ABSTRACT

FENG, KAI. Constitutive Response of Microbial Induced Calcite Precipitation Cemented
Sands. (Under the direction bf. BrinaMontoya.)

In the last decade, microbial inducedicite precipitation (MICP) emerged as a novel
technique for implementing soil improvement inan environmentdy-friendly and
economicdly beneftial manner However, the mechanical behavior and constitutive
responsef these materialare still not fullyexplored by researchers. In this dissertation, the
characteristics of MICP cementednda are investigatedhrough numerical modelling and

experimental tests, including macro and micro tests umatéistatic and dynamic loading.

In the first part, the mchanical behavior of MICP cemented sands were probed using
monotonic load testingnd the existence of calcite precipitation was verified by scanning
electronmicroscopy with thisbehaviorcompared to traditionally cemented soil and naturally
cemented b Both MICP cementation and traditional cementation were verified to be
effective in the increase of stiffness and strengthd unique characteristiof MICP

cemented soil was highlighted.



In the secondpart, discrete element method was adopted to mtiaelconstitutive
response of MICP cemented sands. Veethblished agreement was obtained between
experimental and numerical specimens, indicatimegpossibility of discrete element method
to capturehe MICPc e ment ed soi | 6s pr oguaderstand the behavior ¢ h
of cemented sbfrom micro-scale. Following numerical modellingnicro tests, including
goniometer tests and partid@ndparticle tests, are conductau the third part Specially
prepared triaxial chamber with bender elemenias also used to provide detailed

information on the bond breakage evolution during shearing.

In the final part, the resistance of MICP cemented soil to liquefaction was studied by

cyclic triaxial testing and uncemented soil was chosen as the referesise Results

indicated that the liquefaction resistance of tested soil has been increased by a significant

level, although only light cementation was applied in current rese&ole pressure
development curve and deformation characteristics are alsgethaue to the precipitation

of calcium carbonate.
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1 INTRODUCTION

Cementation whethernaturaly occurring or added by mamade activitieshas been
shown to increase the ability (fand to resistfailure whensubjected tcstatic or dynamic
loading Natural @mentatioroccurs due ta@hemical deposition, weathering-pyoducts or
bonding by clay particlesArtificial cementation mainly includethe injection of colloidal
silica grout(Diaz-Rodrliguez et al. 2008 ortlandcementSaxena et al. 1988; Schnaid et al.
2001; Ismail et al. 2002pr gypsum(lsmail et al. 2002; Huang and Airey 1998enerally, a
variety of chemical, jettingand permeation grouting techniques are usedistribute the
artificial grouts in the subsurfaceHistorically, some artificial grouts have caused
environmental concerndue to detrimental effects on groundwatguality from grout
constituentgKarol 2003) In addition the limited injection distance for chemical grouting or

supetjet grouting is another concewhen designindor ground improvement

Recently, biemediated method¢DeJong et al. 2013have develogd as promising
altematives for ground improvement. Onef the bio-cemenation tecmology is microbial
induced calciuntarbonate precipitation (MICHPeJong et al. 2006; Mortensen and DeJong

2011) which induces calcium carbonate to q@p&ate within the soil matrix through



ureolysis catalyzed by the baduum Sporosarcina pasteuriProvided with a solution of urea

and calcium chloride, the main reactorlated to calcite precipitation include:

#/00 ¢O0U O b0 #l

#A 80 © 5 QB

The ammonium chloride produced during cementaticotgss should be removed
avoid unfavorable ecological effects to the environment. An acidifying process through
oxidation of ammonium could dissolve the precipitated caltlteder natural groundwater
conditiors where the ground water pH is greaterquag to 6.3 the produced calcite will be
geologically stable (Fujita et al. 2008io-cementation is an additive process, where the
bacteria produce calcite cementation in proportion to the amount of nutrients (e.g., urea and
calcium) supplied; thereforeamultiple injections of nutrients may take place to achieve a

desired level of cementation.

