0.0182 cml/s. It infers the slug test and the constant head test are unable to exactly compare each
other as they he different protocol of the evaluation. However, given that thekesiiis 0.0048
cm/s andkocas at 0.51.5D/5-30cm ranges 0.0043.0097 cm/s, the discrepancy can be acceptable
considering the variability of the hydraulic conductivity in gbibltz et al. 1981t lowerrange
of the hydaulic conductivity. Moreovekiocal at 0-0.5D/0-20cm distanc&vasnot investigated, but
expected to be less impactful due to less cementation at the zone near the injection source than

Kiocal @t 0.51.5D/0-20cm.

5.3.4 Strength Improvement

Eighteen CPTswere conducted Jenetrationsf o r untreated (denote
penetrations or t r e at e mhoddlndedian (Big.5e7 Thé fip)measurements may need a
normalization in terms of the overburden presst@vever, normalized values showed high
exaggeation 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 Fi¢.3a,5.3b, and5.3c, respectively. Aldata were merged o one
domain as shown iRig. 5.7d for untreated sample and Fig7e 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 diamet@Bowles 1996) As the CPTs were performed aftammpleting the
flow testing along the surfacthe scoured zone was filled with loose sands before the CPT. In this

reasong at 05 cmdepthsf o r-1 .07TD 6 -l1a.n8dD 60 Fi7aawerfe diggegarded.
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The cone tip resistance on untreated sand showed almost zero resistance up to 5 cm depth,
and stard to increase up to around 0.5 MPa at 25 cm dep®D(LFig.5.7). At 10 cm depthgy
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.iédriyzt the zones near
the pile experienced a densification during the pile installation. In spite of the densification and
corresponding increases g it is considered that the improvement due to thecbimentation
was comparatively captured. The oty of the values show-0.5 MPa in general as shown in
Fig.5.7d.

The cone tip resistance at 2D showed <cl ear
resistance after the treatment compared to un
resistance at 2D was observed up to 13 cm depth and a rapid incrgase2r8 MPa to 5 MPa at
17 cm depth was dé4t §Dtlé B.OTI6+2 B o@his1E2D cro deptis T
remained similar with ones at 17 cm depth or slightly increasede Vi#iiD gradually increased
up to 7.1 MPd. 7DlHe shawe do fu ndR5ce depths. luisirhplied t i o n
that the soil body was cemented heavi-Ly7Ba6d fr
and-168D6 can Id moemhsischameeddi st ande 7Dbomxhhbit
approximately0.2 MPa hi gher va{lud8dD,tbhamiaemes mpodorn e&T a
was associated in the MIORB prso cseusbs .e cQveedr alol ,t h
due to the pile (4.5 cm distancdjowever, it is concluded that tlgeshows high as the distance
close to the pile in Figh.7a.

Unlike theqis near 2D distance, ones near 4D and 6D showed less improvements than 1
MPa in g8nBDbDal pr 6 Tmosteo imgrovemnend up @l12 cm deptowever

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 Figh.7a. Theqgpr of i | 4 ®06f a-h d® DA ar e -RBavPahighdr | vy 0.
than ones foruntreatd v al-44@s6 %®U)g.t hroughout thd. d@8pt h.
showed similar 4Dpr apements wimtlde@T h, but atte
with untreated values.

The cone tip resistances at the zone around 6D distance5(Fgy.showed dynamic
variations than ones near 4D cases (bigp). Theqs f ébr. 4B 6 7OT 66 @ ds HKAwe d
similar improvement pattern comparedgte near 4D di s t6aDmc-@. 10Hp e a e d,
O60B. 1D6 showed p e mefa exanmple,0®.5 MRacat 1lena dejgth anch@575
MPa at 5 cm depth. It is worthy note that eger0.2-0.75 MPa at very shallow depths%0cm)
are meaningfuévidence 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 witlm: measurements.

