ABSTRACT
GHASEMI, PEGAH Field and Largescale Implementation of Microbially Induced Carbonate
Precipitation (MICP) to Reduce Erodibility of Coastal Depogitisider the directiowf Dr. Brina
Montoya).

In coastal areas wave action and extreme envirorsmeam undermine the natural
landforms and earth structures supporting lifeline infrastructure. Global climate change has
increased the frequency and intensity of extreme storm events. Acceleratiegetemse, waves
and winds increase erosion frequeacyl alter the coastline morpholodgrosion, flooding, and

coastal slope failure may result in extensive and expensive damage to coastal infrastructures and

newly reclaimed areas.

Microbially induced carbonate precipitatioMICP) is a biemediated soilmprovement
method that is believed to have the potential to be affrexwlly soil stabilization technique. In
this method, augmented or stimulated bacteria receive angaas a result of their metabolic
activities releasearbonate ionso the pore saition. The generated carbonates bond with the
soluble calcium and precipitate as calcium carbonate among the soil particles. This process
improves the mechanical properties of sand as a result of increased density, particle surface

roughness, and cohesitmthe soil matrix.

Over the past two decades, several researchers have studied the mechanical properties of
MICP-treated soil in laboratory settings. However, there are several aspects of MICP field
implementation that have not been fully investigatedreMield- and largescale trials are required
to develop effective treatment delivery systems for different soil stabilization purposes, to assess
the treatment schedule flexibility in case of inclement conditions, to reduce the application costs
with theuse of optimized concentrations of bacteria and legrvade chemicals, and morghe

permanence of the treated soil with and against inclement weather conditions should be studied.



An understanding of the interaction and compatibility of this method \kighenvironment,

vegetation, and wildlife is required for an eciendly design.

This study presents the results of fielthd largescale experimestaimedto stabilize
coastal deposit#\n optimized treatment recipe was developed in the lab and appliadsandy
slope located in Ahoskie, NC. Varying urea to calcium chloride ratios was used to develop a recipe
that results in a shear wave velocity of about 900 m/s in a reasonable number of treatments. A 3 to
1 treatment recipe (i.e., urea to calcium dlley was applied to three 82rtest plots created on
the slope surface. Three treatment delivery systems known as surface spraying, prefabricated
vertical drains (PVD), and shallow trenches methods were used to distribute treatment solutions.
In-situ testsalong with the mass of carbonate measurements demonstrated varying cementation
and improvement patterns resulted from the different methods. In addition, monitoring the
permanence of the treated soil for a year demonstrated no significant strengthaioss ag
freeze/thaw, strong wind, heavy rain, and hurricane conditions.

Vegetation is often used as a methdd to r
interaction between the MICGleatment technique and vegetation health and gromdk
investigate. Bermuda grass was treated with different concentrations of MICP solution
constituents and byproducts to identify the chemical(s) responsible for changes in plant health
(e.g., dry blades) and to establish an appropriate concentration range. In adddgphorus was
added to the treatment solution to mitigate the dryness of Nt€fed plants. Posteatment
effect of MICP on seed growth was investigated by planting seeds in soils treated to varying
cementation levels. The findings of this study pdevimplications and directions regarding

vegetation growth and establishment for future field implementation of MICP.



Nearprototype dunes wereanstructed in the Large Wave Flume (LWF) at Oregon State
University. The performance of untreated and Mi€eated dunes subjected to extreme wave
action was investigated. Surface spraying and (prefabricated vertical drains) PVD methods were
used to apply MICP treatment to the dunes. Dunes were subjected to 19 wave trials simulating
hurricane Sandy wave conditiongasured in 2012. Strength tests were performed to assess the
achieved levels of soil improvement. The changes in the morphology of the dunes during wave
trials were used to draw a relationship between the strength of -Wé@fd soil and dune

performane.
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1 Overview of Dissertation

1.1 Introduction

In the United States, about 40% of the population lives in coastal co(h@esA, 2021)

In such regions, the ongoing erosion,offing, andslope failure may result in extensive and
expensive damage to coastal infrastructure and newly reclaimediartbasUnited States, coastal
erosion results in an annual $500 million in property loss and structural fdiluse Climate
Resilience Toolkit, 2021 Particularly in the past yearthe ongoing global climate changes have
increased the frequency and intensity of extreme stormtevAncelerahg sealevel rise and
severewaves and winds increase erosion frequency and alter the coastline morpbBaiogy.

erosion, the shear stress induced by waves, wind, rainfall, or other eroding agents loosens and
wears away the soil particles. This processdes soil deposits, causasastline recessioand
substantial damage taansportation infrastructure.

Sand duneare natural barriers thptotect coastal communities, transportation and energy
infrastructures, and shorelines by buffering wave enengyng severe storm surgeand
hurricans. These natural featurase dynamic systems that provide diverse habitats for wildlife
and also recreation area for humangaves attacking the face of the dune washes away the sand
and leaves the coast more vulresto further wave attack. In addition to the mass loss caused by
the waves, rainfalinduced surface erosion if unchecked can turn into a serious threat and
undermine roadways and bridge foundationbor8 strengtheningand erosion prevention
measuresan protect oAand structures and reduce the reconstruction and restoration coste and
period of timdifelines aredown after severe surge events.

Shoreline defense techniques generally fall under two categories: hard (coastal structures)

and soft (nattal) erosion prevention techniquéBosboom and Stive, 2012; Ciarmiello et al.,



2016) Hardstructures such as revetments, seawatld,offshore structures aggamples of man

made structures that are designed to prevent and reducendaced erosiofiLiew et al., 2020)
Conversely, softer options such as dieaourishment and planting vegetation that minimize
changes in current sediment transport processes are congidarelapproaches. Hard erosion
prevention solutions could exert morphological changes to the laeabtausedisturbance in
natural habites. In addition, such structures can suffer from increased erosion and scour in the
base and lesidewhichmay lead to their damage and fail(gRangelBuitrago et al., 2018Beach
nouishmentwidens beaches and preserves the natural morphology of coastlines. However, the
effectiveness of the method is highly dependent on the availability of a compatible sand source in
relatively short proximity(Hudspeth, 2019)The vegetation techniquiinctions best in low

intensity wave condition@Ciarmiello et al., 2016)

To reduce the susceptibility of mamade earthen structures and slopes supporting the
roadways to rainfalinduced erosion, conventionally the constructadrflatter slopes is more
prefered. This increasedrainage capacity anesults inless sediment yiel@Fay et al., 2012;
Rivas, 2006)On the other hand, flatter slopes require larger-odiway areas which makes this
construction labor demanding and more expensive. Application of erosioolgeutextiles can
improve the infiltration rate and decrease the surficial runoff; however, the use-dég@dable
geotextiles can harm wildlife by trapping small animals in the neffiag et al., 2012)Mulching
and grass sgling are temporary erosion control methods that are more effective when used in

conjunction with other techniquéRivas, 2006)

Given the aforementioned pointshe use of longerm solutions with minimal

environmental impacts angquired maintenance is necessary for sustainable develogment.



recent years, theogsibility of usingbio-mediated techniques ®oil improvement projects has

drawn many researchers' attent(&tachew et al., 2021)

Microbially induced calcium carbonate precipitation (MICP) is a-rbediated soll
improvement measutbat has the potential to be a mereironmentafriendly methoccompared
to conventional methoddeJdong et al., 2010; Mitchell and Santamarina, 2005a; Mujah et al.,
2017) MICP is the result of a sequence of metabolic activities and chemical reactidesdna
biomineralization otalcium carbonatamongsoil particlegAl Qabanyand Soga, 2013; DeJong
et al., 2006; Van Paassen et al., 2009; Whiffin et al., 200%)is method, bacteria consume urea
and generate ammonium and carbonate ions. Carbonate ions bond with the available soluble
calcium and becomes precipitated in tloenf of calcium carbonateDeposition ofcalcium
carbonatat particle contastand on soil grains generates a bonded soil structure and enhances the

mechanical properties of s¢Chou et al., 2011; Lee et al., 2013; Moyacet al., 2013)

Despite the body of knowledge devoted to investigatbdhavior ofMICP-treated soil in
laboratory settingshere are several aspects of MICP field application that have not been fully
investigated. More field and largeale trialsare required to develop effective treatment delivery
systems for different soil stabilization purposes, to assess the treatment schedule flexibility in case
of inclement conditions, to reduce the application costs with the use of optimized concentration of
bacteria anddwer grade chemicals, and more. In addition, the permanence of thethMEZ&d
soil and environmental effects requires further investigatibis $tudy presents tliesign steps
andresults of field and largescaleMICP experimengthatwere performetb enhancehestrength
and erodibility resistance of sandpastal depositsPrevious studiesre mainly focused on

investigating tle potential of smalscale biecemented models to withstaedosion. This study



investigates laboratory amatsituengineering properties of reinforced ngaototype systesiand
changes caused Ilmyclement weather anektreme storm events in a more realistic time scale
1.2 Dissertation Organization

This dissertation consists of seven chapters. Chapter$ ar®accepted in journals or
conference proceedings or planned to be submitteapt€r6 summarizehe researchndings A
summary of each chapter is presented as follows:

Chapter 2 descrils¢he design steps and details of field implementation of MICRdiaces
surface erosion of a coastal sandy slope in Ahoskie A\iteatment recipe was developed that
results in moderate cementation levels within a reasonable time. Three field implementation
systems known as surface spraying, prefabricated vertical dRMi3s), and shallow trenches
method were used to apply the MICP treatments to the field. At the end of the experiment, the
achieved improvement level using each treatment system was assessed through diffétent in
methods. This research also providesights into the permanence of MI@eated soil with and
against inclement weather conditiomsh i s ¢ h a pt e rimplementatiort of Miadobidlly- i e | d
Induced Calcium Carbonate Precipitation for Surface Erosion Reduction of a Coastal Plain Sandy
Slopeé' and co-authored byDr. Brina M Montoyahas been published ithe Journal of
Geotechnical and Geoenvironmental Engineering

In Chapter 3 investigates the compatibility of the MICP method with plant health and
growth. This chapter presents results of batgts performed on Bermuda grass, a common
erosion control species. The first set of tests focuses on the effect of components and byproducts
of the treatment solution on the health of grown plants. The effectiveness of the inclusion of
phosphorus in theeatment solution to reduce the negative effects was also investigated. In the

second part of the study, the effect of the fiasatment properties of soil on seed germination and



growth was investigated. This chapter, entitlefféct of Treatment Solidn Chemistry and Soil
Engineering Properties due to Microbially Induced Carbonate Precipitation Treatments on
Vegetation Health and Growtland ceauthored by Dr. Brina M Montoya. This pages been
published inACS ES&T Engineering

Chapter 4 discusselse compressibility behavior of unsaturated Mitt&ated sand. This
chapter provides insights into the settlement and collapse behavioradrbented soil that can
be used in future field designs. This chapter consists of a series of consolidatiperfesised
on untreated and MIGReated sand specimens. Specimens were treated by percolation to simulate
the unsaturated soil conditions that prevail in mossitm MICP implementations. Bender
elements placed in the consolidation setup provided infasmabout the micratructure changes
and bond breakage. This chapter, entitl€@brtpressibility Behavior of MICHreated Sand
Treated under Unsaturated Conditibmasd ceauthored by Dr. Qianwen Liu and Dr. Brina M
Montoya has been published in ASCE Gebtacal Special Publications (GSP)@eoCongress
2022

Chapter 5presents the flume experiment results performed on untreated and- MICP
stabilized neaprototype dunes. Dunes were constructed inlangest wave flume in North
America at the O.H. HinsdaM/ave Research Laboratory at Oregon State UniverSityface
spraying and PVD methods, two of the treatment systems developed in Chapter 2, were used to
apply MICP treatments. Dunes were subjected to Hurricane Sandy wave conditions recorded in
2012. The prformance of dunes was investigated through strength test results and observed
morphology changes. The results of this study can have implications for future coastline protection
projects and stability assessment of coastal cemented bluffs. This ckeaptied '‘Geotechnical

Properties and Performance of Laiggale Coastal Dunes Reinforced by -Bamentatiorunder



Hurricane Wave Conditions" and will be -anthored by Dr. Brina M Montoya, DMatthew
Evans and Dr.Meagan E. Wengrove is intended to bbmiited tothe Journal of Geotechnical
and Geoenvironmental Engineering
The main contributions of the study and direction for future research are presented in

Chapter6.
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2 Field Implementation of Microbially Induced Calcium Carbonate Precipitation for
SurfaceErosion Reduction of a Coastal PlainrSandy Slope
2.1 Introduction

In coastal areas, storm surges and heavy rainfalls can erode the soil and undermine
geotechnical structures. Erosion is a process in which force from a natural agent such as rainfall,
wind, and wave action exceeds internal shear stresfgsioil and dislodges and transports soll
particles away from the site of attachment. Sediment detachment can create channels that gradually
grow in time and may eventually lead to failure of sea dikes, bridges, and sandy slopes supporting
infrastructure(Jing et al., 2019; Zhang et al., 201Zhe failure and closure of transportation
infrastructurecan result in major social and economic losses due to increased travel distance,
repair, and maintenance expengeshn, 2006)

Conventionally, the use of flatter slopes is more preferable due to the increase in drainage
capacity and less sediment yield (Fetyal. 2012; Rivas 2006). On the other hand, flatter slopes
require larger right of way areas which makes this construction labor demanding and more
expensive. Application of erosion control geotextiles can improve the infiltration rate and decrease
the suficial runoff; however, the use of nategradable geotextiles can harm wildlife by trapping
the small animals in the netting (Fay et al. 2012). Mulching and grass seeding are temporary
erosion control methods that are more effective when used in copjungth other techniques
(Rivas 2006). Given these points, the use of Jmmg solutions with minimal environmental
impacts and required maintenance is necgdsa sustainable development.

Microbially induced calcium carbonate precipitation (MICP) rsatural soil stabilization
technique and is believed to have the potential to address challenges of susdevelbment

(lvanov and Chu, 2008; Mitchell and Santamarina, 20068LP is the result of a series of



reactions that increase alkalinity of the pore fluid and generate carbonate which reacts with the
available calcium proded by the treatment solutigPeJong et al., 2006 he resulting calcium
carbonate precipitation bridgesilsparticles together and improves volumetric behavior, shear
strength, stiffness, tensile strength, and compressibility of soil m@tiQabany ¢ al., 2012;
Burbank et al., 2012; Choi et al., 2016; Chou et al., 2011; DeJong et al., 2010; Feng and Montoya,
2016; Lin et al., 2015; Montoya and DeJong, 2015; Nafisi et al., 2020; Whiffin et al., 2007; Xiao
et al., 2019a)Previously, extensive labooay research has demonstrated the effectiveness of
MICP in scour mitigatiorfDo et al., 202Q)waterinduced erosion reductidhek et al., 2021; J.

Do et al., 2019; Ghasemi et al., 2019; Hodges and Lingwall, 2020a; Jiang et al., 2019, 2017; Salifu
et al., 2@6), wind erosion and dust contr@aleki et al., 2016; Zhan et al., 201@)creased
resiliency of coastal sand dunes under the wave adlingt al., 2021; Brina M Montoya et al.,

2021; Shanahan and Montoya, 2Q1&uefaction mitigationfMontoya et al., 2013; Sasaki and
Kuwano, 2016; Zamani and Montoya, 20a&)ong others. However, the acceptance of the use of
MICP technique by geotechnical engineers and construction community as a substitute for
conventional soil improvement mtéces still relies upon successful field trials.

To date, a few fielécale trials and largecale tests have been conducted to confirm the
effectiveness of MICP as a soil improvement technique and understand the practical aspects of
this method(Ghasemi and Montoya, 2020; Gomez et al., 2017, 2015; Terzis et al., 2020; van
Paassen et al., 201@s one of the first attempts to scale MICP, a 100 rhsoil box was treated
with three injection/extraction wells and undeibmerged conditionsan Paassen et al., 2010)
Despite the oleyved heterogeneity, geotechnical properties such as strength and shear wave
velocity of the treated soil significantly improvedomez et al. (2015erformed a surficial field

experiment of MICP by treating four test plots with varying chemical concentratiohsugh all
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test plots demonstrated soil improvement and crust formation, the maximum improvement was
observed with the lowest chemical concentration. Such observation emphasizes the necessity of
optimizing the treatment recipe to meet performance requirtsnagil reduce monetary costs of
MICP field applicationGomez et al. (2014, 20168uggested thatidstimulation of indigenous
soil bacteria instead of augmenting the bacterial culture can also reduce the field application costs
of MICP. A meter scale sidey-side comparison of the two approaches was performed and
concluded thaa similar final mass oprecipitation and engineering properties were observed for
both case§Gomez et al., 2019, 201 Hlowever, selection between the use of bioaugmentation or
stimulation method will be dependent on the pr
time, and saturation level, among other consideration

There are several aspects of MICP field application that have not been fully investigated.
More field and largescale trials are required to develop effective treatment delivery systems for
different soil stabilization purposes, to assess the treasoeetule flexibility in case of inclement
conditions, to reduce the application costs with the use of optimized concentration of bacteria and
lower grade chemicals, and more. This study presents the results ofscéillexperiment that
attempted to geerate a shallow treated zone to enhance surficial strength and erodibility resistance
of sandy soil. The design process and comparison of the MICP field implementation with
laboratory test results are presented. Three treatment delivery methods knavfacasspraying,
shallow prefabricated vertical drains (PVDs), and shallow trenches were tested in the field to
evaluate their capability to increase the erosion resistance of a coastal sandy slope. Prior to the
field application, calibration tests coupletth SEEP/W and CTRAN/W software packages were
used to improve and optimize the designed setups. Agricutitede chemicals were employed

instead of reagent and laboratgmade chemicals for solution preparation to reduce the
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application costs of the P technique. Geotechnical monitoring methods such as dynamic cone
penetration (DCP), pocket penetrometer, and mass of calcium carbonate measurements were used
to evaluate strength improvement of the treated soil. Impinging jet tests were performed on
locations with different improvement levels to quantitatively assess the erosion resistance of soil.
Results indicated that MICP is an effective soil improvement technique and compatible with all
three application methods. An extended shallow treated zonelevasoped using the surface
spraying method; on the other hand, the PVD method provided a deeper treated zone with a smaller
radius of influence. The trenches method resulted in the highest surficial improvement, however,
in more localized areas. Monitag the treated soil for a period of about a year indicated no
significant changes in strength in all three test plots. Finally, numerical analyses were performed
using SEEP/W and CTRAN/W software to further extend the results of this study to a wider range

of soils with varying particle sizes and pore size arrangements.