The microbial reaction inthe MICP process can be controltedbe slower thatypical
set times fochemical grouts, which will allow thiglICP reactionto spread through a greater

volume of soilcompared ta@hemical groutingMartinez et al. 2013)



Through monotoni@anddynamicloading in bothaboratory and centrifuge tegtShou et
al. 2011; Chu et al. 2012; DeJong et al. 2006; Montoya et al. 2013; Mortensen and DeJong
2011; van Paassen et al. 2010; Whiffin et al. 200®)-medated cementation has been
provedto be effective to strengthen soil stabilizationsitu. But limited works give the
insight about the formation and development of the bond and debehdvior of
bio-cemented sailOne of theobjectivesof this researchs to address the effect sfatic
loading and unloadingpn the strength and stiffness properties of cemented soil and
corr es p o nsdbreakage lewwlatignvhich can be monitored through the bender
elemens installed within the triaxial cellTo further evaluate the stresdrain behavior of the
bio-cemented sandnd discuss the similarities and differences between untreated and
bio-treated soil will be anotheresearch objectiveAnother important concern will be the
evolution of bond breakagef MICP soil in a modified triaxialcell, which will then be
compared tdraditional cemented sand in a similar loading conditibhe above mentioned
research objectives will be addressed using traditional laboratory techiieggestriaxial

and consolid@on equipment).

Other sectiorof currentresearchs to model MICP soil through discrete element method

(DEM), which has been proved to be a useful tool that can capture the discrete characteristics



of the granular soi(Frost and Evans 2007; Evans and Frost 2008; Zhao and Evans 2009)
Microstructure play significant roles and they govern the osmale response of granular
mateials. In the laboratory, although Xay tomographymethod (Wang et al. 2004and
solidifying-sectioning methodKuo and Frost 1996¢an help analyze microstructure, they
are timecormnsuming, expensive and hard to perfoldumerical nethod can be a powerful
assistant to overcome these difficedt Previously, DEM has beemidely used to investigate

the behavior and response of pure sand udifferent load condition§Zhao and Evans 2009;
Sitharam and Nimbkar 1997; Oda et al. 1982; Masson and Martinez 2864 et al. 2005;
Bardet and Proubet 1991; Iwashita and Oda 1998; Frost and Jang 2000; Thornton 2000;
Bardet 1994) Also, some researchefgstrada et al. 2010; Estrada et al. 2010; Jiang et al.
2006; Jiang et al. 2011; Wang and Leung 2008; Wang and Leung 2008; Yin and Dvorkin
1994) have conducted numerical explorations about césdersoil However, limited
researchersexplore the behavior of cemented sand under varying stress psitig
3-dimensional code. Furthermotég current body ofesearcthas validated its models using
artificially cemented sandjio-cemented soil will emch the DEM modelinginvestigations

and give meaningful comparison with previously conventional cemented Aibér
calibration with experimental datasing PFC3D code, numerical samples under varying

stress paths are simulated and related microstruptoperties are analyzed and compared



with uncemented and traditiahcemented sandn order to get a direct verification with
numerical microstructureauthors will apply scanning electron microscopy analyscs
providesatisfactory comparison the numerical analysis andnhance theonfidence tdhe

numerical experimest

The final section of this thesis is focused on the liquefaction mitigation improved by
bio-cemented soil.By utilizing cyclic triaxial experimers, the dynamic properties of
bio-cemented soiwill be evaluated and compared with other cemented soil. Using the
customized cyclic loading equipment with shear wave velocity measurement, thatsanall

properties of uncemented and{cemented sand came llerived.

Thisresearchs organized in the following manner:

Chapter 2reviews the previous work on the investigations on traditional and
bio-cemented sand behavior both in physical experiment and discrete element numerical

experiment and discusses the necessity of the research in this thesis.

Chapter 3is the results fromtriaxial and consolidation tests. The stregsin behavior
and deformation characteristic¥ bio-cemented sand are explorethe uniformity of

cementation distribution after treatment discussed.The dcementation forms of



bio-cemented sand undé® loadingunloading are presentedFinally, the behavior of
MICP cemented soil is compared tetbehavior of Portland cemeantd naturally cemented

soil.

Chapter 4describes the numerical model to simulate cemented sand and corresponding
calibration compason with physical experimenin Chapter 3. After calibration, further
numerical expements under varying confinement and cementation larel€onducted and
corresponding microstructure devetopnts are analyzedrinally, utilizing monitoring data
from bender elements measuremdmntnd breakage pattern tfeated sand are analyzed.
Since the numerical model also has the ability to study bond breakage evoth@on

comparison of bond breakage pattern fexperimental data and numerical modelrassle.