All 15 CPT results are erged and contoured in Fig.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 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 smaibtrain behavior bys and the largestrain behavior by are linked each other as

presented bfchneider 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 advetdnare et al. (2019)
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found the Damkohler number can illustrate the distribution pattern GPMising the reaction and
transport rates. Damkohler numbBa] is a dimensionless ratio of the reaction rate to the transport
rate. The system idambare et al. (2019as 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 g ps

calculated by Eq.5(1) as:

Y Eq. 6.1)

where,mca() is a total Ca mass precipitated based on measug&dblriqg) is a fluid volume at i

in cn?, tis a rection time in second®caandMcacoszare molar mass of Ca (40 g/M) and CaCO
(100 g/M), respectively, arw is a dry density of sand (1.489 gftasD,=40.6%). As the equation
requires the Ca mass, not Ca{>@ reduction factorMcdMcacos=0.4) is appkd tom.. The
reaction time is assumed as the cumulative duration of the cementation injection during the
treatment (i.e., [3 h x 6 times + 2 h x 12 times]x3600 sec). As a valuagsofepresentative of a

small volume, a unit volume (1 éjris used in th analyses. The reaction rate highly relies on the
measuredn. (Fig. 5.4). On the other hand, a transport rate at poifif) ii§ calculated by Eq5(2)

as:

Y Eq. 6.2)

where, Qi is a volumetric flowrate in cffs, and [C&*] is a influent Ca concentration (250

mM=0.01 g/cm). TheQi can be derived from a Darcianloeity at point i {#). As the value ofs
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exhibits the vel oci t ¥ isadedidtpecanalysed Thie transportuateiist ar

governed by the influent rate. Although the reaction and transport rates change over time, such
temporal changs are difficult to track as was addressedambare et ali2019) Therefore, the

apparent Damkohler numb&aap, can be expressed using EfLj and 6.2) as Eq. %.3):

00 — Eq. 6.3)

All information to calculate th®aappare known except fovi. Given the two dimensional nature
of the flow, it is essential to perform the seepage analysis through a computational method to asses
the value ofs.

A finite element based seepage analysis softwaEEPW (GeoStudio 2012Alberta,
Canada) was used for the determination.EERFW provides the equipotential head distribution
within the subsurface domain and seepage through the soil. The axisymmetric geometry of the
domain shown in Figh.8ais representative of the physical geetry 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). Tdtistribution 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 inF&h 80% of the head (1 m to 0.96 m) is
quickly dissipated at around 1D distance from the injection source. This is becausgtitg afia
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 Kyecrtddepths),

and the lower seepage velocity in the loveger (e.g., depths below 10 cm).
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Based on then: measurements in Fi§.4 and thev; reading from the seepage analysis
(velocity magnitudeyyy), the Daapp at the location of thexx measurement was calculated by Eq.
(5.3) and plotted with respect to thastdnce from the injection source (Fi§.%) and
correspondingnc (Fig. 5.9). The shortest distance from the measurement to the injection source
is normalized by the pile diameter and define@agcion As thev; varies from 1¢ cm/s at high
Dinjecion t0 102 cm/s at Io0WDinjection, the Daapp is plotted in logarithmic scale in Fi§.9. Theme
measurements within zone 1 and zone 2 (big) are differentiated because the values are
influenced by gravity in Zone 1 and influenced by wedl boundaryin Zone 2 (Zone 1 isalled
0Gravit $.9with gray $yimliplsand Zone 2 i s calSPeithopeBounda
symbol3. Thi s compared to values minimally affecte
MICP implementation (i.eDaappe x cept f or the Gravity and Bounc
with solid symbol). Figures.9a presentdaapy generally increases as the distance from the
injection source increases up to approximatdhiéion After 4Dinjection, generalDaapp rapidly
decreases to zero (i.en:=0%), and remained zero up toigection. There is a clear distinction
betweerDasppnear zero anBaap=0. The low levels oDaappat 0 1Dinjection distance are attributed
by the high levels of transport rate (exg=~103-102 cm/s) at the zone near the injection source
even though with some levels of the reaction (arg=0.2-1.9%), while Daap=0 is due to no
reaction (i.e.m:=0%). The data fror@ambare et al. (201%howed similar pattern with the data
in this study, moreover, the results in this study broaden the tendebBaympbn MICP beyond
3Dinjection from the injection source. Howevddaapp due to gravity and boundary effects showed
different patterns. Th®aapp within Zone 1, called Gravity in Figh.9, showed 0-D.5 at 3

12Dinjection DaappWithin Zone 2 shows simak with those within Zone 1 at8Dinjection. The gravity
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or the boundary effect provides one or two of magnitude higher than the gBagsaht 3
4Dinjection.