2.2 Site Characteristics and Soil Type

A field-scale application of MICP was completed on a 3.33 to 1 (H:V) sandy slope with a
2.3 m height located in the Atlantic coastal plain in Ahoskie,INGdrolina. The slope was a part
of North Carolina Department of Transportati ol
adjacent to a pond which was used as a water source for solution preparation during the MICP
treatment. Prior to the experimeagmples were collected from various locations of the slope for
soil classification and index tests. Soil from the site was also used to perform strength and erosion
tests as will be discussed in the laboratory section. These test results were usechtthéesig
solution concentrations and field treatment specifications (e.g. number of treatments, treatment
schedule) and to provide insights into the expected cementation levels of thetrigbtdel soil.

The site soil was a poorly graded sand (SP) with aairgilain size distribution along the slope
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surface. Soil was a uniformigraded sandd,=2.8) with aDso of 0.2 mm and 4% fines content.
Preliminary insitu percolation tests performed at different locations on the slope indicated a lower
hydraulic condugtity in the downhill of slope compared to the {@hasemi and Montoya, 2020)

Such observations may be attributed to a higher density or compaction level in lower elevations of

the slope. In situ permeability vakieanged from 4103 to 23 102 cm/s.

2.3 Bacterial Inoculate

Sporosarcina pasteuri{fATCC 11859), a nonpathogenic soil bacterium, was used to
catalyze the hydrolysis of urea and promote theckimentation proess. Ammoniunyeast extract
medium (20 g/L of yeast extract and 10 g/L of ammonium sulfate suspended in a 0.13M Tris buffer
with pH of 9) was used for bacterial culture. Solution ingredients were autoclaved separately and
mixed together and inoculated tvibacterial stock culture. The resulted solution was incubated at
30°C at a speed of 200 rpm and for 40 h. Culture media were incubated until the optical density
(i.e., ODxog) of 0.81 (corresponds to 1@ells/mL) was obtaine@lortensen et al., 2011)or
laboratory tests, the bacterial culture was centrifuged at 40009 for 15 min. The supernatant was
substituted by fresh growth media and centrifuged for the second time and was &&ptfat
about 7 days. Please note for field application, the culture was neither centrifuged nor stored, but

directly transported to the field to be used immediately or in the subsequent treatment.
2.4 Preparation for Field Application

2.4.1 Laboratory Tests
Prior 1 the field application, impinging jet and unconfined compressive strength (UCS)
tests were performed on columns with different cementation levels. The results were used to design

the improvement level, treatment plan, and number of treatments for tthepielication. The
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laboratory methods and results are presented in this section, leading into a discussion on
implications for field design of MICP.
2.4.2 Specimen Preparation

Air pluviation was used to prepare specimens for impinging jet and UCS tests. Specime
were prepared in fregraining acrylic columns with approximate 2 to 1 height to diameter ratios
and with a diameter of 50.8 mm for UCS and 101.6 mm for impinging jet tests. During treatment,
specimens were kept under 30 kPa confinement. Shear waveityelmprovement was

continuously monitored by a pair of bender elements placed in the opposite sides of the columns.

2.4.3 Treatment Processes

A two-stage process with the chemical recipessented ifable2.1 was usd to treat the
soil columns. Agricultural grade urea and calcium chloride (Alpha chemicals) were used instead
of reagent grade chemicals to reduce the operational costs otdakl MICP application.
Solutions were applied to the specimens by surfacepfaion to replicate the unsaturated field
condition. First, bacteria was introduced to the soil with two pore volumes of biological solution
that contained 300 mM urea. Calcium chloride was not included in the biological solution to avoid
sudden precipdtion and cloggingCementation treatments were applied 16-62 hour intervals
until the desired improvement level was obtained. The solatosisted of both urea and calcium
chloride with a ratio of 3:1 which was previouslgmonstrated to be the peefed chemical ratio
(Ghasemi et al., 2019Yhe effluent pH was regularigssessed to monitor the alkalinity of the
media as an indication of consumed urea and bacterial activity for the usegp@able2.1). The
additional bacterial suspension was added to the specimens approxioratelyevery four

treatments, to preserve bacterial activity during the treatnf@hissemi et al., 2019)
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Table 2.1. Chemical recipe for biological and cementation solutions.

Stage 1 Stage 2
Chemicals Biological solution Cementation solution
concentration concentration
Urea 300 (mM) 300 (mM)
CaCb - 100 (mM)
S. pastuerii D10’ cells/mL -

2.4.4 Unconfined Compressive Strength Tests
The UCS tests were used to assess the strength increase of thérdaiER soil. Prior to
the field trial, compatibility of agricultural grade chemicals and pond water with MICP process
was evaluate via UCS tests. Tests were conducted on different cementation levels to determine
the target shear wave velocity and soil improvement level and associated number of the treatments
for field implementationTable2.2 presents the characteristics of the UCS columns. In this table
AL6O, AMO and AHO denote the I|Iightly, moderat el
were completed in duplicate and in accordance with the ASEMdard ASTM D2166, 2016)
with an axal strain rate of 1% per min. Samples were collected from the top and bottom of the

specimens for calcium carbonate content measurements after shear tests.

Table 2.2. Characteristics of the UCS columns.

. No. of Total Avg.
Teg \r/a?tlig cementation added (\(/ra'/r‘s'“)a' (E/r;)/fgl CagQ
treatments CaCb(g) content (%)
L-1 0.68 8 10.1 128 254 1.81
L-2 0.67 8 10.1 116 291 1.03
M-1 0.70 14 17.6 137 791 3.88
M-2 0.69 13 164 126 615 2.62
H-1 0.70 19 23.9 135 904 4,73
H-2 0.70 20 25.2 148 1136 5.71
Pond waterl 0.69 14 17.6 124 763 4.01
Pond watef2 0.70 14 17.6 143 733 4.25
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2.4.5 Impinging Jet Tests

An impinging jet device was used to quantify theficial erodibility of the soil in both
laboratory and field tests. In this setup, a submerged water jet induces shear stress on soil surface
and erodibility parameters are calculated based on the increase in eroded depth dvansoe

and Cook, 2004; Montoya et al., 201&pplied shear sess (z)is a function of the nozzle

diameter and nozzle distance from the soil surface and can be calculated us{Ad-E@dhhachi

et al., 2013)

ac,d, %
t =C, (CJZgh)zge% ¢ Eq.1

C, =0.0041¢(dimensionless) is a coefficient of frictiom,is the water density (1000 kgimC
is the coefficient of the dischardeis the pressurieead at the nozzlg,is the gravitational constant
and the ternC./2gh is velocity of the fluid at the orifice. The paramedgis the diameter of the

orifice, C, =6.3(dimensionless) is a diffusion coefficient, aht the nozzle distance from the

soil surface. The test begins by applying a low pressure head that increased until scour was
initiated. Then the pressure head was kept constant and the application time gradually increased

until no more changes in scodepth was observgd. Do et al., 2019; Khanal et al., 201%he
shear stress corresponding to this equilibrium state is equal to the critical sheaffstress

(Hanson, 1990used the erosion equation for open channels (Eg. 2) to evaluate the erosion

parameterfrom impinging jet setup:

e =k (t-.)0 Eq.2
e (mm/hr)is an erosion rate anglas determined by scour depth changes with tikge.

(mm/(hr.Pa)) is an erodibility coefficient and(dimensionlessjs an empirical exponent; both

16



values were obtained by leasjuare curve fitting. The erility parametersk, and?_ were used

to evaluate the soil erosion resistance. Similar to the UCS, impinging jet tests were performed on
varying cementation levels to estimate the erodibility parametersdhaspond with different

improvement levelsTable2.3 presents the characteristics of the tested impinging jet specimens.

Table 2.3. Characteristics of the impinginet columns.

. Number of Total Surficial
Test \r/a(l)tli?) cementation added (\(/rszi/“gi)a' (2/;1);5" CaCQ
treatments CaCk(g) content (%)
L-1 0.70 8 108 124 315 2.36
L-2 0.69 8 108 133 342 2.43
M-1 0.70 14 189 127 546 3.02
M-2 0.68 14 189 141 695 5.54
H-1 0.70 20 270 149 997 7.14
H-2 0.70 20 270 135 863 6.38

2.4.6 Shear Wave Velocity Measurement

Shear wave velocity measurements were conducted as -destrnctive method for
continuous monitoring of soilmprovement in the laboratory. A pair of bender elements (Piezo
Systems, Woburn, Massachusetts) was installed at the midpoint of the UCS specimen and 3 cm
below the soil surface of the impinging jet columns. A signal generator (Agilent 33522A) was used
to aeate a 10 V sinusoidal wave with 10 kHz frequency in a source bender. The transmitted wave
was detected by a receiving bender element and recorded with an oscilloscope (Agilent
MSO6014A). Shear wave velocity through the soil was calculated by dividifkgdwen tip to tip
distance between the bender elements over the measured travel time of the wave.
2.4.7 Mass of Calcium Carbonate Measurement

In all tests, the mass of calcium carbonate was evaluated by gravimetric acid washing to
have an estimation of the centation levels. Overdried soil samples were soaked in 1 M HCI

and left for 24 hours to dissolve precipitation and allow the settlement of the fine particles. The
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supernatant liquid was removed and replaced with fresh acid until no more bubbles werelobserve
The soil was then rinsed with water and odeied. Calcium carbonate content was calculated as
mass loss during the acid washing over the dry mass of uncemeni@dastehsen et al 2011)

Baseline acid washing tests were performed on the untreated soil, untreated soil treated with urea
(no bacteria added), and untreated soil treated with urea and bacteria. Results indicated no
significant mass loss in all three specimens, sugggste untreated soil initially did not contain
carbonate minerals or other digestible compounds that may influence the mass of carbonate

measurements.

2.5 Implications for Field Design

Performed laboratory tests were used to design the treatment pilae fietd. Moderately
cemented soil demonstrated sufficient shear wave velocity, cementation content, and surficial
improvement when uncemented soil was treated with Mi@lBtions prepared with pond water
and agricultural grade chemicals (e.g., resulesg@nted in Tables 2 and 3). Therefore, the field
treatment schedule was developed to mimic the moderately cemented sand in the laboratory
program (e.g., number of treatments). Laboratory results were also used as a benchmark to

compare the obtained imprawent level in the field as discussed in subsequent sections.

2.6 Field Application

Prior to setup installation, the slope surface was cleared of vegetation. Thie8 inm
testing plots with 0.5 m spacing were marked on the slopecsu@aeated plots were treated with
three methods known as surface spraying, PVDs, and surface trenches as shgwe2l. The
pond water was used as a water source. The pumped water was temporarily stddeflih tank
(the largest tank shown iRigure 2.1). A batterypowered rotary pump (Wayne Inc.) with a

discharge rate of 22.08 L/min was used to distribute water from the tank to three 1041 L tanks to
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prepare soltions during the treatment process. In each test plot, a bptiergred pump was used
to transfer the solution to the top of slope. Details of the treatment setups and procedures that were
used in each case will be discussed subsequently. A scheméictiddatment system utilized to

apply solutions to the surface spraying plot is illustratdeiguire2.2.

s I gt , e
e 2 v e N By (i PR S ST A
Figure 2.1. Overall view of the field and test setupstwihe surface tre
spraying from left to right in the foreground of the image.
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nches, PVDs, and surface

19



Surface spray . Pressure gauge  (X)
treatment Mixer

Inlet flow
ﬂ — =)-

t Transfer pump
— f %\

= Marine battery

25 Sprayers

Control valves s

Recirculation

Mixing tank

Overflow

Figure 2.2. Solution preparation and treatment systems for surface spraying method.

2.6.1 Surface Spraying Apgdication Method

The surface spraying method was used as one of the -Mé@fnent implementation
techniques (demonstrated by green flags on the-hightl side b Figure2.1). The spray setup
was an irrigation syem consisting of 25 spray nozzles with 32 cm spacing connected to a main
hose. During treatment, the hose and sprayers were supplied with solution by a pump connected
to one of the 1041 L tankEigure2.2). The teatment solution was transferred from top to bottom
of the slope and recirculated back into the tank. Immediately after the pump, a control valve
recirculated the excess water back into the tank. The valve was used to relieve the excess water
pressure, mvent pump damage, and provided continuous solution mixing in the tank. Calibration
tests performed on a single sprayer indicated a maximum discharge rate of 32.55 L/hr when
connected to 138 kPa inlet pressure. Calibration tests with colored water datednttat the
majority of the water was received in locations within 26 to 34 cm of the center of sprayer. Lower
volumes were received inside and beyond this-simgped wetting zone. Accordingly, 32 cm
spacing between the two nozzles was chosen to easureerlap between the wetting zones of

sprayers. Two control valves, one on the midpoint of the hose and the other one at the end of the
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main hose, were used to adjust the pressure distribution along the slope and to achieve a more

uniform solution distibution.

2.6.2 PVD Method

PVDs, commonly known as wick drains, was used as a solution delivery method for MICP
treatment within the middle test plot Figure2.1. PVDs have been widely used as an efficient
and costeffective method to facilitate consolidation and degpecific contamination removal
from low permeability soil§Gabr et al., 1999, 1996; Schaeétral., 2017; Warren et al., 2006)
The PVD used in this study (Nilex Corporation) is a bahdped element with 10 cm width and
1 cm thickness consisting of an inner core wrapped in an outer fabric jacket. The core is a
corrugated polypropylene with dnage channels on both sides to accelerate tipdame flow.
The solution flows into the channels and enters the soil by passing through the nonwoven
geotextile fabric which is in contact with the surrounding soil. PVDs were cut in 33 cm lengths
and werenserted into a plastic adaptor from the top. The bottom section was sealed with a 1 cm
impermeable sleeve to distribute the solution along the 30 cm exposed PVD length. The 30 cm
l ength was chosen to ensur e t hastpurgoseefsurficiélat e d
treat ment . A met al pl ate with di mensions si mi
into the soil along the slope. The plate was pushed into the soil and pulled out carefully. Each PVD
was slid to the opening that presahits shape temporarily due to strength increase caused by
soil s natur al mo (L anailikes, 2804 )dhe P\Dis werednstalleddnttwoo n
lines as shown in the middle sectioh Figure 2.1. The PVDs spacing was determined by
performing both calibration experiments and numerical analysis as will be explained subsequently.

Previous researchers have demonstrated that in a-Mé@td soil model, precipitations

were only formed along the seepage zone of injected solution®agrdaipitation was generated
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beyond the flow path&zan Paassen at., 2010) Therefore, seepage and transport analysis were
performed using SEEP/W and CTRAN/W (GeoStudio 2012, Alberta, Canada) software packages
to gain an understanding of the influence zones around the PVDs. SEEP/W determines the solution
seepage patn and distribution of equipotential lines through the soil. CTRAN/W uses the
seepage results to perform advectitispersion analysis and develop chemical distribution
patterns. The model does not account for the reactive transport analysis and igniareaos

tracer tests often used to understand chemical seepage through the soil. Therefore, we assumed all
calcium concentrations were consumed during precipitation. A single PVD was modeled as a
cylinder with an equivalent diameter of 0.04 m and 0.3 angth (Hansbo, 1979) The
axisymmetric domain was modeled as a 4 m diameter and 2 m length to eliminate the boundary
condition effects. A mesh size of about 0.01 m was used for the numerical arg&bjlsiWater
Characteristic Curve (SWCC) and HydrauConductivity Function (HCF) of a sand with similar

grain size distribution adopted from UNSODA database were used to perform the analysis in
unsaturated soil conditiond.eij et al., 1996) The simulations used two treatments per day
consisting of the chemical recipes and concentrations showahle 2.1. Table 2.4 presents a
summary of input parameters used for the analysis.

Table 2.4. Input parameters for the analysis.