Chapter 5 is about the exploration of micro mechanics feature of MICP cemented sands,
in which goniometer tests and surface energy analysis are conducted. Furthermore, modified
chamber with buiin bender elements are prepared to monitor biochemicaimeaatand

bond breakage development during shearing.

Chapter 6summarizes theesting resultdor dynamicloadingof MICP cemented sis

using cyclic triaxial shear testsPore pressure generatiopattern and deformation



characteristics are changed duetiie bonding by calcite, which improve the liquefaction

resistance of loose sareinally, the uniformity of cemetation treatment is discussed.

Chapter 7 is a brief summary of current research included in the dissertation. Future

works and potential resedr interest in biamediation techniques are also discussed.



2 LITERATURE REVIEW

2.1 Introduction

Cementation is an important method to soil improvemins known to increase the
stiffness and strenlg of soil, and thus reduce the liquefaction possibility and can be a critical
aspect in site responggenerally, testing methods to investigate the effect of cementation
sandinclude triaxial tes{Clough et al1981) isotropic and KO consolidatiofe.g., Yun and
Santamarina 200Zhu et al. 1995Lee et al. 201)) cyclic triaxial (e.g.,Clough et al. 1989
Sharma and Fahey 2004ndresonant columfe.g.,Saxena et al. 198®yvik and Madshus
1985. Bio-mediated technology recenttievelopedis a promisingalternative tochemical
grouting. The significance ofthe microstructureof bio-cemented santtas been realized
(Dedong et al. 2013nd discrete element method (DEpNovidesan approach to explore
the micromechanics on soil anse. Many researches haverked on the microstructure of
uncemented sand, but investigation about cemented sand is limited. This dbapter

literature review of existing investigations that has been done on these topics.



2.2 Effect of traditional cementation on soil behavior

2.2.1 Triaxial tests on traditional cemented soil

Clough et al(1981) pefformed a number of triaxidbstsand Brazilian tension tests
four naturallycemented sands found in San Francisco Bay Area and omawd& cemented
samples, whiclareused to simulate natural soil behavibhey concluded thahe amount of
cementing agent, sand density, confining pressure and grain sizeutistrill have a
significant effect on the behavior of cemented sand. Also, the results showed that
weaklycemented sand presents a brittle failure mode at low confining pressure with a
transition to ductile failure at higher confining pressure. In tresearch, it was found that
some degree of residual cohesion was observed for cemented sands, but the residual strength

of cemented sand is close to that of uncemented sand.

Airey (1993) conducted triaxial testing of nailly cementedcarbonate soil. He
suggested usinmdirect Brazillian split cylinder test to give an indication of cementation
degree With many stress path tests of uncemented and cemented samples, he mentioned that
cementation increases the size of {held locus. It was also presented that cementation

increases the shear modulus of soil lagtlittle effect on the bulk modulus.



Schnaid et al(2001) studied the stresstrainstrength behavior of artificially cemented
sand through the addition of Portland cement using unconfioeghression test and drained
triaxial compression tests. They recommend unconfined compression strength as a good
measuremendf cementation degree. Also, it was found that shear strength of cemented soil
could be expressed as a function of the unconfined compressive strength and the uncemented
friction angle. Unlike uncemented soil, th@ormalized secant modulugnormalized by
atmospheric pressur@f cemented soils is not significantly affected by the initial mean
effective stress under low confining pressiéth the same amount of cementation content,
the normalized secant modulus of cemented switker different initial man effective stress

is close.

Huang and Airey(1998) used gypsum cement amn agent to produce artificially
cemented santb conduction isotropic and KO compressiand found that the effects of
cementation are onlgignificant for stresses below an apparent preconsolidation #tass
lies on the normal compression line for uncemented soil. It was confirmed that the increases
in density and cement content lead to increase in stiffness and strength, but the effect of
cemenation will decrease as density increasda. addition cementation causes the

precorsolidation pressure to increase and shifts the normal consolidation line with reduced
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value for kO. The ahors proposed to use the ratb tensile or unconfined capressive
strength to the preconsolidation pressure to describehfueginginfluence of cementation

with density.

Ismail et al. (2002) explored the effect of cement type on response of cemented
calcareous soil by maiaining consistency of unconfined compressive strength and sample
density among the different cementing agents, namely Portland cement, gypsum and calcite.
Results from triaxial tests showed that although having same unconfined compressive
strength and desity, the behavior of sand using different cement varies significantly because
of the different volumetric response upon shearing. Generally, samples using Portland
cement presented ductile yield and a high level of dilation while calcite and

gypsumcemened samples exhibited brittle yield and more contraction.