Figure5.% shows thd®aappincreases asy increases in general. TB&app by the gravity
andthe boundary effects shows higher than the gerigagl, It indicates the gravity and the
boundary effects took place with higher efficiency than those happened by normal MICP
implementation. Figure 4b provides how mugis required to achieve certdevel of cementation
as mc can be a function Biaapp, and correspondingly (Eqg. 6.3)). These results are useful for
the future design of MIChx situ. To achieve higher levels of cementation near the injection source,
thevi (iappied Should be lowemk to become similar witlDaapp at 34Dinjection. AS lowerv; brings
highermc, Daappwill nonlinearly change, which requires further investigation. In addition, except
for the gravity and the boundary effects, wheth&rjé:ionis the maximum distance 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 Smal and Large-Strain Properties

It is necessary for MIGfreated soil to be identified in fiel&chneider and Moss (2011)
proposed an empirical paramet€g based on th&o/q: (i.e., shear wave velocitys) as a small
strain property(Rix and Stokoe 1991and gun (i.e., cone tip resistance;) as a largestrain

property(Eslaamizaad and Robertson 199Mese two parameters are expressed below:

0 5 Eq. 6.4a)

- — Eq. 6.4b)
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n - — Eq. ©4c)

where,Go is an initial shear modulus calculated by Yheand a saturated soil density,qgun is a
stressnormalized cone tip resistance [y thepais an atmospheric pressure (101.325 ka)is
an effective overburden pressuRabertson and Wride (199Bidicted that the term opg/ti vo)°->
in Eg. 6.4¢) should be less than 2 at shallow depth adiidgyexaggerates thgan. In this study,
the term is always higher than 2 due to the low overburden pressure within the testing condition.
Thus a constant value qfa(lvo)°>=2 was aplied in Eq. 6.4c).

The measurelfs andg: werecorrelated with the corresponding to the form ofKg, and
plotted in Fig. 510 with observations fronGomez et al. (2018a)As the location ofm differed
for Vs andq, the average value ok at whereVs andg: were measured is used as a representative
me in Fig.5.10 Despite the variation of th&s values, there seems to be a clear trend with respect
to mec versusKe. Schneider and Moss (201fjund the lower boundary dfc is 110, thus a-y
intercept=110 is also adapted in this study (Ke5110 atm:=0%). With the conjugation of the

observations fronGomez et al. (2018a)heKs parameter for MICRreated sand is proposed as

Eq. 6.5):

0 PCMT PPT Eq. 65)

Themein Eq. 6.5) is in percent. Th&g linearly increases with the slope of 1200@sncreases

up tome=5.5%. The values in this study reinforce low rangesde.g., 0%uc<2%) in addition

to the observation bomez et al. (2018a)
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The derivedKc values are expressed in Fil11 on theGo/g-gun plane and presented
along with the data from literature on cementeadsaEslaamizaad anBobertson 1997, Fahey
et al. 2003, Schneider et al. 2004, van Impe et al. 2015, Gomez et al.. ZxIBeder and Moss
(2011)proposeKs=110, 330, and 1100 for the boundaries of uncemented and cemented sands,
which correspondsx=0%, 0.2%, and 0.8% based on Ef}5), respectively. Atrtificially Portland
cemented sands shoks=560-800 (Eslaamizaad and Robertson 199¥hile ones for naturally
cemented are 49640 (Fahey et al. 2003, Schneider et al. 20@4% calcareous sand exhibits
Ke=340-510(van Impe et al. 2015\hich is slightly lower than artificially and naturally cemented
ones. The&kg for MICP-treated sand at.=2%, 4%, and 6% are calctda 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 Mifeated sand witihn. below approximately 1% may
behave similar with other normally cemented s&mayevermc over 1% by MICP provides much
higherKe. It is suggested that thma:=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
wi t h t h ee chainiinl adtgl (ife.p strength and stiffness), rather than (Datkla 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 preferentialatemexttthe
particle contact point. Overall, the level of cementation can be identified using the shear wave

velocity and the cone tip resistancdrasitu measurements.