Parameter Value Note

Geometry of domain 2 m height x 4 m diamete None

Density( | ) 1528 kg/m Nuclear gage measurement
Saturated hydraulic conductivity 4.2x10°(m/s) Lab measurements

Typi cal |l<yl) for@istdnee 1
to 100 m(Anderson, 1984)
Transversaly)di ¢03m (Jinung Do et al., 2019a)

Initial concentration (¢ 36 kg/n¥ Urea 0.3 M/ CaCI0.1 M

Typically, 10*< D* <10%in (cn/s)

Longitudinal) di03m

e - N
Diffusion coefficient (D*) 0.0001 (crd's) (Hall etal.. 1953)
Adsorption (ko) None No organic content
Decay halflife None No radioactive source
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The analysis for soil surface and depth of 30 Eilgure2.3(a) and (b)) indicates that PVDs
tend to treat soil nre in an axial direction rather than a radial direction. At 30 cm dé&gire
2.3(b)), all points within the 20 cm distance from the PVD receive solution with 100% of the
initially applied concentration. Howeveawn the soil surfaceHgure2.3(a)) by the end of day 1
only a small percentage of initial concentration is received even within the 20 cm distance and
beyond that no significant chemical concentration was rede@alibration tests performed on a
single PVD prior to the field application also indicated a wetting zone of about 10 cm radius in
front of PVD and about 3 cm close to edges on the soil surface. At 30 cm depth, the influence zone
was extended to 15 cm front and 10 cm in the edge direction. Based on the numerical analysis
and calibration tests, to overlap the influence zones, a eententer and edgm-edge spacing
of 15 cm was chosen between the PVDs along the slope surface and in the perpelidictitar.

100

0 0.15 03 045 06 075 09 0 0.15 03 045 06 075 0.9
Distance from PVD (m) Distance from PVD (m)

Figure 2.3. Normalized concentration at different distances from the PVD at the end of each day
(a) On soil surface and (b) At the depth of 30 cm.

As shown irthis Figure2.1, the number of PVDs in the two sets are not identical; one line
consists of 25 PVDs and the other has 19. Such configuration was chosen to assess the precipitation
pattern around a single PVD by reducing the effect of overlappingsPBlring treatment, the

solution from the 1041 L tank was pumped to the top of the slope. The solution was then divided
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into two streams and flowed downhill into the PVDs with the excess amounts recirculated back
into the tank. Each PVD was fed with th@wion by a 0.43 cm inner diameter tube connected to
the adaptor and a main tube. A control valve was installed immediately after the pump to avoid

excess pressure builgh in the pump and to adjust the flow pressure within the system.

2.6.3 Trenches Method

Sixteen 60 cm long shallow trenches that were 20 cm wide and 15 cm deep with a center
to-center spacing of 50 cm were used to treat the third test plot (shown with blue flags onr the left
side ofFigure2.1). Each trech was covered with approximately 3 cm of pea gravel to avoid local
erosion of the trench surface during treatment and to provide a uniform solution distribution within
the trench. A geotextile layer was placed between the pea gravel layer and theuréazh for
separation purposes and to avoid the aggregates from bonding to the surrounding soil as a result
of MICP-treatment. Narrow drainage channels were formed between the trenches to connect the
trenches to each other. During the treatment, theignlatas pumped to the top of the slope to fill
the first trench and then flowed through the channels to the downhill. A regulating valve was
installed after the pump to keep a balance between the discharge rate and soil hydraulic

conductivity to avoid solion runoff.

2.6.4 Solution Preparation and Treatment Processes

As it was mentioned earlier the use of lowgeade chemicals can reduce MICP field
application costs. Therefore, agricultugabde urea and calcium chloride were used for treatment
solution prepaation. During treatment, separate 1041 L tanks and pumps were used to apply
solutions to each test plot. Treatment was started with an application of biological solution and
followed by cementation treatments. Solutions were prepared with chemical catioeatshown

in Table2.1. Bacteria were grown in the laboratory with an optical density (i.e., OD600 0.8 to 1)
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and transported to the field. The bacteria solution was then diluted 15 times and was applied in the
subsequent biological treatment. Green food coloring was added to solutions to track the solution
path within each test plot. Test plotsd di men:s
m) were used to determine the total volume of the treaiéd/®id ratio and volume of the pores

were then calculated by collecting saturated soil samples from the site before the MICP field
application. Finally, treatment volumes were designed to occupy 30% of pore space to resemble
unsaturated soil conditiomsd to obtain a more efficient precipitation pattg@heng et al., 2013)

For the surface spraying and trenches washvolume was determined as 500 L. Since
PVDs did not fully cover the test plot (e.drigure 2.4), the solution volume was modified
proportionally to about 170 [The treatment schedule for all three deliveryhods is presented
in Table2.5. In Table2.5, Bi and G denote biological and cementation treatment, respectively. As
demonstrated ifable2.5, setup installations and treatments did not start at the same time in all
three test plots.

However, all test plots received 3 biological and 14 cementation treatments in total.
Solutions were applied two times a day and at least 3 houetesftion time was maintained
between treatments. Due to the delivery schedule for the bacteria suspensions, the first biological
treatment was followed by four cemetida treatmentsThe second and third biological treatments
were followed by five cemeation treatments. With the application of treatments and carbonate
formation, a gradual decline in permeability of MKBBated soil and an increase in time required
to perform treatments was observed. Therefore, treatment volumes were decreased to avoid
solution runoff and to keep pace with the designed schedule. However, the total applied solution
volumes/chemical masses were adjusted based on the treated plot area in all three tested methods.

In addition, the missing treatment dataleble2.5 correspond to treatments that were postponed
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because of inclement weather events (e.g. heavy rain). During these two rainy days (e.g. days 3
and 9), daily precipitations of about 7.4 mm and 22.9 mm were reported by Nooim&&tate

Climate Office collected at the Peanut Belt Research Station (27.4 km to the southwest of the field
site). A 35.5 mm recorded rainfall for the-@8y treatment duration highlights the feasibility of
MICP-treatment application in case of legveare rainfall conditions. Additionally, the relative
humidity and temperature were recorded during the 13 days of treatment. The average relative
humidity was 66% (with a minimum of 24% and a maximum of 90%), and the average temperature
was 15°C (with a mimum of 0°C and a maximum of 29°C). The relative humidity and

temperature generally remained in this range for at leastnoméh postreatment.
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Table 2.5. Treatment schedule for all three meds.

Surface spraying method Trenches method PVD method
Solution Solution CaCb Solution Solution CaCb Solution Solution CaCb
Day type volume mass type volume mass type volume mass
L) (kg) L) (ka) L) (kg)
! B, 500 9 B, 500 9
2 C: 500 9 C1 500 9
Co 500 9 C, 500 9
3 Cs 500 9 Cs 500 9
4 Cs 500 9 Cs 500 9
B> 500 9 B2 500 9
5 Cs 500 9 Cs 500 9 B: 170 3
Cs 150 2.7 Cs 300 5.4 Cu 170 3
6 C/ 350 6.3 C; 200 3.6 C 170 3
Cs 50 0.9 Cs 150 2.7 Cs 170 3
7 GCo 450 8.1 Co 350 6.3 Cs 170 3
Bz 200 3.6 B3 200 3.6 B> 170 3
8 Cio 200 3.6 Cuo 200 3.6 Cs 170 3
Cu 200 3.6 Cu 200 3.6 Cs 170 3
9 Cr2 200 3.6 Ci2 200 3.6 - - -
Cis 200 3.6 Cis 200 3.6 C; 100 1.8
10 Cus 200 3.6 Cus 200 3.6 Cs 50 1
Co 50 1
Bs 50 1
1 Cuo 50 1
Cu 50 1
12 Co 50 1
Cis 50 1
13 Cia 50 1
Sum 5700 102.6 5700 102.6 1860 33.8

2.7 Field Assessment
At the end of the treatment processes, on day 14, several tests were peiridotatibns
shown inFigure2.4 to evaluate the improvement of the MKi#eated soil. DCP, a common device
to assess the-situ soil strength, was used in accordance with ASTM D§ASTM, 2009) DCP
tests were performed due to calibration test results and to obtain a broad coverage of varying
cementation leveldn the surface spraying plot, an approximately 44 cm radial wetting zone

around a single sprayer was expected. Baseponay er 6 s configuration, t
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26 to 34 cm from the center was anticipated to yield the highest improvemenHguet2.4).

The soil within a 26 cm and 3#4 cm radius seemed to receive leskitton volume and is
displayed in grey. Tests performed in locations further than the 44 cm radius were considered to
be barely treated and shown in white.the PVD section, points within the proximity of a PVD
element are presented in blackests peormed near the edges and beyond the anticipated
influence zone are shown in grey and white, respectively. In the plot treated with trenches method,
test results for points inside the trenches where treatments were directly applied to the soil are
shown inblack. Tests performed in spacing between the two successive trenches are displayed in

grey. Points located in distances further than 15 cm from the trenches wall are shown in white.
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Figure 2.4. Locationsof performed DCP and impinging jet tests in (a) Surface spraying, (b) PVDs,
and (c) Trenches plots. Different colors indicate the varying levels of treatment received in each
location.
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A Gilson SF20 dynamic cone penetrometer with a dual mass hammer e@sauserform
the tests. The setup consists of two connected 111 cm and 57.5 cm vertical shafts-degraes0
cone attached to the tip of the lower shaft (111 cm). An 8 kg sliding donut hammer was dropped
repeatedly from 57.5 cm height on an anvil attacto the lower shaft and drove the shatft tip into
the soil. Penetration index (PI) was calculated by recording the penetration depth and the number
of drops and expressed as cm/blow.

Impinging jet tests were used to quantify improvements of soil surfesiadibility
resistance. Tests were performed on untreated soil and also 8 locations after the treatment as
indicated n Figure2.4. Pond water and one of the pumps were used to provide pressurized water
to perfom the impinging jet tests. The erodibility parameters were determined following the same
procedure as previously stated. It is noteworthy to mention that the setup was placed on the soil
surface and contrary to the lab tests where soil was inside thelaylitne water jet was not
completely in submerged condition. Therefore, the lower jet energy dissipation led to a more
conservative measurement of erodibility parameters.

AnHM-500 Gilson company Inc. pocket penetrometer with a range of 0 to 4.5%kgésm
used to perform surficial strength tests in random locations in all test plots. According to ASTM
D6169(ASTM, 2005) the measurements can yield a crude approximation to UCS of soils. The
setup consists of a piston that is pushed into the soil surface up to 6.4 mm to a marked groove. A
calibrated spring converts the required stress to overcoingdsei r esi st ance t o an
the devicebds body. VZahdwcande directty comeréed to kPa.disdrete k g /
calcium carbonate samplingas carried out at different locations and depths following the
procedure previously discusséal measure the cementation levels and spatial distribution of

precipitation.
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2.8 Results and Discussion
2.8.1 Visual Observations

At the end of the treatment process, crusts with varying cementation levels were detected
in all test plots. In the surface sprayingttlot, crust thickness measurements indicated a
minimum thickness of about 2.5 cm at the top and a maximum of 14.5 cm at the toe of the slope.
In the PVDs section, a surficial cemented crust only formed near the slope toe; the PVDs near the
top of the sbpe did not create a significant surficial crust. PVDs removed from the soil indicated
no sign of clogging nor precipitation on the fabric jacket, verifying the compatibility of the MICP
application with these elements. The trezsnethod generated crustside the trenches and in

walls of the channels connecting the trenches to each other.

2.8.2 DCP Results

DCP tests were performed on random locations prior to the field application and on all test
plots after the treatment completidfigure 2.5(a-d) shows the variation of Pl values with depth
for untreated soil and three test plots treated with different solution delivery systems. Variation of
the measured PIs with depth in untreated soil and test plots treatedferdndtreatment methods
are presented iRigure2.6(a-d). Pl is a measure of penetration resistivity of soil and a lower PI
value indicates the higher solil resistance. As shovaigare2.5(a), P1 values of the untreated soil
varied from 6 to 13 cm/blow for the surficial depths and decreased to 4 to 6 cm/blow for the depths
of 30 cm. These values correspond to loose/very loose(kan#t, 2014) Such decrease in PI
values and increased resistivity with depth is a redullhe increased confinement. In general,
untreated soil DCP results indicate a higher mean Pls with a higher scatter in surficial depths

(shown inFigure2.6(a)). As shown irFigure2.5(a), Pl measurements for untreated soil do not
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start exactly from O cm, the result of insufficient soil surface strength to resist the weight of DCP

setup.
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Figure 2.6. Mean PIs (points) and standard deviations (bars) for untreated andth¢iied test
plots.

DCP test results fahe surface spraying method were divided into three groups according
to the results of the calibration tests performed on a single sprayer described earlier. Pints 26
cm from the closest spray nozzle received the maximum biological and cementéiiton so
volume during the treatment (shown in black); points located within 26 cm radius4er G
from the center of spray shown in grey and points further than 44 cm represemeaitelffigure
2.5(b)). The blzk data points are mostly located on the left sideigdire2.5(b) and demonstrate
the lowest PI values and maximum improvement. Conversely, the white points, representing
locations receiving minimal treatmemidicate a similar trend and PI values as untreated soil.
Locations shown in grey received lower solution volumes during treatment compared to the

locations represented by black; therefore, these points demonstrate slightly higher PI values.
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However, both ldck and grey data sets follow a similar Pl trend with depth. Contrary to the
untreated soil, with the cementation crust formation and a surficial strength increase, Pl values
measurement started from the depth 0 cm similar to the observations repof@ahisz et al.,
2015) The measured Pl values for therface spraying treated soil ranged between 1.25 to 6
cm/blow for the upper 10 cm and 3.1 to 6 cm/blow for deeper depths. These results indicate the
surficial soil és Pl has enhanced up t book hat c
2014)due to the densification and particles bonding from the Mi€&ment(DeJong et al.,
2010; Look, 2014)The average Pls demonstrated 62% and 24% reduction in surficial and deeper
depth valuescompate t o t he untreated soil. A significa
values and a relatively narrow scatter (showrrigure 2.6(b)), implies this solution delivery
method is more suited for surface mitigatiapplications (e.g., surficial erosion, dust control, sand
dune stabilization).

Similar to the spraying method and based on the calibration tests performed on a single
PVD, points around the PVDs were categorized into three zones. Measured Pls fmreaate
shown inFigure 2.5(c). Points about 4-20.5 cm from the centerline of the test plot received
treatment through the entire depth of the soil (shown in black). Points ftbBhdn or 20.827.5
cmfromthepl ot 6s centerline | ocated close to the
shown as grey data points. Results of the tests performed on locations outside the hypothesized
area (farther than 15 cm from the center of the closest PVD) are shovnitas™e lowest Pl
values and maximum improvement was obtained in the locations close to PVDs (black data
points). The white points indicate a similar pattern as the untreated soil Pls. Grey points follow the
same trend as the blacks and are located leettye two data sets. In the grey data set, the larger

Pl values were associated with the points affected only by th@tefghtside PVDs. However,
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in the locations close to the plot centerline, in depths deeper than about 15 cm, Pl values became
smaler and approached values of the black data set. This observation likely results from
overlapping treated zones of PVDs and larger cementation zones with depth. Moreover, in this test
plot, a surficial cemented crust was only detected adjacent to the &\lbstoe of the slope. In
these locations, PVDs received larger solution volumes due to the hydraulic head difference
between the top and bottom of the slope. As it was also noticed during the treatments, the excess
amounts of solution found a way to thleallow depths and cementation progressed up to the soil
surface and formed a crust. Therefore, except for the PVDs in the slope toe, most Pl measurements
start from depths below 0 cm as showrrigure2.5(c). Pk for the PVD method ranged between
1.85 to 8 cm/blow in the upper 10 cm and between 0.87 to 2.52 cm/blow to depths of 30 cm where
PVDs terminate. Values at 30 cm depth reached the Pls corresponding to very stiff clay and rock
(Look, 2014) The average Pl values decreased 48% and 72% on the surface @rnadé&pth
compared to the untreated soil. Mean Pls demonstrate minimum values and narrow scatter at
depths around 30 cifrigure2.6(c)). This general trend implies a relatively uniform and greater
improvement in deper depths; suggesting this method lends itself well to deeper soil treatment
applications.

Measured Pls within the trenches test plot were divided into three zones due to the location
of the tested points relative to the closest treRajufe2.5(d)). Points inside the trenches indicated
the smallest Pls and maximum improvement (shown in black). Points located between the two
trenches in the treatment flow direction are shown in grey. Grey points indicatdaa giemd as
the untreated soil with lower Pls in deeper depths. The lower Pl values in depths deeper than 20
cm could be the results of the solution seepage and deeper depth treatment. The remaining points

located outside the trenches exhibit a similandrand Pls as the untreated soil (shown in white).
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Pl measurements appeared from the O cm depth only for the tests performed inside the trenches as
cementation crust formation increased surficial soil strength. Pls in the trenches test plot vary from

1 t04.06 cm/blow for surface and 2.28 to 5.60 cm/blow in the deeper depths. The average Pl values
of the tests performed inside trenches exhibited 73% and 34% reduction in surface and depth
compared to the untreated soil. Results demonstrated a surficialvienpent level greater than

the surface spraying method but in a more localized area while less improvement was observed in
deeper depths compared to PVD method. However, considering all points in the plot, mean PI
values demonstrated high variability inalbw depths (shown ifrigure 2.6(d)). The resulting
cementation within the trenches indicates that similar treatment implementation (e.g., channelize
treatment flooding) has the potential to stabilize drainagemygssuch as canals, ditches, and

perimeter ditches in landfills.