Using isotropic compression and undrained triaxial t€3tsy et al.(2009)investigated
the yielding and shear behavior Bbrtland @menttreated dredged matels (DM) and
concluded thayield stressand cohesion intercept increases with increasing cement content
and curing time and failure envelops of the centerdted DM lie above that of the

reconstituted DM.
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Consoli et & (2009) conducted a series of unconfined compressive tests and drained
triaxial tests with bender element measurement and got a conclusion that voids/cement ratio,
which defined as the ratio between the volume of voids and the volume of cemeng plays
fundamental role on initial shear modulus and MGbulomb effective strength parameters
of an artificially cemented sand. The studgdmtened their previous reseaffonsoli et al.

2007) which presented the unconfined compression strength as a function of the
voids/cement ratio. Followingzonsoli et al.(201Q 2011) performed a number of splitting
tensile tests and unconfined coression tests. In their research, the voids/cement ratio,
which expressed as porosity divided by the volumetric cement content, has been shown to be
a reasonable parameter to estimate splitting tensile and unconfined compression strength of
cemented sandConsoli et al.(2012) investigate the effect of cement/voids ratio on
stressdilatancy response of cemented sand and verified cement/void ratio is an appropriate

parameter to assess stredatancy properties of cemted sand.

Rios et al.(2012)also found that there is a unique normal compression line correspond
to each the porosity/cement value, which is the ratio of porosity to the volumetric cement

content.
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2.2.2 Respamse of cementd sand under | condition

Using oedometer cell with bender element to measure shear wave veagityand
Santamaring2005)i nvesti gated smal/l strain stiffness
confirmed thatcementation prevails at low confinement and all soil parameters gradually
perform stresslependent behavior at high confinement. Furthermore, higher density, cement
content, and effective confining pressure during cementation leadvir leossibility of
decementatin. However, when the soil i unloaded to same initial confinement, some
breakage of interparticle bonds happened despite the absence of collapse. Shear wave
velocity was verified to be a good method to provide valuable information abouttztioe
content without disturbing samplélthough cemented sand exhibit high initial stiffness, it is
inadequate to use it for design because cementation may collapse upon loading, leading to

large deformation.

Lee etal. (2010)investigated cemented rigid sand and salffoer particle mixtures under
"Q consolidation with measurement of shear wave veloaity primary wave velocity
Seven mixtures with different volume fractions of rubber were created and a geyéitai
strain is presented with a reduced sand fraction for uncemented samples and bilinear vertical

stressstrain behavior was shown for cemented specirken.the uncemented sand, &d
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S-wave velocity increases with the increases of vertical efiestiress and sand fraction. For

the cemented sand, higher wave velocity is revealed before cementation and wave velocity is
constantafter cementation with the increase in vertical stress. When additional loading is
applied to samples, bonds start to beken and thus Pand Swave velocity decrease.
Nevertheless, wave velocity increases with the increase of vertical stress in the
stresscontrolled regime after bond degradation. Three behavior regions, namely-likbper
transition and santike behavior,present for both ceemted and uncemented specimens.
Higher small strain stiffness is observed for the cemented samples after bond degradation

than that of the uncemented samples.

Using modified oedometer rings with measurement of lateral sZésset al.(1995)
explored the factors that havefluences on atrest lateral stress oartificially cemented
sands.They found that the ratio of -a¢st lateral stress to vertical stress is constant for
uncemented sands whiteincreases with increasing vertical stress for cemented shatls
all of cemengd soil has lower coefficien2 compared touncemented samplesiigher
cementation content, relative density and longer curing period talseer lateal stress
and thus lowerQ. Note that these above conclusions are only valid when the sands were

cemented under zero vertical stress. When the specimens were cured undeistresi, the
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coefficient of 'Q increases with both cement content and pisclidation stress. They
stated that cement content and stress history are the two crucial factors affecting lateral stress
in cemented soil]svhich may havesmaller or greatelateral stresshan that ofuncemented

samples, depending on stress history.

In a"Q test of pumice sandKikkawa et al.(2012) claimed thatthe amount of stress

relaxation with a constant rate of compression increases with increasing strain rate.