5.5. Conclusions
The research herein investigates the distribution pattern of MiECthe proposed double

wall pile delivery systemSands in 0.73n° soil box were treated by MICP technologgder
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spherical flow and submerged condition. During the treatment, the shear wave v&lgayd(
the hydraulic conductivitykgiona) Were measred. Postreated sands were evaluated by the cone
tip resistance ¢f). The cementation profilent) along the section and the local hydraulic
conductivity kiocal) Were evaluated by boring and sampldse major findings are summarized as

below:

1. The dowle 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 mutuél support thegeneral improvement patter The
improvement pattern attenuated showing an ellipsoidal shape with respect to the
injection source.

3. The values of then. elucidated less cemented zaatenear the injection source and
highly cemented zone atrther 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 precipitatio 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 bacteaatransported minerals.

4. A distribution factor, Damkohler numberD4§) 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 calcOlat@uicates
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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
parameterKg, to identifythe level of cementatioim situ. The results showed thit
linearly increases as the mass of carbonate increases, anetidd&@¥# sand has higher

Kg thanother form of cemented sand.

Overall, cementation from spherical flow and withirbswerged conditions induces a
localization of the cementation near the injection source. However, the cementation is a function
of the reaction rate and the transport rBi@ypphelps to understand the target level of cementation
consideringn. andiappiid. Kc 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 befal uskerence for

future implementation of the bicementation technology.
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Figure 51. Overview of soil box system. (a) Soil box with injection system, (b) pair of b
elementwith frame, and (c) miniature cone penetration system over the soil box.
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Figure 53. Improvement of shear wave velocity during treatméajtBefore treatment, (b) af
34 (c) 8", (d) 12", (e) 18" cementation injections, and (f) increases in the shear wave velo
2D, 4D, and 6D distances from the pile at 5 cm, 15 cm, and 25 cm depthslu&hwzars at tf

origin in (b), (c), (d, and (e) illustrate the applied head differentials.
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(a) Normalized distance (b) Normalized distance (c) Normalized distance (d) Normalized distance
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Figure 54. Cementation profilesnc measurements along (a) S1, (b) S2, (c) S3, and (d) S4. Hatched box and green bar at orig
the scoured zone and the inject®wurce, respectively. Dots and values show the measurement locations and correspordi
contours follow the levels at the right side of the figure. Zone 1 and 2 are considered as the areas subjected toatheélgrandgr
effects, respectively
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Figure 55. Changes of the global hydraulic conductivikyidpa) and the effluent rateg) before
during, and after the treatment. Fe@ba& q meansyioba andq before the treatment, while Pe
kgioba& g means onesdfter the treatment measured untbeb cm via the entire injection zone (¢
4D).
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Figure 56. Local hydraulic conductivitykoca) profile. The dotted segments indicate the sa
for the constant head hydraulic conductivégt. Dots and values show the measurement loc

and correspondingoca (x10% cm/s).
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Figure 57. Cone tip resistance profileg.near (a) 2D, (b) 4D, and (c) 6D, and mergefbr (d) untreated and (e) treated samplee
bar at 020 cm depths in (e) indicates where the injection source located, and hatched box at the origin presents the refiketd
scour testing.
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Figure 58. Seepage analysis. (a) Modeling geometry and (b) tiséribution with flow path.
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Figure5.9. Damkohler number with respect to the distance from the injection source (a) al
of cal ci um car b o nBaipealcflael usingv@uesivdone\l id Fig. 8.4l
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dam effects.
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