2.8.3 Precipitation Pattern

Calcium carbonate measurements were completed along the depth in different locations to
evaluate cementation patterns on the slope surface, around treatment sodrtes;eaify the
observed trends for the DCP resuRkease note that the baseline mass of carbonate measurements
for the untreated soil was measured to be Bgure 2.7 presents precipitation results for points
located at approximately equal distances from the center of the sprayers in surface spraying test
plot. The mean mass of calcium carbonate values for three points located on the lower half of the
slope surface is shown Figure2.7(a). The maximum values were achieved on the surface and
were followed by a decrease in depth. Conversely, at the top half of the slope, precipitation became
more distributed along the depth and the location of maximum precipitatiordstaitards the
deeper depthdjgure2.7(b)]. The two distinct trends corroborate with the results of percolation

tests performed prior to the field application on the untreated slope that indicated the sloge toe ha
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a lower hydraulic conductivity compared to the {Ghasemi and Montoya, 202@3enerally, a

lower hydraulic conductivity could result in higher concentrations of cementation on the soil
surface (closer to the paiaf treatment applicatio{Mahawish et al., 2018; Rowshanbakht et al.,

2016) With the application of additional MICP treatments and the progression of cementation, the
soil 6s hydraulic conductivity can be further
bacteria from the addeckmentation and biological solutions tend to accumulate and reside in
shallower depths. Consequently, due to the combined effect of the lower seepage velocity, the
higher chemical concentrations, and the bacterial population, the majority of requiredtawnd

chemicals for crystal formation are consumed in surficial soils instead of deeper (@&t

and CordRuwisch, 2014; Van Paassen, 2009; Van Paassen et al., 2009)
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Figure 2.7. Mean precipitation (points) and standard deviations (bars) for spraying method plot:
(a) Lower half and (b) top half dtie slope.

The pecipitation pattern around a single sprayer was assessed by selecting the second
sprayer from the top, which experienced limited influence from adjacent sprayer runoff. Discrete
mass of precipitation measurements with depth were perfawmédee locations (SP1, SP2, and
SP3 inFigure 2.4) with varying distances from the center of sprayer. These points are in zones
suggested by the results of calibration tests as showigime2.8(a and b). Results indicated an

approximately 1% higher precipitation for point SP2 located in the black area compared to the
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points in the grey area for the deptli@cm. This observation is in line with DCP test results that
indicated a generally higher improvement for the tests performed in the blackianea?.5(a).
The higher penetration resistance and mass of precipitation can be attributed to the greater

biological and cementatn solution volumes received in this region.
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Figure 2.8. (a) Location of precipitation tests and (b) measured values with depth.

Figure 2.9 presents mean calciunarbonate contents with depth for ten points along the
PVD test plot.Figure 2.9(a), indicates mean values for tests performed in points located in
midpoint of the two successive PVD rows in the top half (pointé&R, 2324-L, and 2425-L
in Figure2.4) and lower half of the test plot (point82R, 45-R, 89-R, and 910-R). Figure2.9(b)
presents mean results for pointd135-M, 8-M, and 1#M (shown n Figure2.4) located within 3
cm horizontal distance from PVDs edge (distances farther than 4.5 cm from PVD section
centerline) of the test plot. Point numbers indicate the closest PVBstott e st ed poi nt
AR6O and AMO denote whether the point belongs
middle of the test plot. For example3R is a point located between the second and third PVDs

belonging to the right PVD set asown in Figure2.4(b)). The precipitation pattern in both Figs.

37



9(a and b) demonstrates a contrasting trend compared to the surface spraying method results.
Calcium carbonate content started with a minimum vafuthe surface and increased with depth.

In the PVD method, solution moves gravitationally through the channels to deeper depths as fluid
tends to choose the easiest flow path. Therefore, precipitation formation mainly occurred in deeper
depths, and a lined amount progressed to the soil surface. For the same reason, results for
different locations along the slope indicate a generally greater mass of carbonate with depth for
points near the toe compared to the top of the qlBjgrire 2.9(a)). Toe PVDs received higher
solution volumes due to the solution tendency to move through the main delivery tube towards the
lower heads. Points ifFigure2.9(a) have about 7.5 cmdistae f r om PV DKEgore f r on't
2.9(b) presents results for points located within 3 cm from PVDs edge. Higher carbonate contents
in Figure 2.9(a) indicate that cementatigorogress is greater in the front direction of PVD
compared to the edg&igure2.10(a-d) better illustrate this observed behavior.
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Figure 2.9. Mean precipitatiowvalues (points) with depth for PVD method and standard deviations
(bars) for (a) points in the midpoint of the two successive PVDs and (b) points within 3 cm
horizontal distance from PVDs edge. Detailed locations are demonstr&tiguiia2.4.

Precipitation patterns along the depth around four groups of PVDs are shéigure

2.10(a-d). Numbers in parenthesis demonstrate the horizontal distances from the PVDs edge.

Within each group, precipitation contents follow a relatively similar shape and pattern with depth.
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Generally, points in the midpoint of the successive PVDs that were located in overlapped areas of

cementation zones demonstrated a higher mass of precipitAtiong these points, the ones

located relatively lower on the slope surface (poirBsR, 8-9-R, and 2324-L in Figure2.10(a, b

and d)) exhibited the highest values. The minimum calcium carbonate contents béhangdints

located in PVDs edge direction (pointdvRand 24M). With increasing distance, precipitation

contents decreased especially in the surficial depths as in PVD method precipitation tends to treat

the soil mainly in deeper depthHsadure2.10(a and c)). However, even in these locations, calcium

carbonate contents started to slightly grow in deeper deptighasizing the deep soil

improvement potential of this method.
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Figure 2.10. Precipitation pattern around PVDs (a) 2 and 3 left, (b) 8 and 9, (c) 15 and 16 right,
and (d) 23 and 24 left. Detailed locations are demonstrated in Fig. 4.
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Figure2.11(a) presents mean calm carbonate contents with depth for points located
inside trenches and outside trenchesFigaret hi n
2.11(b) presents the relative location of the tested points. résstts demonstrate a noticeable
difference between the observed trerelgifre2.11 (a)). For samples that were taken from inside
the trenches, similar to the surface spraying method and contrary to the PVBtresaiaximum
calcium carbonate is observed on the surface and decreases with depth increase. For tests
performed outside the trenches in all depths, a minimal mass of calcium carbonate (less than 1%)

was detected. These trends confirm the observed tfenB<EP testesults Figure2.5(d)).
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Figure 2.11. Mean (points) calcium carbonate content for samples collected from inside the
trenches and outside within15cindt ance from t he trenchesd wall
area.

2.8.4 Erodibility Parameters

Impinging jet tests were performed on untreated soil and on eight locations along the
treated slope (shown Figure2.4) to assess the erosion resistance of the Mi€&ted soil. Eq.1
was used to determine the applied shear stedbe soil surface for a given jet velocity. The
erodibility coefficient is a measure of how fast the erosion process takes place. Theppouses

for untreated soil was completed rapidly, within 30 seconds. The measured critical shear stress
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was about 0.22 Pa for untreated soil and increased up to three orders of magnitude afterthe MICP
application(Figure2.12 (a)). As shown irFigure2.12(b), the erodibility coefficient of sand is on

the order of 1®mm/(hr.Pajnd decreased exponentially down to 0.57 mm/(hmRhB)increasing
cementation levelbservedvalues are in the similar range of erodibility parameters as gravel
and rip rap material@riaud, 2013) The exponenta (Eq. 2) ranged from 0.72 to 2.68 for the
tested points with no clear correlation between the mass of precipitatidghe limited tests
performed. At lightly cemented levels, a slight improvement of the erodibility parameters is a
result of increased surface roughness reported by several resedfdbdosg et al., 2006;
Montoya and DeJong, 2015Vith further progress of cementation and formation of stronger
bonds, erodibility parameters significantly improved Do et al., 2019; Shafii et al., 2019)
Comparing results with the previous studies also exhibit a slightly imass of calcium carbonate

with similar improvements compared to the tests treated under submerged co(@litionst al.,

2017; J. Do et al., 2019; Jiang et al., 20THe same improvement level despite a lower mass of
carbonate also has beedoserved by other researchers that studied mechanical properties of soils

treated under saturated and unsaturated condifi@msng et al., 2013; Shanahan and Montoya,

2016)
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Figure 2.12. Critical shear stress and (b) erodibility coefficient with the varying mass of
precipitation.
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As soil dains, pore solution tends to move towards the smaller pore throats until fluid only
exists in the form of water menisci and thin films coating the part{tlesand Likos,2004)
Therefore, the concentration of generated cementation in particle contact points results in more
efficient cementation bonds between soil grains compared to the saturated treatment where

cementation could also be formed in unnecessary and ineffloeationgCheng et al., 2013)

2.8.5 Pocket Penetrometer Measurements

Surficial soil strength measurements were conepléty pocket penetrometer tests on 55
random locations along the three test plots. For each pocket penetrometer measurement, a soil
sample was collected immediately from the tested location to determine cementation content in
the laboratory. Results wereetn compared to the UCS measurements from the laboratory section
(Figure2.13). Mass of calcium carbonate for UCS columns was determined by dividing the tested
specimens into three segments. The cementation carfteath sample was determined and the
average measured values are shown in. No significant difference was observed between the
columns treated with tap and pond water; therefore, all data points are shown together. For both
field and lab tests, shear stgth increased with an increase in calcium carbonate content. The
maximum field value was abodb0 kPa and equal to the upper limittloé pocket penetrometer
setup measurement. A general agreement between UCS and field pocket penetrometer
measurements ipties that this setup can be used as a quick measurement tool for the unconfined
compressive strength of MIGE&mented soils. The results within the PVD plot demonstrated low
surficial strength as this method tends to treat soil mainly at deeper depthgeksed, surface

spraying and trench methods exhibited a higher mass of precipitation and surficial strength.
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Figure 2.13. Comparison of field pocket penetrometer measurements with experimental UCS.
Meanprecipitation values (points) and standard deviations (bars) for UCS measurements.

2.8.6 Permanence of MICRtreatment

Treated plots were monitored over time to assess the permanence oirvif@Rement
and monitor potential degradations caused by seasonal wgdtberomena. DCP tests were
performed on all plots at the end of treatments and 70, 158, and 331 days after. During each visit,
at least three DCP tests were performed per test plot. Tests were performed inside the trenches,
midpoint of the successive PVDand in random locations along the slope surface for surface
spraying plot. During the monitoring window, the area received total precipitation of 738 mm
according to North Carolina Climate Office. The site experienced a maximum and minimum
temperature oapproximately 35 aneB°C, respectively. The field site was also subjected to the
maximum average daily wind velocity of 6.57 rhduring the monitoring window which is higher
than a 5.3 m:Srequired velocity to initiate wind erosion of sand dugialeki et al., 2016)The
third monitoring visit (day 158) was performed aftéurricane Dorian passed over the field site
with a 189 km distance as a category 1 hurricane. The fourth monitoring visit (day 331) was
conducted after the winter season to assess freeze/thaw and cold weather's effect on cementation

durability. During tle last two visits, trenches were completely covered witiblaiwn soil.
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Deposited soils were excavated from the trenches until the crust was exposed and then tests were
performed. Measured PlIs are located close to the maximum improvement range inhthedeft
sideof Figure2.14(a-c) exhibiting a minimal change in penetration resistance for any of the test
plots. Results indicated that no significant degradation occurred in Méaked soil with time

and in envionmental conditions such as extreme wind, temperature fluctuation, and heavy rainfall.

Penetration Index, Pl (cm/blow) Penetration Index, Pl (cm/blow)
6 2 4 6 8 10 12 14 16 ¢ 2 4 6 8 10 12 14 16
0 . v v
@30 ® ©
10 10 D 5 o
| 8@@ o

€ 20 20 |
l .
3 "y O
E 30 30 f "p.
L3 A
Q : @)

40 40

@
50 'y (a) 50kt O O (b)
0 2 4 6 8 10 12 14 16
0
_' : O Untreated
10 b © After treatment
A After 70 days

- O After 158 days
E 20 @ After 331 days
S—
£ 30
)
Q

40 f

50 L (c)

Figure 2.14. Field monitoring results for (a) Surface spray, (b) PVDs, and (c) Trenches method.

2.9 Sensitivity Analysis and Design Implications for the Surface Spraying Application

The primary objective of the MICP field application presented herein was to reduce the
surface erosion of a sandy slope. Surface spraying application demonstrated the highest surficial
improvementover the entire targeted treatment zone. For this reason, numerical analyses were

performed to further assess the effect of changes in average patrticle size and pore arrangement on
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the solution and precipitation distribution induced by the surface sgraggthod. Mass of
carbonate measurements for samples collected from the bottothiwherosssection of the

surface spraying test plot was used as a baseline for the numerical modeling assessment. Numerical
analyses were performed via SEEP/W and CTRANMware simulating solute transport in
unsaturated soil conditions. A model with the same dimensions and soil properties as the surface
spraying plot on the tested slope was developed. Treatment with solution concentrations and input
parameters as showmTables 1 and 4, respectively were used for the analysis. The purpose of the
analysis was to use the tested soil in this study as a baseline to assess the effect of changes in grains
size distribution parameters (i@so andCy) on calcium carbonate piipgation through the depth.
Onetime treatment was considered to simplify the analysis and to avoid the uncertainties
associated with the gradual permeability changes caused by precipitation formation. A correlation
was established between obtained caab®ncontents with depth (measured from the field
experiment) and simulated chemical concentrations for the baseline soil (obtained from the
numerical modeling). The same correlation between the simulated concentrations and measured
mass of carbonate wassasned for all modeled soils. It should be noted that analysis only accounts

for the effect of grain size distribution parametddso(and Cy) on flow properties through the
unsaturated soil domain; therefore, particle morphology, roughness, textureecaeffetit of
intergranular physicochemical forces were not considered for the analysis. The ch@hgesith

Cu manifest themselves in the shape of the SWCC and HCF, the two key material variables of
unsaturated soil s whi c hainsizedalistnbationpargmetgianget ned b
al., 2017) The airentry suction is a function of thep e 6s t hr oat si ze and,
the mean particle siz®§o) of soil (Benson et al., 2014)he larger uniformity coefficientQy)

values attribute to a wider range of particle sizes and a flatter SWCC/HCF slope. SWCCs of 50
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soils fom UNSODA database was used to simulate the expected precipitation pattern for soils
with varying grain size distributions. Matric suctions and volumetric water contents presented for
each soil were utilized t o detimEgdanddoestablish Ge n u c

HCFs(Muaem, 1976; van Genuchten, 1980)

s -9 f _ 1
e_C/ - q A G)
s 1+ ' \n n
( (a) )
Eq.3
In this equationy is the soil suction ang is the effective saturian. gis the volumetric
water comd eawd deemdt@® resi dual and saturated

parameters andn are the van Genuchten parameters and control tensy suction and slope
of the SWCCs, respective(izu and Likos, 2004)

Figure 2.15a) demonstrates an example of the analysis results for each modeled soil.
Influence depth was defined aslepth corresponding to a specific mass of carbonate (e.g. about
0.2, 0.4, and 1%)Figure2.15b-d) present influence depths predicted from the analysis performed
on soils with varyindso andCy values. As showm Figure2.15(b) for a given cementation level
with an increase iBsovalues, the influence depth also increases. This implies that with an increase
in pore sizes the influence depths also move dedfigure 2.15a) better illustrates this
observation comparing simulated cementation depths for two soils with theCgdraevarying
Dso values. Soils have @y of about 2.6 one with Bso of 0.65 mm, and the other ha®e of 0.15
mm. For the soil with ®s0 of 0.65 mm, the influence depth to yield a mass of carbonate of 1% is
about 0.11 m larger than its counterpart havilgeof 0.15 mm. This means in soil witrD&o of
0.65 mm, chemical concentration correspondin@%eo precipitation flows about 0.11 m deeper
compared to the soil having@so of 0.15 mm. This difference between the influence depths

increases to about 0.21 m for a carbonate content of about Bi@dte 2.15c-d) presents the
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variation of influence depth with an increaseCinvalues. Initially, with the growth i€y values

(e.g.Cy from 2.5 to 5), influence depth decreases. Beyond this point, no significant changes in
influence depths are observed, and valuegane relatively constant. The observed trend implies

that soils with a uniform grain size distribution and pore sizes demonstrate a deeper influence depth
compared to the soils with larg€rs (e.g. weHlgraded soils).
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Figure 2.15. Influence depth of the MIGReatment on soils with; (a) similar Cu and varying
D50s, (b) similar Cu and varying D50s, (c) a wide range of Cus; and (d) lower ranges of Cu (1.5
to 6).