One method we could get lateral stress measisrénl use the modified oedometer cell

like that used byhu et al.(1995 andOfer (1981) Another way is to use triaxial cell.

Campanella and Vai(l.972) decribed a simplified’Q triaxial cell which is suitable fo
consolidatingspecimens undelQ stresses in one load increment, several load increments or
by strain controlled methodsh@&y also showed test data &aturated clayand the resuis

consistent with measurement froR test.

Uchida et al.(2003) conducted sain-path controlled triaxialQ consolidation test on
marine clays and compared their results with that gotten from conventional oedoesgt

which show good consistency considering different strain load rate.
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2.2.3  Behavior of sand under different stress paths

Malandraki and Toll(2001) presented triaxial tests on weakly cemented soil with
differentstress paths and concluded that the bonds within soil is anisotropic and in one stress
direction, only bonds in the specific direction will break. It was also found that yield surface
of cemented soil is independent of previous shearing direction. Hovtbeefailure surface
will be affected by previous shearing history. Generally, the strength under complex stress
path is reduced compared to conventional triaxial tests, which indicates that using the data

from conventional tests will give an unconsermvatilesign.

Wang and Ng(2005) investigated the small strain characteristics of completely
decomposed granitCDG) through drained compression and extension tests with bender
element and internal local transducers installdtey claimed that shear stiffness and bulk
modulus of CDG exhibit high nonlinear changes and at 0.01% shear strain, the shear stiffness
gotten fom constant p extension tests was about 61% higher than that from constant
compression tests. The effect of recent stress history was also observed for CDG; the sample
with a 90 degree ration of stress path presents 5@% higher shear modulus than toat

tests without change in direction of stress path.
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Finno and Kim(2012)discussed the effect of stress path rotation angle on small strain
behavior of Chicago clay and showed that stiffer response occurred when psttiess
advanced in a direction opposite to preshear stress path. It was also concluded that both
recent stress history and proximity to yield surface have an effect on shear modulus evolution,
but in their tests, recent stress history prevails. Another plogyt emphasized is that the
effect of recent stress history on small strain stiffness only worked when the stains is smaller

than 1% shear strain.

Feda (1994) used clean alluviguartzitic Zbraslav sand under triaxial nclition to
analyze the form of failure envelope. He found that different stress paths, including constant
cell pressure tests and constant p tests, affect the shear strength of sand and only tests with

constant p stress path produces nonlinear failuracairf

2.2.4  Behavior of cemented sand under dynamic loading

Clough et al(1989)investigated the liquefaction resistance through a series of static and
cyclic triaxial and cubical tests on cemented sand and confirmedhtnancrease of unit
weight and cementation will increase liquefaction resistance but the influence of unit weight

can be neglected when cementation content exceeds critical value. To explore the effects of
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nonhomogeneity in cementation on liquefactioamples using a weaker layer cemented
sand within a stronger mass were created and it was found that the weakly cemented layer
govern the performance of the sample. From the tests of cubical shear box, which modeled
similar conventional triaxial stress patthigher stress ratios to liquefaction were performed.
Fewer stress concentrations and different sample fabric compared to triaxial test are likely to
be the reason. Another important conclusion is that pore pressure development for cemented
sands are imfienced by stress path, which have different trends in comparison with

uncemented sands.

Saxena et al(1988) summarized the experimental results from cyclic triaxial and
resonant column tests of artificiallyemented sands and presented a good correlation
between dynamic moduli and cyclic strength though the relationship depends on type of sand,
level of cementation and effective confining pressure. These may provide a method to
estimate cyclic strength of cenmted sand from the measurement of moduli or wave velocity.

It was also observed that the response of cemented loose sands is similar to that of dense
uncemented sands and cyclic strength in cemented sand increases with the increases of

relative density anduring period.
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In the paper bySaxena et al(1988) they verified that cement content, effective
confining pressure and density are governing parameters of dynamic behavior of cemented
sands but the damping ratios &es influenced by density. A newly empirical relations for
maximum dynamic modulus and damping ratios was proposed based on the results of

resonant testing.

Using cyclic simple shear test®jaz-Rodrliguez etal. (2008) confirmed that colloidal
silica grout can improve the liquefaction resistance of natural silty sands and its performance
was influenced by initial relative density, effective vertical stress and colloidal silica
concentration. The concenti@t of colloidal silica also produces effect on the rate of pore
pressure development. Their findings posed a chance to use colloidal silica for stabilization
but the durability and mechanical setting of the colloidal silica within the sand matrix in

natual deposits need to be further confirmed.

A series of undrained triaxial tests about calcareous soils under both monotonic and
cyclic loading were performed bharma and Fahef2004) It was observed that the
increases of cementation content result in significant increase in stiffness, with the latter
being less and less dependent on the confining pressure and samples using anisotropic

consolidation presented lower initial stiffnesempared to samples under isotropic
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consolidation. Comparison of the shape of stiffness degradation curve in their research with
that from noncalcareous soils, they stated that calcareous soils have faster rates of stiffness
degradation with a higher straihreshold. Under cyclic triaxial loading condition, they got
different stiffness degradation pattern whereas it fall within the range bounded by monotonic
tests when the number of cycles changes from 1 to 10000. A point needs to be noted is that
their investigations were carried on for samples cemented before consolidation and thus it

may not be applicable to other kind of cementation sequences.

Fernandez and Santamari2®01)investigated the influence of cementation on the small
strain response of sands using torsional resonant column device. They concluded that
cementation prevailat low stress while confinemenakes over at high stress and the
transition stress betweenetfe two regimes increases with the content of cementation. Two
load-cementation history, namely cementation before load (CbL) and load before
Cementation (LbG)were studied and it was fouidlat LbC produces higher stiffness than
CbL though the differenseis relatively small. However, loagementation history has a
significant effect on decementation. When the medium is unloaded from the level of
confinement prevailing during cementation, decementation shows more evident because

cementation bonds are umdension. Compared to uncemented sands, the stiffness under
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small strain can be increased by an order of magnitude for cemented sands. It was also
observed that wave velocity dsuntddeceménamtionye t o0

starts.

2.2.5 Respong of cemented solil in situ

Many researchers investigated properties of cemented soil in engineering practice.
Collins and Sitar(2009) presented an investigation to assess the stability of weakly and
moderately cementesand cliffs. Through testing, both weakly and moderately cemented
sand show brittle failure mode and can be modeled effectively used-Géatiomb
parameters. Using field stress path (FSP), which is a lateral extension test, soil showed a
more brittle reponse, which results in an order of magnitude decrease in strain at failure. The
effect of groundwater on material strength was well established and it was found that all
tensile and compressive strength of weakly cemented sands is lost upon wetting and
sauration and for moderately cemented sand, it lost more than 58f&enfth Based on the
different properties of weakly or moderately cemented s&ullins and Sitar(2011)

developed an approach to assess the gyabiilcemented sand cliffs.
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Using cemenstabilized retaining walllsmail (2005) provided a possible cosffective
system applicable to mediuheight retaining walls with generous lengths and stated that
critical cementation is a key factor in maintaining an economic design because stability will

not increase after a threshold of cementation.

Puppala et al(1993) used cone penetration testing to provide strength parameters of
cemented sands and claimed that bearing capacity theories propogedgoyoglu and
Mitchell (1973) and Janbu and Senneset (1973) give reasonable analytical methods to

estimate cohesion intercept and relativesiy of cemented sands.

Lee et al.(2010) performed a series of CPT and DMT tests in a calibration chamber to
evaluate the effect of cementation on deformation modulus of cemented sand and compared
the constrained odulus gotten from estimation from empirical relations previously
suggested for uncemented sands with that gained byiorension compression test, which

shows higher deformation modulus.
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2.3 Bio-mediated cementéion for ground improvement
Microbial induced calciteprecipitation (MICP) provides amethod to potentially
uniformly improve the séngth and stiffness of soil ia costeffective and lowimpact

manner

StocksFischer et al(1999) investigated biochemical and physical properties of calcite
precipitation induced by Bacillus pasteurii. By scanning electron microscopy, they identified
bacteria in the midd of calcite crystals, which arewed as nucleation siteso@pared to
chemical precipitation, larger precipitation rate presents in microbiological cementation,
which also correlated well with the growth of cell and generation of ammonia and insoluble
0 & . Their findings demonstrate a potential use of microbial induced calaitentation in

sand improvement.