Numerical analysis was performed to develop r@liminary basis for assessing
cementation depth variation for soils properties other than the one tested here. Grain size
distribution properties that manifest themselves in unsaturated soil flow processes were used to

simulate the treatment solution dibtution with depth. However, the actual influence depths are
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hi ghly depende-sitt comdiions (b.g¢ dessityj Hetérsgeneity, preferential flow
paths, etc.), soil fabric, and bacterial activity among other factors. Results of the aralicis c
assist future field designs and decisions on whether MICP is a proper soil stabilization approach

for a given soil with known grain size distribution properties.

2.10 Conclusions

In this study, MICP was successfully implemented in the field targetingoshaibil
improvement depths for surface erosion mitigation purposes. Treatments were applied to a coastal
sandy slope through three solution delivery systems known as surface spraying, PVDs, and shallow
trenches methods. Mechanical soil properties impromesneere achieved with the use of lower
grade chemicals and despite performing the treatment under inclement weather conditions. The
pond water was used as a source of water for solution preparation during the treatment. Before the
field experiment, a conguison of the improvements assessed by mass of carbonate and shear wave
velocity indicated a minimal difference between the Mi@fated columns with solutions
prepared by tap and pond water.

The results of DCP tests performed along the soil profile dstraied a significant
penetration resistance improvement. The improvement level followed the overall trend of the
precipitation pattern, assessed by measuring the mass of carbonate. Impinging jet tests and pocket
penetrometer tests were completed to evaltlae surficial soil improvements and erodibility
resistance. Surficial strength and erodibility parameters significantly improved with an increase in
mass of calcium carbonate. A higher erosion resistance compared to the values reported in the
literaturefor saturated soil treatment is likely the result of the unsaturated ¥&2Enent and
more efficient cementation bonds. Strength values measured with pocket penetrometer were

consistent with laboratory UCS tests with varying cementation levels.
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The surhce spraying method created a wider treated zone with the maximum soil
improvement on the surface. These observations imply that the method can be used as an easy and
effective method for surficial improvement applications such as sand dune protecti@odio,
erosion, and scour mitigation, among others. The PVD method is capable of providing a deeper
treated zone from the surface to the depth of interest. The maximum improvement in the deeper
depths suggested that this method is better suited fpraddeapplications such as slope stability.

The application of MICP with the PVD method can be a-effsictive technique in larggcale

projects to create a large number of cemented columns in depth. The trenches method improved
both surficial and deepesoil properties, however, in a more localized manner (applicable for
ditches and canals). The permanence of the stabilized soil was evaluated by monitoring the treated
soil with time and after extreme environmental conditions. Monitoring the field ditated that

severe weather conditions such as freeze and thaw, heavy rainfall, and a hurricane, had no
significant adverse effect on the strength of Mi@&ated soil. However, further studies are needed

to delineatethe long-term permanence of MICBemeted soil treated to varying cementation
levels. The performed numerical analysis indicated the surface spraying method is applicable to a
wide range of soils. The influence depths for 0.2, 0.4, and 1% carbonate content are presented for
the evaluated soildResults demonstrated that with an increase in the mean patrticle size and soil
uniformity, the influence depth of MIGRpplication increased.
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3 Effect of Treatment Solution Chemistry andSoil EngineeringProperties due to MICP

Treatmentson Vegetation Health and Growth

3.1 INTRODUCTION

Aging infrastructure and increasing energy demand caused by population growth have
prompted researchers to kedternative construction practices that address goals related to both
sustainability and resilience. Microbially induced carbonate precipitation (MICP) is a natural
process that results in the formation of calcium carbonate bonding soil particlestQdétifin
et al., 2007)During this process, ureolytic bacteria hydrolyze urea and release carbonate ions. If
calcium ions are present and the coniion of carbonate ions exceeds the supersaturation limit,
calcium carbonate precipitates on soil surfaces and-pateicle contacts. Resulted calcium
carbonate precipitation enhances the mechanical properties of sand (e.g. shear strength, stiffness,
among others) by bridging particles and densification of soil mé@dong et al., 2010he
capability of MICP as an effective soil improvent method to mitigate a wide range of
geotechnical problems has been proven over the past débedeng et al., 2006; Gomez et al.,
2017; Jiang et al., 2017; Montoya et al., 2013; Mujah et al., 2017; Shanahan and Montoya, 2014;
van Paassen et al., 2010; Whiffin et al., 2007; Zamani and Montoya, 2ad@@ver, the adverse
impads of this method on the environment and ecosystem have remained widely unknown to this
date.

Vegetation is an integral part of the ecosystem and aside from the aesthetic qualities, aids
in the mechanical performance of the soil system. Plants promete stibility by providing an
anchorage for soil or by water extraction through evapotranspiration pro(@eseset al., 2019;

Wu et al., 2015)Resulted matric suctiocontributes to the generation of capillary forces and
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apparent cohesion that enhance shear strength di.aadind Likos, 2006)Vegetation can also
reduce erosion by slowing down the water flow and increasing the drainage capacity of soil.
Soil-vegetation systeris aninterrelatedenvironment wherehanges irone component
affects theothes. Application of MICP technique could improve properties of cohesionless soil
and generate eementitiouscrust for surficial soil stabilization applications such as dust chntr
scour, and erosion mitigatig@hasemi and Montoya, 2020; Gomez et al., 2015; Salifu et al., 2016;
Zhan et al., 2016 thin cementedtrustcouldact as daempoary protectivdayeragainst external
forces and promoteegetation reestablishment after soil disturbance evamth as wildfire
(Hodges and Lingwall, 2020bInstead, vegetation coverage can protect a Mi€&ted surface
against erosive forces, particularly in the early stages of the treatment. As one of the first attempts
to assess the compatibility of MICP with plant healtbgges and Lingwa(Hodges and Lingwél
2020b)performed a onéime treatment using constituents of a regular MICP solgan urea,
calcium chloride, andgporosarcina pasteujiion varying soil types ang@lant seeds.Results
indicated that in general, seed germination was lowest fos s@hted with solutions that
contained all MICP treatment ingredienBeveral researchers haweportedthatthe application
of excessive amounts of nitrogen sources (e.g. urea and ammonium) can rplokghorus
deficiency in plant¢Dougherty et al., 1990; ten Harkel Matthijs and van der Meulen, 1996; Willis,
1963). The addition of phosphorus to nitrogeaturated phosphorlisnited soils can changide
stoichiometry of the CN: P and elevate the denitrification processes and gaseous nitrogen
emission(Cheng et a).2018; Wei et al., 2017puchchangs in the nitrogen cycle can promote
p | a hdalth @nd growtlfFord et al., 2016)An increase in alkalinity of soil could alsaniit
phosphorus uptake by plant ro@ds Silva Cerozi and Fitzsimmons, 2016; White, 20k high

pH environment such as MIGReated soil, phosphorus could bind with the available cations (e.g.
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calcium) and leave less soluble phospisofor plant roots to adsorfma Silva Cerozi and
Fitzsimmons, 2016)Therefore, further investigations are needed to idettidychemicals and
concentrations that favor both plant health and soil improvement antbalstermine the upper

limit soil improvement levethatsupports the healthy growth plants. With the current growing
interest in using MICP in geotechnical soil stabilization projects, establishing a knowledge base
providing recommendatiorier future field applicationgs essential.

This paper presesitthe results of the first attempts to strategically investigate the
interaction between MIGPBrocess and vegetation health and growth. In this study, the effect of
MICP-treatment chemistry and petseatment soil properties on the health and growth ahBda
grass was investigated. Bermuda grass was chosen as the vegetation of study due to its use and
prevalence in erosion control of rigidéway and slopes in North Carolina and its high salinity
tolerance leve(Dudeck, 1993; Taliaferro et al., 2004) the first section, a series of batch tests
were completed on grown Bermuda grass to identify the chemical(s) responsible for the observed
dryness of MICRreated plants. Phosphsr was added to the treatment solution to resolve the
problem of plant dryness. Chemical equilibrium analyses with Visual MINTEQ 3.1 software,
SEM/XRD imaging, and additional batch tests were performed to select the proper chemical
concentrations and to efirm the compatibility of phosphorus addition with the MICP process
and plant health. In the second part of the study, the effect efrpahent changes and different

soil improvement levels on seed growth was also investigated.
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3.2 MATERIALS AND METHODS

3.2.1 Properties of Tested Soll

North Carolinian silica sand with aspof 0.2 mm, a Gof 2.65, and a ¢of 2.8 was used
for specimen preparation. The soil contained 4% fines and was classified as poorly gratled s
(SP. All specimens were prepared with the@luviation method and a void ratio of 0.7.
3.2.2 Vegetation Type

Cynodon dactylon (L.) Pers. Known as Bermuda grass a perennial species native to tropical
and subtropical areas commonly used for erosion control purposes was chosen as the model
vegetation. TIs species is known to have a good tolerance to salinity and has been reported to
show 50% root growth reduct i qDudeeki1998)&Vhdrenli ty | e
dS/m (deci Siemen) has an electri@c@nductivity equal to 640 mg/L of NaCl solution.
Additionally, Bermuda grass requires low maintenance and can tolerate pH ranges of about 5.0 to
8.5 and slightly higher alkalinity.
3.2.3 Bio-Cementation Treatment Process

Sporosarcina pasteuriia ureaseproducing soil bacterum, was used to catalyze the
hydrolysis of ureandtriggerthe MICP reaction. Bacteria were cultivated with an optical density
(ODegog) of 0.8 to 10 (Mortensen et al2011) In all MICP-treated specimens, bacteria with/ 10
cell/mL concentration were introduced to the smibugh a biological solution contained 300 mM
urea Subsequently, four cementation treatments were applied after each biological treatment. The
process was repeated until 14 cementations were recdiieschumber of treatments was selected
to be compatible with previous field implementation of MICP performed to reduce surface erosion
of a slope consisting of the same g@hasemi and Montoya, 202Z)he cement&on solution

consisted of 300 mM urea and 100 Mm Caltht was successfully applied in previous laboratory
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studies and field trial§Ghasemi et al., 2019; Ghasemi and Montoya, 2022, 2020; Brina M
Montoya et al., 2021)A minimum retention time of about 4 hours was maintained between the
treatments to ensure that the majority of urea is hydrol¢idedtensen et al., 2011; Safavizadeh

et al., 2019h)

3.2.4 Solil Strength Assessment

Pocket penetrometer measurements were performed on untreateshda@h specimens
thatwere treated to reach light, merdte, and heavgementatiorevels. Tests were performed
using a HM-500 Gilson pocket penetromegerd followingASTM D6169(ASTM, 2005) Pocket
penetrometer measurements were used as a quick tool to assess soil improvement levels and to
approximate the unconfined compression strength (UCIGP-treated soil(Ghasemi and
Montoya, 2022) The pocket penetrometer device consists of a spring that transforms the applied
stresses into strength measurements. The soil girealgies are measuredkihograms per square
centimeterand can be converted tdlopascals The obtained results were used to assess the
relationship between seed germination ability and the soil strength obtained from cementation

formation.

3.2.5 Visual MIN TEQ Analysis

Chemical equilibrium modeling was completed with Visual MINTEQ version 3.1 software
(Gustafsson, 2013)The aalyseswere conducted to asse$ise pasible precipitationsif
phosphoruss added to MICP treatmenfBhe ®ftware determines the most thermodynamically
favorable precipitation by calculating the saturation indeXas. program uses the equilibrium
constants from the software database to calculate the ions concentration and predict the
precipitation.The analyss wee run for varying concentrations of urea, Cg@nd NaHPOs as

shownin Table3.1. In Table3.1,iU0 and ACao0 de pnmedpectivalyr Thr@e a n d
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cementation solutimconcentrations were selected for the analyses (i.e.-Ga200, U156Ca50,

and U75Ca25). Additionally, the effect of change in phosphososirce concentration was
assessedA closed system at 25°C and pH=9 corresponds to a concentration of alSouiM10
hydrolyzed urea resulted from the MICP process was considered. Reactant chemicals were
introduced to the program as free ions (€&, CI, Na', H", PO, NH4*, and CG* shown in

Table 3.1). In each analysisfor a given NeeHPQw concentration, the concentration of the
hydrolyzed urea was incrementally increased to simulate the urea hydrolysis with tichdition,

the hydrolyses of 1 mol urea was assumed to result in the formation of 2 Midk'adnd 1 mol

of COs* (Eq.1)(Mortensen et al., 2011)

CO(NH,),+2H,0 - 2NH; +CG" (Eq.1)

Table 3.1. Chemicals and concentrations usedngsii parameters for MINTEQ analyses.

Titrate
CaCk[mM] NaHPQu [mM] components
Test
[mM]
ca* CI Na' H* PO NHs" COs*

0.40.61.2- 0.20.30.60 0.2-0.30.6-
U300-Cal00 100 200 2-4-8-12-  1-2-4-6-10- 1-2-4-6-10- 600 300
20-36 18 18

040612 020306 0.20.306
ULS0Ca50 50 100 e aes. 1360 300 150

U75-Ca25 25 50 0'4'162'4' 0'2'0'551'2' 0'2'0'55 1-2- 150 75

3.2.6 Column Tests

The effect of phsphorus on the MICP treatment and resulting precipitation was assessed
through a set of column tests. Eight soil columns were prepared with a diameter and height of
about2.62 and 10.50cm. Cementation solution recipes to treat the soil columns were chosen
according to thMINTEQ analysisresults performed on chemicals shownTable3.1. As such

duplicate specimens were Ml@reated with cementation solutions comprised of chemicals and
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concentrations showin Table3.2. In each case, the biological treatment contained bacterth
urea with the same concentration as that corresponding cementation solution was applied to the
specimen. Treatments were applied to specimepsiuplation and in unsaturated soil conditions.

After 14 cementation treatments, samples were taken from the columns for microscopy imaging.

Table 3.2. Chemical concentrations in cementation solution usec#b the column tests.
Chemical concentration [Mm]

Column

Urea CaCb NaoHPO,
1and?2 300 100 0
3and 4 300 100 0.59
5and 6 150 50 0
7 and 8 150 50 0.295

3.2.7 Microscale Evaluation

Samples from MICRreated columns wereollected formicroscopy imaging. &nning
electron microscopy (SEMequipped witlenergydispersive Xray spectroscopy (EDSvas used
to understand the morphology and characterize the elemental composition of the precipitations.
Samples were sputteoated with Au/Pda reduce the charging effeat:-ray diffractionimaging
(XRD) was also used to identify any crystalline phase changes caused by the aaoidition

phosphoruso MICP solutiors.

3.2.8 Batch Tests on Grown Plants (Effect of Treatment Solution Chemistry on Plant

Health)

A series of batch tests were performed on duplicate specimens to assess the compatibility
of plants with the MICP technique and to identify the chemicals responsible for plant mortality.
Plants were grown from seeds for at least two weeks in 532 rtdigers. Pairs with relatively
similar seedling coverage and growth condition were sele@atedsure result reproducibilitin

each treatment, 50 mblutionwaspercolated orfree-draining specimendn total 14 treatments
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were performed, twice a dayrfone week, on each plant container. Preliminary batch tests and
experience of the previous field triaiicated that plants died the early stages odpplication

of a regular MICRreatment solutiofiGhasemi and Montoya, 202@)e. 300 mM urea and 100
mM CaCb). Therefoe, dant batches were treated with components (e.g. urea and)Gadl
byproducts€.g.ammonium)f a typicalMICP solution to assess the chemicals and eotrations
responsible for plardeath.Table 3.3 presents chemicals and concentrations applied to the plant
batches. In the first set, plants were treated with 0, 5, 10, 15, 20, 50, and 100 mM of urea. Similarly,
varying concentrations of ammonium chloride were used to treat the second set ofipldoats
third set plants were treated with, 50, and 100 mM CagGlsolutiors. In all treatments, after a
retention time of about 4 hours, plants were rinsed with waigash the unconsumed chemicals
and reduce soil salinityAn assumption was made that in a MICP reacti@cteria hydrolyze the
majority of applied urea within the first few houSuch an assumption was made based on the
results of previous studies otne variation of hydrolyzed urea concentration with time
(Safavizadeh et al., 2019byheefore, rinsing batches aims to providintsa rest periodo
partially recover fronthe exposure to chemicals until tiext treatmentThe effluent pH and
health conditiorm of the plants were monitored after each treatmime. final aboveground leaf

growth wasalso used as a proxy fohemical§effectson plant health.

The effect of phosphorus on the health of the MtRted plants was also investigated
via batch tests, following the same procedure outlined alidve application of 0.295 and 0.59
mM NaHPQ; solutions was evaluated in tfaurth set of batch treatments to observe the effects
NaeHPQ: has on plant hedit Finally, the effectiveness of phosphorus included within the
cementation solution to resolve the problem of dryness of Mi€&ed plants was investigated

via a fifth batch test. In this batch, the MICP cementation solution was kept constant (300 mM
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urea and 100 mMCaCh), and the effect of the addition of phosphorus and rinsing the specimens
with water 4hours after the treatment application was investigated. The performed five batch tests

are summarized imable3.3.

Table 3.3. Chemical concentrations applied to the plants.