Whiffin et al. (2007) design a 5 meters longand column subjected to bacteria and
reagents and found that bacteria obtained a reasonable homogeneity at a low injection rate
without clogging column. Also, mechanical testing shows that strength was increased after
biological treatment with the presence of calcium carbonate in the pore space. The
improvement of sand properties without a major reduction in permeability makes nlicrobia

cementation more promising for use in subsurface.
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Fujita et al.(2008) stimulated microbial urea hydrolysis by adding molasses and urea in
Eastern Snake River to promote calcite precipitation. In this way, the anaunt
contaminants from divalent trace metal and radionuclide in groundwater were reduced, which

is viewed as a long term contaminant sequestration mechanism.

Using microbial induced cementation technology, many researchers have applied it to

soil improvemen

DeJong et al(2006) applied MICP to initially loose sand under undrained loading and
compared it with gypsum cemented sample. They stated that MICP treated sand exhibit a
strain softening behavior, with a higher shear stiffness than uncemented dasn#eally,

MICP treatedsand had similar behavior with gypsum cemented specimen. Usimy X

mapping, they also confirmed that the formed cement bonds were calcite.

Using MICP,Mortensen and DeJon@011) conducted various stress patgeriment
under both drained and undrained conditions and found that (1) shearing stress path influence
the behavior of treated sand; (2) stiffness degradation rate before failure depends on the stress

path and drainage condition; (3) shear wave velagsitgore effectiveéo capturecementation

degradation wunder drained experi ment becaus

effect.
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Weil et al. (2012) discussed geophysical methods to monitor MICP processhayd
summarized as below: shear wave velocity is an effective methods to reflect cementation
variation during MICP; compressive wave velocity could work at high cementation level and
provides insight into the Poidiw whedappliedant i o ;
MICP treated sample because the dependent on the conductivity of pore fluid, which changes
due to biogeochemical reasons, however, resistivity should be useful to detect the spatial

extent of treatment solution delivery.

DeJong et al.(2009) utilize large scale laboratory experiments to demonstrate the
possibilities of MICP technology applied in situ, although a number of challenges associated

with upscale of biemediated soil improvement weresaladdressed.

Using direct shear and CBR experimentSshou et al. (2011) reconfirmed the
effectiveness of MICP to improve geomechanical properties of sand, but they also indicated
that microbial and chemical processethbmntributed to the clogging of the porous medium,
which may restraint the length of delivery of treatment solution. Note that the sample in CBR
tests are unsaturated specimen, which involve the effects of soil suction that also contribute

to the increas of CBR values. Further data collecs@bout unsaturated state are expected.
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To understand the environmental factors that affect the biological treatment process,
Mortensen et al(2011) conducted a series abil columrs and batch tests. Through their
researches, authors indicate that MICP process is equally effective over a wide range of soil
types concentration of ammonium chloride and salinities ranging from distilled water to full
seawater. Their findirgg make MICP tech possible widely used in site with different

soil-environmental system.

Based previous exploratioeJong et al. (2010, 2011, 2Q1discussed biwemented
improvement system with interdisciplinary view at the confluence of microbiology,
geochemistry and civil engineering. Treatment process, microscopy analysagsiarctive
monitoring and irsitu application are reviewed. Finallywd major problems related to

MICP, namely optimization and upscaling of processes, are discussed.

Except for the MICP process mentioned above, other biological treatment methods, such
as biologically inspired silicificaiot(Dove et al. 2011)calcium phosphate compounds
bio-grout (Akiyama and Kawasaki 2012are also investigate byther researchers, which
provide possibilities to deal with different soil environment with diffé@otential optimized

bio-treatment methods.
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2.4 Bender elemens application on shear wave measurement

Shirley and Hamptoif1978) design a program with transducers to measure shear wave
velocity and attenuation ilaboratory sediments anddicated that possible environmental
noise in situ could be an impediment to apply it in determining properties of marine
sediments and new system needs to be prodiicaldo was the first literature to talk about

using bendeelement in geotechnical applications.

Dyvik and Madshug1985) verified the consistency between maximum shear modulus
tested from bendeelements and resonant columrhey madeextensive applications of
benderelements possiblbecause the establishment of correlation between bender elements
and traditional methodThe consistency ofo measurement gotten from bender elements

and direct stresstrain method was verified by Boulanger e{1#198).