Batch Test Chemistry Concentration (mM)

1 Urea 0, 5, 10, 15, 20, 50, and 100

2 NH4CI 0, 5, 10, 15, 20, 50, and 100

3 CaCb 0, 50 and100

4 NaoHPOy 0, 0.259, and 0.59

5 MICP MICP: 300 mM urea and 100 M@aCb
MICP+W W: rinsed with water after 4 hours
MICP+P P: 0.59 mMNaHPQy
MICP+W+P

3.2.9 Batch Tests on Plant Seeds (Post Treatment Effects on Seed Germination)

A set of batch tests were performed on Mi@€®ated soil specimens to assess the effect of
changes in mechanical properties of soil on seed germination and growth. MICP treatments were
conducted without the addition of phosphorus and following the chemioakentrations and
procedure described previously in the-bamentation treatment process section. Each time 50 mL
treatment solution was percolated on fdeaining 532 mL soil containepgepared in duplicate
Specimens were treated with 8, 14, and 17ergation treatments to denote lightly (L), moderately
(M), and heavily (H) cemented levels, respectively. Equal masses of Bermuda grass seeds (29)
were planted in untreated (baseline soil) and cemented specimens. In each specimen,-the MICP
treated surfacwas slightly scratched to plant the seeds and then backfilled with about 4 mm of

untreated soil.
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3.3 RESULTS AND DISCUSSIONS

3.3.1 The Effect of Phosphorus on Precipitation Mineralogy

MINTEQ calculates saturation index in the term of log [ARg Ks, where K is the
solubility constant and IAP is the ion activity product of solid phases that may be precipitated from
the solution. IAP is the same as iKcluded in the thermodynamic database and corrected for
temperature effects. An IAP larger thag iKdicates thesolution is oversaturated and a solid is
able to be formed. Obtained MINTEQ analyses results indicated that with the presence of
phosphorus in cementation treatment, calcite (GACOand Hydr oxyapatite (HA
are the most possible precipitats. Analysis results for 300 mM urea, 100 mM Ga@hd 0.59
mM NaHPQs are shown as aexample inFigure3.1a. Figure3.1lademonstrates the evolution of
both precipitatbn forms with the progress of hydrolyzed urea concentration. At the initial stages
of urea hydrolysis, and up to 100 mM concentration, 100% of the addetiPRais converted to
HA precipitation. However, an opposite trend is observed for the calcite formmath an increase
in hydrolyzed urea concentration. Beyond 100 mM concentration, the formation of HA
significantly decreased while 100% of the added'f0a precipitated as calcite. A similar trend

is observed for all cementation solution concentratias shown ifigure3.1(b-d).

Plants are mainly able to adsorb phosphorus in soluble orthophosphate forms (er§. HPO
and BPQy) (Becquer et la 2014) The soluble orthophosphate was defined as the soluble
percentage of the input phosphorus source that did not precipitate as HA and remained
unconsumed. Higher concentrations of precipitated calcite and soluble orthophosphate were
considered asriteria for a treatment recipe that favors mechanical soil improvement and plant
growth, respectivelyFigure3.1(a-d) presenainalysis results in terms of the percentage of calcium

ions precipitated as calcitegtheunconsumedoluble NaHPQ; percentage/concentration.
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As shown in Figure 3.1 b and c, at constant urea and Ga€incentrations, lower
concentrations of N&IPQy contribute to the higher efficiency of calcitermation and higher
soluble percentage of BlPQyions (i.e. lower HA precipitation). It should be noted that a higher
percentage of soluble ions at low inputoNRQy concentrations does not necessarily mean a
higher concentration. For instance, as shawirigure 3.1d, the application of 1 and 10 mM
NaHPQs with a cementation solution comprised of 300 mM urea and 100 Mme Gal result
in 0.39 Mm (39.47%) and 0.45 mM (4.57%) of free ions respectively. In addftio a given
amount of phosphorus source, with an increase in urea andd@aCéntration, the percentage of
precipitated calcite is increased as showRigure3.1b. For example, for about 5 mM of added
NaHPQy, about 67% of the added [CGhis precipitated as calcite when the cementation solution
contains 75 mM urea and 25 mM CaCGWhile for a cementation solution comprised of 300 mM
urea and 100 mM Caghbout 95% of added [CF is precipitated. Similarlyas shown irFigure
3.1c, for a given amount of phosphorus source, with an increase in urea and&@a€htration,
the percentage of unconsumedNBQ; is increased (precipitated HA decreased). For example,
for alout 5 mM of added N&IPQu, about 1% of the added pH#PQ; is in soluble form when the
cementation solution contains 75 mM urea and 25 mM £aThile for a cementation solution
comprised of 300 mM urea and 100 mM Csatiout 9% of added NEHPQ; remains fredor plant

roots to uptake.

The aforementioned results imply that for a treatment recipe that ensures maximum calcite
precipitation and soluble orthophosphate concentrations, urea angcGa#ntrations should be
maximum. Therefore, cementation solutmncentration the same as the one used in Mi€lé
implementatio{Ghasemi and Montoya, 202Q)e. 300 mM urea and Caf1l00 mM) was selected

in this study. Taetermine inpuNaHPQ4 concentration for selected urea and GaGlution, the
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soluble orthophosphate concentrations were plotted witiHR@: in Figure 3.1d. With an
increase in concentration up to about 0.6 mM, the majorithefadded N&dPQ; remained in
soluble ion form. Beyond this point, with an increase inBHNRO4 concentrations, the conversion
efficiency of input tosoluble ionsslightly declined. Although higher MdPQs concentrations
favor the availability of soluble NEIPQuions, it also results in lower calcite precipitatioRgy(re

3.1b). Therefore, 0.59 mM NEPOQswas chosen as a balanced concentration that results in a high
percentage of precipitated calcite (i.e. 99.6%J ahthe same time ensures a high efficiency to
produce soluble N&IPQsion concentrations (i.e. 0.59 mM added>NBQs result in about 0.4

mM soluble ions). As such, a cementation solution with 300 mM urea, 100 mM, @a0.59

mM NaHPQswas selected faVlICP-treatment of soil columns (shownTable3.2). Additional
columns were treated with the solution containing the same chemicals but with half concentrations

as the first set to confirm the reproducibilitytbé results.
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Figure 3.1. MINTEQ analysis results for a) 300 Mm urea, 100 mM Ga®id 0.59 mM NzgHP Oy,
b) calcite formation percentage with varying solution concentrations, c¢) aqueabH®a
percentage uh varying solution concentrations, and d) aqueousHR&x ion concentrations
using 300 Mm urea, 100 mM Cagnd varying input NadP Qs concentrations.

XRD analysegerformedon cementedccolumnsindicated no differences in soil samples
treated withor withoutphosphorus sourc&esults confirmed the precipitation of caléitell soil
specimensand nophosphoruslement was detected in any of the columXBRD results for
Column 4 are showim Figure3.2 as an exaple. Additional results are presentedrigureA.1l(a
d) of the Supporting Information (Sl). The lack of observed precipitated phosphorus may be due
to: i) the percentage ghosphorusn precipitationwas negligible and thereforanperceptible or
i) the precipitationthat contained phosphorus wast well crystdized or wassmaller than 9.0

nm, so they could not beetected
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Figure 3.2. XRD results forColumn4 treated with300 mMureg 100 mM CaCb, and0.59 mM
NaHPO;.

SEM microscopyindicated that the addition of phosphorus to the treatment solution did
not affect the morphology of the generapedcipitationsFigure3.3 presents the SEM images for
Columns 1 and 4 with 1080and 35& magnifications, respectively. Similar precipitation shapes
and crystal structures were observed in both specimens regardless of the addition of phosphorus
to the cementation solution. 8Eresults obtained from columns treated with all four MHCP
treatment recipes are shownhkigureA.2 (a-d). Similarly, EDS analyses performed in random
locations on different samples confirmed no presence of pbospin precipitations generated
among any of the specimens. Therefore, the assumption of negligible or no phosphorus element in
precipitation seems reasonable. EDS results for Column 4 are shown as exarRjgaseid.3.
Additional EDS test results for MIGReated columns treated with different phosphorus

concentrations are presentedrigureA.2 andFigureA.3.

In both specimes in Figure 3.3, precipitations were nidy formed on particlgarticle
contact points and grain roughnesses instead of smooth soil particle surfaces. After each treatment
application, the solution starts to dragravitationally through the specimen. As such, the soil

transitions into an unsaturated condition wheresthlation is mainly localized in particle contact
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points andvater meniscus between tparticles.Figure 3.4 betterillustrates this behavior. Such
precipitation arrangement in unsaturated MICP treatment conditions could provide greater support
in loadbearing contact points and may result in a more efficient form of MICP stabilization

(Cheng et al., 2013)

Column 1

Figure 3.4. Concentratiorof generategbrecipitation in particlgarticle contact points Column
3.
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3.3.2 Effect of Treatment Solution Chemistry on Existing Plants

Summary of theesults of batchests on grown plants treated with different chemicals and
concentrations are shown Table 3.4, Figure3.5, and Figure3.6. Growvn plants were treated 14
times with water (baseline), components (e.g. urea and calcium chloride), and byproducts (e.g
ammonium) of MICP treatment. As expected, wditeated specimens resulted in healthy grown
plants. In both urereated and ammoniutneated specimeng4 times application of low
concentration solutions (e.g. 5 to 20 mM) did not undermine plants' health but ghenggdwth
of new seedlingsTreatment of specimens with higher concentrations (e.g. 50 and 100 mM) of
both urea and ammoniusoelutions resulted in dryness of smaller and weaker seedtioggever,
the strongeleavesonly slightly turned yellow or showed tip dryness by the end of tie 14
treatmentwhen either urea, calcium chloride, and ammonium solutions were appliedugh
the response of plants to high concentrations of cementation solution components and byproducts
seems to be relatively similar at the end of tHéttdatment, the adverse effects of excessive urea
and calcium chloride were perceived more rapidly coeghém the ammonium solution. Signs of
stress in specimens treated with urea or calcium chloride appeared at abdltretrbent,
whereaghe plant health in ammoniutreated specimens started to decline after tHargatment.
Figure 3.5 demonstrates the effect of maximum concentrations of applied cementation solution
constituents or byroducts on plant health and growthFigure3.7a andb, the maximum above
groundleaf growth ratio was defined as the length growth of the longest leaves over the initial
length. Values larger than zero are an indication of plant leaf growth. In botlandeammonium
treated batches, the growth ratio followed arangdown trend wih chemical concentration
increase. As showin Figure3.6, contraryto the negative effects that the higher concentrations of

urea and ammonium exerted on plant health, treatment with concentrations less thart 80a
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mM promoted plant growth. Such observation seems to be more pronounced-ireatesh
specimens compared to the ammonieated plants. However, it should be noted that since not
all the plant leaves had naturally the same initial length draganglusions based on the observed

trends might be more reliable rather than making quantitative judgments.

Comparing the measured effluent pH after treatment with urea, ammonium, and calcium
chloride solutions indicated that only the addition of the higinea concentrations significantly
increased the soil pH (5 to a maximum of about 9). Ammonium on the other hand, only slightly
increased the pH (i.e. to maximum pH of about 6.5) even when applied in high concentrations (e.g.
50 and 100 mM). The observeH jncrease in the case of urgaated specimens most likely was
the result of biological activities and urbgdrolysis of indigenous microorganisms. igh
observation suggesthat the detrimental effects of cementation solution on plant health are only
partly due to the pH increase that MICP process indircg soil system. Meaning ammonium
and calcium chloride can harm plahealth without increasing the soil pHThe added
concentrations oNaeHPQs demonstratedho signs ofpH increasenor induced strigs on plants.
Therefore, the addition oNaHPQ; seemed to be a harmless choidée detailed pH

measurements for batch tests 1 to 4 are presented in Fdbkeg.

Figure3.6 andTable3.4 demonstratéhat the addition dasHPQito cementation solution
and also rinsing specimens with water approximately 4 hours after the treatment application
slightly mitigated the negative effects of MI@fRatment on plant§his observabn and results
of the plant batches treated with varying chemical concentradem®nstrated the possibilibf
solution optimization to minimize the adverse effects of MICP treatment on vegetation coverage.
As such, based on the observed results thicagipn of urea, calcium chloride, and ammonium

solutions with concentrations equal to or higher than 50 mM is not compatible with the health of
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the plant tested in this study. However, determination of the maximum allowable concentration
that ensures ndetrimental effects on plant health requires additional batch tests, with chemical

concentrations ranging between 20 to 50 mM.
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Table 3.4. Summary of the effects of solution chemistry and eotration on the plant.

Batch Chemicals

Observations

1

Urea

NH4CI

CaCb

NaoHPOy

MICP
MICP+W
MICP+P*
MICP+P+W

T

= —A

5 to 20 mM: no negative visual changes in plants was observed
seedlings were germinated. The pH was initially about 5 and re:
6.5-7 by the end of the 14treatment.

50 and 100 mM: aftr the §' treatment, grass leaves exhibited sil
of stress. By the end of the #reatment, all smaller and weak
seedlings were dead. Stronger leaves turned yellow and show
dryness. Effluent pH started from 5 and increased to 7 afteftt
treatment and reached about 9 at the end of thérédtment.

5 to 20 mM: No visual changes were observed in specimen:
ranged from 5 to 6.

New seedlings grew in plants treated with 5 to 50 mM solution:
50 and 100 mM: Effluent pH rangeetween 5 to 6.5. After the "2
treatment, plants that were treated with 100 Mm exhibitec
dryness, and the ones that were treated with 50 mM solution sli
turned yellow with no signs of dryness.

Effluent pH was about 5 after alletitments. Plants started to ¢
after 8" treatment. At the end of the lareatment, only strong an
healthy seedlings survived. New sprouts started to grow in ol
the cups

After all treatments, the effluent pH was about 5. No stsegss
were observed in plants at the end of treatments.

MICP-treated plants started to dry after th® #eatment anc
completely died after thé™solution application.

Rinsing specimens with water 4 hours aflee MICRtreatment
application, slightly delayed and reduced the dryness of plants
dryness in leaves appeared after the@tment. However, after tf
treatment 1%, only the resilient seedlings survived.

With the addition oNaHPQs to MICP-treaiment, plant tips starte
to dry after the 8 treatment and only small quantities of seedlil
survived after the #treatment.

The addition ofNasHPQ: and rinsing plants, slightly delayed a
reduced the dryness of plants. Plants turned yellow at thefahe
8" treatment. However, after the treatment"14nly stronger
seedlings survived.

W": Rinsed with water after 4 hours
P”: NaeHPOy
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Before treatment: After treatment:

Water
(Baseline)

Urea
(100 mM)

Ammonium
(100 mM)

CaCl,
(100 mM)

Na 2HP 04
(0.59 Mm)

Figure 3.5. The initial and final health conditions of plantsated with different chemicals. All
specimens were rinsed with water 4 hours after each treatment application.
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Before treatment: After treatment:

(MICP)

Urea: 300 mM
CaCl,:100 mM

(MICP+W)

Urea: 300 mM
CaCl,:100 mM
Rinsed with water £

after 4 hours

(MICP+P)

Urea: 300 mM
CaCl,:100 mM E
Na,HPO4: 0.59 mM

(MICP+W+P)

Urea: 300 mM
CaCl,:100 mM
NaHPO,: 0.59 mM &
Rinsed with water
after 4 hours

T Sk

Figure 36. The effect of washing and phosphorus add
health.
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Figure 3.7. Above-ground leaf growth ratios of plants treated with varying concentrations of a)
urea and b) ammonium.

3.3.3 The Effect of Varying Cementation Levels on Seed Growth

Seedslantedin untreaed and lightlycementedspecimenseganto germinateafter two
days. In moderatelyand heavilycemented ails, germinaion startedlater ondays 5 and 8,
respectively. By the end of day 19, the nearly full surface coverage of healthy plants in untreated,
lightly, and moderately cementspecimensvasobservedshown inFigure3.8). Onthe contrary,
only a few seedlings grew in heavily cementegcapens.

Plant potsrepresentativef the average seedling sizesre carefully remoad fromall
specimens As shown inFigure 3.9, untreatedand lightly cemented specimens exhibited the
longest root length. In moderately cemented soil, roots penetrated slightly into the cemented soil.
However, in heavily cementeazses, roots only grew in the surficial 4 mm untreated soil and did
not penetrate the underlying stiffer soil. These observations are in line with the results of studies
on soils with different penetration resistand®ghitmore and Whalley, 2009)Soil strength
significantly affects the plant root's required penetration stf@esgough et al., 2011)An
increase in soil strength caused by compaction, unsaturated soil conditions, presence of cementing

agents, among others constréie ability of plant root growth and results in shorter root length
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(Tracy et al., 2011)If the poresand fractures in the soil are not large enough roots need a higher
pressure to rearrange and push the particles @sagough et al., 20110)ightly, moderately and
heavily cemented specimens demonstrated surficial calcium carbonate conséoist &.0, 4.3,

and 7.1%/espectively. With the progress of cementation, parboleds become stronger, and
more calcium carbonate precipitates on the soil parti@eslong et al.,, 2010Figure 3.10
demonstrates the improvement of UCS values from the pocket penetrometer measurements
performed on soils with varying levels of calcium carbonate precipitatidfiglre 3.10, packet
penetrometer measurements are compared thitlresults obtained from previous MICP field
implementation performed on the same $Ghasemi and Montoya, 2022)n increase in soil
strength and desity particularly in heavy cementation leveldimits root penetrabn in soil.
Therefore results imply that for théestedsoil in this study,up toabout4.3% calcium carbonate
contentmechanical soil improvement and vegetation coverage can coexist. However, beyond this

point, oot penetration and plant growth in cemented soil get very difficult.
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Untreated Lightly cemented

Moderately cemented Heavily cemented

Lightly Moderately Heavily
cemented cemented cemented

Untreated soil

Figure 3.9. Developed root sizes for seeds planted in saills differentcementation levels.
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Figure 3.10. Comparison of pcket penetrometer measurememtspecimengreated to varying
cementationdvels with the predictions obtained from previddkCP-field experimenton the
same soi[Ghasemi and Montoya, 2022)

3.4 CONCLUSIONS

The effect of MICP processes and ptvsatmentchanges in soil properties on Bermuda
grass health and establishment was investigated. Plant batches were treated with ingredients and
byproducts of MICRreatment to assess the interaction between the chemicals and concentrations
and plant health. Resuitgdicated that urea, ammonium, and Gafincentrations corresponding
to a regular MICP treatment are higher than the tolerable range of plants. Lower concentrations
of urea and ammonium (e.g. 0 to 20 Mm) promoted plants' health and growth. However, the
application of 50 mM or higher concentrations of urea, ammonium, and,@a@érsely affected
the plant health and by the end of thd teatment only stronger seedlings survived. As such,
whenever the purpose of the MICP treatment is to develop a tesingmil profile and preserve
vegetation coverage at the same time it is recommended that chemicals in treatment solutions
should not reach and exceed 50 mM.

The effect of the addition of phosphorus to the cementation solution to neutralize the
negative diects of chemicals was also investigated. The optimum recipe that benefits both the
calcite precipitation and plant health was determined using Visual MIN/EESoNn 3.1software.
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It was shown that the added concentrations of phosphorus exerted no dbahgesineralogy

and morphology of the precipitated calcite. The batch tests on grown plants demonstrated that the
inclusion of phosphorus in cementation solution and also rinsing specimens with water four hours
after the treatment slightly alleviated thegative effects of the treatment chemicals. Therefore,

for the tested vegetation, a combination of reducing chemical concentrations, the addition of a
phosphorus source, and ringing plants four hours after the treatment application would minimize

the aderse effects of MICP treatment on existing plants.

The effect of postreatment changes in soil properties on seed germination and plant
growth was also investigated. After 19 days, seeds planted in untreated, lightly, and moderately
cemented soil specime indicated similar seedling growth and coveragentt@rily, sparse
seedlings grew in heavily cemented soil. This observation indicates that up to a certain cementation
level, soil improvement could be achieved without inhibiting seed germination artcypdavth,

and beyond that establishment of vegetation would be challenging.

Results of this study on the coexistence of MH@Rted soil and vegetation have the
potential to be used in wildlife crossing bridges, landfill covers, dune protection, aidngt
walls, among others. The results can be used as a baseline for future researciiraamipcfeld
application designs of MICP. However, it should be noted that the observed results in this study
are plantspecific and similar tests are requiteddentifythe upper limit chemical concentrations
and improvements tolerable for other plant species. Similarly, incorporating additional

amendments to support plant health (e.g., carbon sources) is also warranted.
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SUPPORTING INFORMATION
The Supportig Information is availablan Appendix A.XRD scanning results for columns
treated with varying solutiononcentrations, EDS/SEkesults for columns treated with varying

solution concentrations, and detailed effluent pH measurements for batch tests
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4  Compressibility Behavior of MICP-treated Sand Treated under Unsaturated
Conditions

4.1 INTRODUCTION

Geotechical structures such as tunnels, deep foundations, dams, retaining walls are among
the infrastructures that provide support for urban development. These systems aim to support
communities, reduce natural disaster casualtesd protect transportation andnergy
infrastructures. In recent years, aging structures and growing construction demands have prompted
researchers to seek more versatile and environmesiadlly soil stabilization alternatives.
Microbially induced calcium carbonate precipitatiddl CP) has the potential to be a more
sustainable and eddendly approach compared to the traditional soil improvement measures
(e.g, application of Portland cemer{fpeJong et al., 2010)

MICP is a natural biochemical process that results in the formation of £a@@rticle
particle contactgDeJong et al., 2006)n this method, either stimulated or augmented bacteria
hydrolyze urea as a source of energy for metabolic activéties produce ammonium and
carbonate iongKhodadadi et al., 2017)Resulting carbonate ions bond with soluble calcium
present in theoil system and precipitate Cag@®recipitation may be formed on both soil grain
surfaces and particle contact poiffEeeng and Montoya, 2016As a result, mechanical soll
properties are enhanced by densification and cementation formation in soil (Datlong et al.,
2006)

The application of MICP as a soil stabilization technique has confirmed significant
improvement of mechanical soil grerties in laboratory settingkin et al., 2016; Montoya and
DeJdong, 2015)Numerical models have been developed to optimize treatment strategies for field

implementationgFaeli et al., 2022)In addition, successful metscale and field trials have
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demonstrated that the technique is moving towards beireregpted practice in construction
industry(Do et al., 2020; Ghasemi and Montoya, 2020; Gomez et al., 2017, 2015; Lee et al., 2019;
Brina M Montoya et al., 2021; San Pablo et al., 2020; Terzis et al., 2020; van Paassen et al., 2010)
In actual field coditions, a soil element may likely undergo @l&ading path. Therefore, to
perform settlement analyses, gaining an understanding of the deformatiooedadhetric
behavior of MICPtreated soil is essential. Previonesearchers have studitee effect ofinitial

density and different cementation levels ondtwpressibility respons# saturated MICRreated

sand (Feng and Montoya, 2014; Lin et al., 201Bgsults of the tests opecimens treated under
saturated conditions exhibited lower deformations and compressibilities compared to the untreated
sand. However, in manyield implementationssoil is not under saturated conditions and
unsaturated conditiongrevail. Therefore, it is necessary to havelear understandingf the
properties of the bi@emented soil treated under unsaturated conditions.

In the study presented herein, a set of consolidation tests was performed on untreated and
MICP-treated samh specimens. Specimens were treated with percolation under unsaturated
conditions. Duringthe treatment and consolidation phases, shear wave velocity measurements
were carried out to assess the changes in stiffness due to cemeggagoation or degradan.
Deformations and shear wave velocities were recorded with incremental loading and unloading.
Results were then compared to the available data for specimens treated under saturated conditions.
4.2 MATERIALS AND METHODS
4.2.1 Tested material and specimen preparabn

Specimens were prepared from silica sand excavated and transported from the South Jetty
in Newport, OR. Soil comprised of subrounded and subangular particles and was classified as

poorly graded sand (SP). The physical properties of the tested sasttbaure inTable4.1. All
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specimens were prepared by-piuviation technique to a relative density of about 39%.
Cylindrical columns were used perform consolidation tests witghdiameter and height of about

6.4 cm and 3.0 cm, spectively. Columns consisted of stainless steel walls and acrylic bottom and
top caps equipped with a pair of bender elements. The use of stainless steel minimizes the lateral
deformations of the specimens during loadiilj specimens were kept under BPa overburden

during the MICPtreatmen.

Table 4.1. Physical of the Tested Sand.
Dso (mm) €min €max Gs Ce Cu

0.18 0.57 0.78 2.67 1.03 1.32

4.2.2 Treatment Process

Sporosarcina pasteuria common ureolytisoil bacterium was used to catalyze MICP
reactions. Bacteria culture was prepared using the procedure descriidéonbyya et al., 2019)

An ammoniurmyeast ekract medum was used to cultivate bacteria. Ingredients of the medium
were autoclaved and sterilized separately and then mixed with the microbial stock duleure.
solution was then incubated at 30°C wéetB00 rpm speed for aboR0 hours to achieve awptical
density (ORog) of 0.8 to 1.2. The resulted culture was centrifuged in 15 ml viai8Gi g forl5

min. The supernatant was then substituted with the fresh growtlumedials were centrifuged
one more time and refrigeratadt  #r a maximum of 14 days.

Treatment solutions were applied using percolation ondraming specimens, allowing
soil to experience unsaturated conditions during treatment. Aphased solution application
procedure was used to treat the specim&rsatments started with an introduction of biological
solution and followed by four cementation treatments. This procedure was repeated until a target
improvement level was obtained. Treatments were completed three times a dayg\t2zhhéur

intervals. The biological solution consisted of 0.3 M urea and 107 cells/mL bacteria, and the
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cementation solution included 0.3 M urea and 0.1 M CaCl2. These recipes have been successfully
implemented in the previous laboratory and fistdle MICP experimen{&hasemi et al., 2019;
Ghasemi and Montoya, 20). Cementation cycles were repeated 24, 16, and 8 times to reach
heavy, moderate, and light cementation levels, respectively. Initial and final shear wave velocities
and carbonate contents are showiiaible4.2. All specimens were saturated by passing 10 times

pore volumes of deaired water using a pump. A burette filled with water was connected to the
bottom of the specimens to ensure saturation during consolidation stagee4.1). Specimens

were consolidated under 30, 60, 120, 240, 480, 960, and 1920 kPa vertical loads and were subjected

to subsequent loading and unloading increments.

Table 4.2. Characteristics of theeBted Specimens.

. Cementation (Vs)initial (Vs)final Number of CaCOs
Specimen level (m/s) (m/s) treatments  content (%)
U Untreated 134 - 0 0
L Light 127 236 8 0.8
M Moderate 125 598 16 1.4
H Heavy 138 9086 24 4.3

4.2.3 Shear Wave Velocity Measurement

Sheamwave velocity was measured during treatments and consolidation loading/unloading
increments. A pair of bender elements was placed in the top and bottom caps of a consolidation
setup. Bender elements were fabricated Vailhg the approach presented fyontoya et al.,
2012) One of the benders waised to send a sine wave pulse (4@.KkV, 10 HJ through the
specimen. The arrival time of the shear wave at the other bender element was used to calculate the
shear wave velocity of the soil specimen.
4.2.4 Mass of CaCQ Measurement

Upon completion of theonsolidation, acid washing was performed on specimens to

determine the mass of carbonassociated with each cementation le@slil samples were oven

91



dried for about 24 hours and then were soaked in 1 M HCI. After settlement of the sand patrticles,
soluion was substituted with fresh acid. This process was repeated until no more bubbles were
observed in the specimens. Samples were then rinsed andrie@ifor 24 h. Mass of CaGWas
expressed as the weight loss during acid washing divided by the dylitveé untreated soill

(Mortensen et al., 2011)

S

saturated during the

Keeping specimens @
consolidation tests

Bender element
measurements

<::| (|
=)

l Effluent

MICP-treatment

Figure 4.1. Treatment and consolidation setup sketch.

4.3 RESULTS AND DISCUSSION
4.3.1 Effect of Bio-cementation on Compressibility Behavior of Soil
The change in vertical strain with applied loading/unloading sequencespdomens
treated to varying cementation levédsshown inFigure 4.2. In this figure, untreatedjdhtly,
moder atel vy, and heavily cemented speci mens i
respectively. Untreated soil indicated a str&tsain behavior similar to that of disturbed clay with

no clear point of maximum curvature. However, vitik progresof cementationthe transition
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between compression and recompression paths became more pronounced. In addition, a gradual
increase iMmeasuregbreconsolidation stresswith cementation development was observed.

Under a similar loading, themmaximumstran values were highest for untreated soil and
decreased with an increase in cementation level. The observed behavior is a result of cementation
bond formation that decreased the compressibility of the soil matrix. Densification and void ratio
reduction resiting from the MICRtreatment further contribute to this behavior. Similar behavior
has been reported by previous researctiegsg and Montoya, 2014; Lin ak, 2016)

With load removal during unloading, lower strain values were observed in all tests. The
di fference between strain during |l oading and
to recover the imposed strain. A narrower stsgsn curve at higher cementation levels
demonstrates a greater ability to recover the strain during unloading. After several
loading/unloading cycles, curves still exhibit a similar trend and values as the first unloading path.
Such observatiamay imply tha the majority of weaker cementation bonds have been degraded
during the first loading/unloading path and the additional cycles have marginal effects on

decementation of cemented bonds.
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Figure 4.2. The Stessstrain behavior of specimens with varying cementation levels.

4.3.2 Effect of Loading/Unloading and Collapse Behavior

Shear wave velocity measurements during loading/unloading stress paths for various
cementation levels ashown inFigure4.3. The untreatedpecimen demonstratéte lowest shear
wave velocity and values increased for other specimens with an increase in cementatidhdevel
untreated soil exhibited shear wave velocity increase during loading. At given streaslinglo
shear wave velocities were slightly higher than their loading counterparts. This observation is in
accordance with the uncemented s andnGngDdeehavi o

al., 2019b; Lin et al., 2016; Yun and Santamarina, 2005)

94



Vertical Effective Stress (kPa)
10 100 1000 10000 10

Vertical Effective Stress (kPa)

100 1000 10000

—&— 1st Loading

S
(=]
(=]

:-+@-- 3rd Loading

—ii— 1st Loading
—O— 1st Unloading —{— 1st Unloading
--&-- 2nd Loading --i-- 2nd Loading

--0-- 2nd Unloading 1000 F| --o-- 2nd Unloading
---4--- 3rd Loading

Shear Wave Velocity _(m/s)

100 * 100 L

[Lig htly cemented ]

10 100 1000 10000 10 100 1000 10000
g [ Moderately cemented] [Heavily cemented]
I
51000 | 1000
<]
3
o —@&— 1st Loading
> -
s —a— 1st Loading —O— 1st Unloading
. —— 1st Unloading --®-- 2nd Loadmg-;
3 --&-- 2nd Loading --O-- 2nd Unloading
% ===+ 2nd Unloading :--@--- 3rd Loading

100 100

c-4--+ 3rd Loadin

Figure 4.3. Treatment and consolidation for different cementation levels.

Unlike the untreated soil, cemedtspecimens initially exhibited relatively constant shear

wave velocities with stress increase. At low levels of confinements, cementation gbeewis

mat r i x 0 g$Yursand Shritamarisas 2009hereforelow levels of applied stresses were not

sufficient to induce cementation bond degradation and shear wave velocity changes. In the

moderatgly cemented specimen, a sudden stiffness loss (collapse behavior) at vertical stress of

about 240 kPa was observed. Such observation ¢euddresult of local bond degedtbn. With

thefurther application of stress and beyond 480 kPa vertical load; sfa@a velocity started to

i ncrease again. At higher

0 a d -cantrolled anchshear s

SOi

wave velocities increased with loading increments. The collapse behavior was not pronounced in

the lightly cemented specimen; the obs=l behavior could be the result of weaker and fewer

cementation bonds that allows particle rearrangement and more ductile behavior compared to the
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moderately cemented specimen. In addition, the collapse in shear wave velocity might have
happened around20 kPa confinement (yield stress from the sts#sgin curve) and rebounded
quickly with load increase, therefore it is not perceivable with the applied load increments. This
could be further investigated by performing tests with smaller load increrhintdear collapse
behavior was detected for the case of the heavily cemented specimen where greater coordination
numbers and stronger bonds linked soil particles together. This is relatively similar to the saturated
MICP-treatment condition where collapsehavior was not identified by previous researcfigrs

et al., 2016; Montoya et al., 2019)

Cementation bond degradation and volume change behavior during consolidation tests
could be assesdehrough \&e plot (Figure4.4). The untreated soil presents a linear relationship
between the increase in shear wave velocity and void ratio reduction. The concave upward path of
moderately cemented soil indicates an initial dategradation and softening followed by a
hardening behaviotnlike the moderately cemented soib, clear concave path was observed for

the case of lightly and heavily cemented specimens.
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Figure 4.4. Shear wave velocity and void ratio measurements during loading/unloading paths for
specimens treated to varying cementation levels.

Shear Wave Velocity (m/s)

The kehavior of a cemented soil matrix depends on curing stress, amount and cementation
type, stress history, and dengfun and Santamarina, 200%)uring unsaturated treatment and
percolation, biological and cementatigmiution primarily exists in the form of menisci around the
particleparticle contact§Cheng et al., 2013)As a reslt of unsaturated MICRreatment,
cementation is mainly formed around the particle contacts. At light cementation levels, only small
amounts of cementation are formed. However, the generated precipitations are not strong enough
to prevent rearrangement péarticles at yield stress. Therefore, no distinct collapse behavior in
lightly cemented soils is observed. Conversely, in heavily cemented specimens, with the

progression of cementation, more substantial precipitatitornsed (e.g.,;Table4.2). Therefore,
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formation of stronger cemented bonds prevents stiffness lossadlagse potential of the soil

matrix.

4.4 CONCLUSION

This study presents the results of consolidation tests performed on unsaturated MICP
treated specimens with vamg cementation levels. Similar to artificially cemented and MICP
treated soils under saturated conditions, specimens exhibited a significant decrease in
compressibility behavior with an increase in cementation level. Compared to the untreated soill,
precorsolidation stress increased and the peak strain significantly decreased as cementation
increased. In addition, cemented specimens exhibited higher recoverable strain as cementation
levels progressed.

In MICP-treated specimens easured shear wave velocitidaring consolidation tests
initially exhibited a constant trend up to the yield stress value. With a further increase in applied
stress, moderately cemented specimens experienced a drop in shear wave velocities. Shear wave
velocity values increased agah higher levels of load application. The observed drop was less
pronounced for lightly and heavily cemented soil specim@ussible explanationfor the
observed behavior weddscussedLightly cemented lacked sufficient cementation bonds between
the paticles allowing the immediate rearrangement of particles. Convemsdigavily cemented
specimens stronger cemented bomdsvented sudden stiffness loss of soil matrix. Further
consolidation tests on different cementation leaetsneeded teerify the proposed hypothesis.
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5 Geotechnical Properties and Performance of Largscale Coastal Dunes Reinforced by

Bio-cementation under Hurricane Wave Conditions

5.1 Introduction

Sand dunes protect coastal communities, transportation and energy infrastructures, and
shorelines by bufferign wave energy during severe storm surges and hurricanes. These natural
barriers are dynamic systems that provide diverse habitats for wildlife and recreation areas for
humans. Over the past years, the ongoing global climate changes have increasectineyfeeml
intensity of extreme storm events. Acceleratinglsgal rise, waves and winds increase erosion
frequency and alter the coastline morphology. Erosion, flooding, and coastal slope failure may
result in extensive and expensive damage to coastakinictures and newly reclaimed areas.
However, shore strengthening can proteclaom structures and reduce the reconstruction and
restoration costs and lifeline downtime period after severe surge events.

Shoreline defense techniques generally fall unohe categories: hard (i.e. coastal
structures) and soft (i.e. natural) erosion prevention techni(Besboom and Stive, 2012;
Ciarmiello et al., 2016)Hard $ructures such as revetments, bulkheads, seawalls, groins, and
offshore structures are examplef©omanmade structures that are designed to prevent and reduce
waveinduced erosioifLiew et al., 2020) Conversely, softer options such as beach nourishment
and planting vegetation that minimize changes in current sediment transport processes are
considereanore naturahpproaches. Hard erosion preventiolusons could exert morphological
changes to the beach, cause disturbance in na
In addition, such structures can suffer from increased erosion and scour in the base and lee side
which may lead to thedamage and failuré€RangeiBuitrago et al., 2018)Beach nourishment,

one of the primary soft protection measures is a process of dredging and adding sand from a borrow
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source to a gxific site. The application of this technique widens beaches and preserves the natural
morphology of coastlinesiowever, the effectiveness of the method is highly dependent on the
availability of a compatible sand source in relatively short proxithitidspeth, 2019)n addition,

the continual soil filling to counteract soil loss may pose environmental and economic challenges
(Bosbhoom and Stive, 2012; Liew et al., 2020)he effectiveness of the vegetation technique is
also highly variable from site to site and this approach funstimest in lowintensity wave
conditions (Ciarmiello et al., 2016)In recent years, the possibility of utilizing the potential
benefits of bieinspired or biemediated techniques in construction and soil improvement projects
has drawn many researchers'mtitan (Martinez et al., 2021; Stachew et al., 2021)

Microbially induced calcium carbonate precipitation (MICP) is a-rbediated soll
improvement measure that has the poterntalbe an environmentally, economically, and
operationally superior techniqgue compared to conventional methods (e.g. use of Portland cement
for stabilization)(DeJong et al., 2010; Mitchell and Santamarina, 2005a; Mujah et al.,.2017)
MICP is the result of a sequence of metabolic activities and chemical reactions that lead to the
biomineralization otalcium carbonatamong soil particlefAl Qabany and Soga, 2013; DeJong
et al., 2006; Van Paassen et al., 2009; Whiffin et al., 200icyobial precipitates can be induced
through the addition of electron acceptor nutrients to stimulate bacterial activitiesiidation)
or by inoculation of a concentrated population of the active microorganismau@ioentation)
as presented herg(Burbank et al., 2012; DeJong et al., 2010; Michael G. Gomez eD48) 2n
both cases, bacteria consume urea generate ammonium and carbonate ions. Carbonate ions bond
with the available soluble calcium and becomes precipitated in the fooala@im carbonate
Deposition ofcalcium carbonatat interparticle contact piats and on soil grains generates a

bonded soil structurinatenhances the mechanical properties of(§iou et al., 2011; Lee et al.,
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2013; Montoya et al., 201.3p5ome researchers associatedigmentation with baat@l culture
preparation and transportation challenges, and generally a higher cost compared to the stimulation
approact{San Pablo et al., 2020; Su and Yang, 20Bbever, in cases of extreme erosion events
(e. g., hur r i c an desattionmay®denacessaeyiiraighthe andiiendof easitu
bacteria to accelerate urea hydrolyissgmilar to the study presented hereivhich may in turn
significantly reduce the risk of damage in segitremeevents.

Over the past two decades, sa@eesearchers have investigated the effect of treatment
solution concentration, soil fabric and composition, confinement, cementation level, and other
factors on the mechanical properties of MiC@ated soil in the laboratory setti(gyl Qabany et
al., 2012; Chek et al., 2021; Cheng and GRravisch, 2014; Feng and Montoya, 2016; Ghasemi
et al., 2019; Lin et al., 2015; Martinez et al., 2014; Mujah et al., 2019; Safavizadeh et al., 2019a;
Terzis et al., 2016; Terzis and bai, 2019; Xiao et al., 2019b; Zamani and Montoya, 20¥@ye
recently, metescale and field trials have also demonstrated the efficacy of MICP as a soil
stabilization technique for numerous geotechnical applicafiposet al., 2020; Ghasemi and
Montoya, 2022, 2020; Gomez et al., 2017, 2015; Brina M Montoya et al., 2021; San Pablo et al.,
2020; Shanahan and Montoya, 2016; Terzis et al., 2020; van Paassen et alT2Dapplication
of MICP as a technique to reduce soil scour and erosion susceptibility against the wind, seepage,
water flow, and wave action have been the subject of study by various reseéhchierst al.,

2017; Chek et al., 2021; Clara Saracho et al., 2020; Fattahi et al., 2020; Ghasemi et dia2@19

et al., 2017; Maleki et al., 2016; Salifu et al., 2016; Shanahan and Montoya, 2014; Wang et al.,
2020) In addition, some researchers have conducted flume tests to simulate MICP application to
mitigate coastal erosion and flood hazai@dgra Saracho et al., 2020; Kou et al., 2020; Liu et al.,

2021; Saliu et al., 2016; Shahin et al., 2020; Shanahan and Montoya,. 284 6nhe of the first
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attempts, Shanahan and Montoya (2016) performed a flume study on untreated and moderately
cemented dune models. When subjected to a storm wave spectrum for a shtretmederately
cemented dune demonstrated an eroded mass of abethirohef the untreated case. Salifu et al.
(2016) constructed untreated and Mi€€ated sandy slopes with different inclination angles in

0.2 m cubical boxes. The response of theetegstodels to tidal currents indicated that the MICP
application significantly reduced the observed slope flattening. In another flume study, sandy
slopes with varying steepness were treated with different numbers of treatitoanét al, 2020)

Steeper slopes required higher cementation levels to reduce erosion susceptibility. For the tested
wave spectrum, in higher cementation levels no significant differences in erodibility were observed
between the slopes with varying inclination ksgi.e 10, 20, and 35). In a study performed by
Shahin et al. (2020), slopes with varying cementation levels were subjected to a broader wave
spectrum (comprised of both erosional and accretional waves) for two hours. As expected, the
accretional wavierm resulted in less sediment yield. Liu et al. (2021) performed a set of small
scale tests on untreated, MICBnd(enzyme induced carbonate precipitatighlP-treated dune
models. At the initial stages of low to moderateensity wave application, gardless of slope

angle, both types of bioemented dune functioned better than the untreated case. However, none
of the reinforced dunes resisted the mass loss in case of steeper slopes, intense wave action, and
longer wave exposure duration. In such sewsnditions, the MICRreated dunes performed less
effectively compared to their ElCiPeated counterparts. Thi®sponsewas stated to be a
consequence of a shallower cemented zone causin bynultaneous percolation of biological

and cementation saions to MICRtreated dunes (e.g. immediate precipitgtidrerhaps the
application of lower volumes of treatment solution for the Mi@fted tests, compared to the

EICP-treated cases, may have further contributed to the formation of precipitatioallowsn
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depths and exacerbated this conditioNevertheless, the aforementioned studies are mainly
focused on demonstrating the potential of relatively sstle biecemented models to reduce
erosion against wave and tide actions. However, there lisaggitowing need to quantify the
engineering properties of a reinforced npeototype dune system and resulting changes in beach
morphology caused by the extreme storm events in a more realistic time scale. Such studies are
required to understand the piogs of biccemented dune erosion for future rbfd field
applications on dune systems, barrier islands, coral reefs, and coastal sand bars.

The study presented herein systematically investigates the effect of varying cementation
levels and differentaution delivery systems on changes in geotechnical properties, performance,
and mass loss susceptibility of ngaototype MICPtreated dunes subjected to actual hurricane
wave conditions. Three largeeale dunes were constructed with approximately 1006f sand
in the largest wave flume in North America at the O.H. Hinsdale Wave Research Laboratory at
Oregon State University. MIGBtabilized dunes were treated by surface spraying and
prefabricated vertical drain (PVDs) methods that were previously imgsieed in the field in
Ahoskie, NC(Ghasemi and Montoya, 202D)uring treatments, improvement levels were tracked
using shear wave velocity visender element sensoptacedin the soil Flume experiments
simulating Hurricane Sandy waves conditions were performed on untreated, moderately, and
heavily cemented dunes. Dunes were subjected to 19 trials with an average of 30 minutes duration
and each trial comprised approximately 308ves.Lidar scanning was used to monitor the
changes in morphology and to calculate the soil mass loss. Afte®fttigal, mini CPT tests were
performed in situ. In addition, cemented bloalexe collected from the wave tankdoantifythe
strengthproperties of the cementeail in the laboratory setting. Lidar scanning after each wave

trial was used tononitor the morphology changes and assess the extent of erosion that occurred
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in untreated anICP-stabilized dung The obtained results of this dyucan be used for future
shoreline protectioprojects and to provide further insighs$o thefailure mechanism of beach
bluff systems.

5.2 Materials and Methods

5.2.1 Tested Materials and Dune Construction

The experiments were conducted in the Large Wave Fluinwd-), at the NHERI O.H.
Hinsdale Wave Research Laboratory at Oregon State University. This facility is the largest coastal
engineering laboratory in the U.S. and among the top 10 in the world. The LWF consists of a 104
m long channel with a width and depf about 3.7 m and 4.6 m, respectively. The larger flume
size reduces the boundary effects on wave propag#timout 1000 m of soil (sixty-five dump
trucks) was excavated and transported from the South Jetty in Newport, Oregon, and placed in the
wavetank. The sand consists of rounded andrsuimded particles with agpof about 0.18 mm.

The poorly gradedSP) sand has an.& and eaxof about 0.57 and 0.78, respectively. The sand
was placed in 30 cm thickness lifts in the flume and compacted desived density of a prototype
natural dune in Mantoloking, New Jersey.

Three duns were constructed ahown inFigure5.1, Figure 5.2, andFigure5.3. The
untreated dune wasers as a baseline for the analysisown inFigure5.1). The other dunes were
treated tomoderate and heawementatiorievels Bio-cemented dunes were treated with two
MICP-implementation techniques known as surface sprayingaridrated vertical drai(PVD)
methods that were successfully applied in the field to reduce the surface erosion of a sandy slope
in Ahoskie, NC(Ghasemi and Montoya, 2022 the heavily cemented dune, changes in
morphologies of biecementedsectionstreated with surface spraying and PVD methagtre

compared in a sidby-side experiment. As such, during the construction, two (7.4L122 m)
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plywood wallswere placed on the dune along the crglssre direction. The dividing walls created
three (7.4 ni 1.22m) test plots as shown Figure5.2. The sections on the rigand lefthand

side ofFigure5.2 were treated with surface spraying and PVD methods, respectively. The middle
section was left untreated to be used as a buffer between the two tested methods. Irdilneethird
test, one plywood walvas used tdivide the width of thélume into two 7.4 i 1.83m sections.

As shown inFigure 5.3, theright-side section was treated with both surface spraying and PVD

methods to a moderate cementation level.

une ro j eour esinyBond.

Figure 5.1. The initial untreated

108



Figure 5.2. Heavily Cemented dune treated with rightjface pra'mg methodmiddle) untreated
section and c)PVD-treated section
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Figure 5.3. Moderately cementd un; (rfght section of flume).

5.2.2 Bacteria Preparation and Treatment Processes

Sporosarcina pasteurfATCC 11859) a nomathogenic soil bacterium was culited and
applied to the dunes. Bacteria were grown from a single colony to a 42 L bacterial solution through
a fourstep procedure describeddetailby (Liu, 2021) An ammoniumyeast solution was used
as the growth medium for bacteria. The solution constituents were autoclaved separately and then
mixed. In steps one to three, bacteria were inoculated into the culture medium and incubated
accordirg to the procedure described @Wortensen et al., 2011At each step, bacteria were
collected after reaching the optical density gpof about 0.8 to 1. The collected medium was
used to grow larger quantities of bacteria in the next st&ms maximum capacity of suspended
bacteria was 42 L due to laboratory constraintstep four prepared bacterial batches were transported
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to the Wave Research Laboratory to grovadditional 301 L of bacteria at ambient temperature.

The obtained 72.1 L was used in the subsequent biological treatment of the heavily cemented dune.
Such large quantities of bacteria were cultivated by inoculation of the 42 L bacteria to ammonium
yeast growth mediaA 50 L/min air pump (EcoPlus) provided constant oxygen flow to accelerate
bacterial reproduction and growth. T@®s000f the solution was continuously measured until the
target range was achieved. A bacterial population of abdutdlB/mL was observeih the

medium collected at the end of step four. fr@moderately cemented duméhere a shallower

treated zone was targetschaller solution volumes (i.e. about 12 L) were needed. Therefore,
additional bacteria were not cultivated and the transportantigies were immediately consumed

in the next biological treatment.

A two-phase treatment protocol previously implemented(Ghasemi et al., 2019;
Ghasemi and Montoya, 202@)as used to perform MICP treatmerigst, a biological solution
comprised of 300 mM urea and 15 times diluted badtsoiation was introduced to the soil. The
application of biological solution was followed by four cementation treatments that consisted of
300 mM urea and 100 mM Ca@V{ith no added bacteria. This cycle was repeated until the desired
shear wave velocity &s achieved in bender elements placed in the soil. A retention time of at least
three hours was maintained between treatments to allow urea hydrolysis and cementation
formation among the soil particle. In total 16 and 24 cementation treatments were aptied
moderately and heavily cemented dunes, respectively. The day after the final treatment, stabilized
soil was rinsed with water to wash the unconsumed chemicals and terminate the further
cementation reaction.

Test plots in the heavily cemented dunerevtreated by different solution delivery

methods. This enables a sibgside comparison of the effect of surficial and deep soil
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improvement on the erosion resistancbiofcementedoastal dunes. The righand side test plot

in Figure5.2, was treated with 24 sprayers that applied MICP treatments on the dune surface. Each
sprayer demonstrated a maximum discharge capacity of about 32.55 L/h when connected to the
inlet pressure of about 138 kPa. A schematic of the surfacdrsptesatment process is presented

in Figure5.4. Spray nozzles were arranged with cr@sgl longshore spacing of about 30 cm and

58 cmfrom each other ahin two lines on the soil surface. The main tube connected to a rotary
pump (Wayne Inc.) with a maximum discharge rate of 53.63 L/min was used to transfer the
solutions prepared in a 275 L tank to the noz&Aedutions were pumped from the bottom to the

top of the dune and were recirculated back into the mixing tank to prowdstant fluid
recirculation and mixing in the tank control valve on the pump output was used to adjust the
flow pressure and provide a uniform solution distributidhe test plot on the lefiand side of
Figure5.2 was treatd with 42 banghaped PVD elements. A PVD consists of a polypropylene
core with molded flow channels on both sides wrapped in a geotextile fabric. This geosynthetic
product has been widely used for deep soil contamination removal and to expedite the
consdidation of low permeability soil§Bowders et al., 2005; Warren et al., 2Q08Yecent field
experiment conducted by Ghasemi and Montoya (2022) highlighted the potential of PVDs to create
a MICP-treated zonén deeper depths. Herem long PVDs were arranged in three shpagallel

groups. Each group consisted of 12 PVDs placed in two rows, as ghéigare5.5. PVDs were
installed in an edgto-edge and fronto-front spacing ofbout 10 and 20 cm, respectively. Similar

to the surface spraying method, treatment solutions were prepared in a 275 L tank and were
transferred to PVD groups using a rotary pump. The solution flowed into each PVD element and

the excess volumes recirculdtieack into the tank.
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Figure 5.4. Treatment process schematic for surface spraying method in the heavily cemented
dune.

Figure 5.5. Treatment process schatit for PVD method in the heavily cemented dune.
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