Lee and Santamari@005) investigated four aspects with bender element installation.
Due to electromagnetic coupling through soil, electrical crosstalk is a major problem related
to conductive soils such as wet clays. As thagited, crosstalk vanishes when two
parallettype elements are used (external electrodes on both elements are connected to
ground). Next problem they considered is the mixed radiation from both p and s waves. P

waves reflected from cell walls camterfere with the arrival of Svave, which leads to the
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careful consideration of specimen height to radius ratio in experimental design. For dealing
with near field effects, they suggested using signal matching technology. A final issue is the
uncertainty to det first arrivals, they investigated and concluded that using -ceteson

method ighepreferred one

Using bender element to assist tridstésts is a common application:

Sharma and BaxtéP012)conducted chined and undrained triaxial compression tests on
weakly cemented sand implemented with shear wave velocity measurement and concluded
that shear waveelocity is mainly influenced by major principal effective stress during CD
tests and minor principal efftive stress is dominant during CU tests. Furthermore, shear
wave velocity peaks before the full strength is mobilized, which indicates bond breakage in

cemented soils and possibilities to useto monitor geotechnical structures.

With measurement ofhear wave velocityAirey and Mohsin (2005) investigated
degradation behavior of manade carbonate cemented sand and established a unique

relation between rate of cement degradation and plastic shear strain.

Making use of bender elements and cross correlation between input and output signals,

Airey and Mohsin (2003) create a triaxial system to estima¥®  with lower cost
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compared to traditional method. But the limiat with several peaks using cross correlation

method make a vistll check necessary during testing.

Chan (2010) discussed the identification of shear wave arrival time using different
methods and found that piclg of the arrival time in time domain was equally good with

method in frequency domain with the advageaf being easier and faster.

Brandenberg et al(2008) developed a bender element system applied to cegerifu
models. In their researches, high quality signal is obtained by use of signal stacking and
digital filtering, which enable the bender elements system to be used at centrifuge model

spinning at 26y with acquisition of high quality data.

Other researchsralso apply bender element system to evaluate liquefaction resistance
(Zhou and Chen 200y3he onset of liquefactiofLee and Santamarina 200&hd sample

anisotropy propertie@eGroot and Landon 2006)

Traditionally, bender element system was used at relative static environment and signals
from transmitter and receiver are easily to be analyzed, however, when background is noisy,

stackng and filter technology is necessary.
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Signal to noise ratio can be improved by stacking, in conventional stacking, the waiting
time for an secondary reflections to die out is necesBaayndenberg et a(2008)introduce
a fast stacking technology with varying interval between consecutive pulses, which makes
the acquisition of high quality signals possible even if consecutive pulses are excited

successively.

Previously, bender element was mainly used on velatiild sol-water systemunder
aggressive environment, intensive electromagnetic crosstalk can prevent accurate shear wave
velocity measurement. Using microbially induced calcite precipitation to mediatenvgind
bender element monitoringlontoya et al(2012)discussed the fabrication, operation, and
health monitoring of bender elements for aggressive environments. From their researches,
parallel Y-poled piezoelectric transducers with PVC cement \pabefing connected using
shielded twisted pair cable are recommended. When talking about opesqtiane signal
with first crossover to interpret first arrival was used. Their plans for bender element
installation have been implemented successfully @ified triaxial bendr element tests for

microbialinduced calcite cementatigiortensen and DeJong 2011)
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2.5 Numerical investigation of sand

2.5.1 Cleansand investigation by DEM

In a granulamedium, the forces areansferred through interparticle forces, which are
difficulty to measure in real experiments and must be estimated from boundary conditions.
However, the microstructure of granular materials is very important to understand

mechanical properties of granulaaterial.

Some researchers have developed destructive andlestructive techniques to study
granular medium microstructureSpecimen solidification followed by slicing and
microscopic is the predominant destructive metHdsing resinimpregnation andligital
image analysis techniqudsuo and Fros{1996)analyze the uniformity of granular sample
at microscopic and macroscopic scamme nondestructive methods, such as magnetic
resonance imagin@MRI) (Ng and Wang 2001and Xray Tomography techniqu@Vang et

al. 2004 Batiste et al. 2004havealso been developed.

Although researchers has opided applicable measurement techniques to explore
microstructure of granular materials, laboratory tests as mentioned above are hard to perform
and time consuming. Discrete element met(@&M), which was originally proposed by

Cundall and Strack1979) is believed tobe an effective method to provide satisfactory
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information about interparticle forces and microstructure evolution. As a nahnerathod,

the samples with identical initiadtate can be used for yarg loading and stress path.
Furthermore, any inteparticle informationare acessible during any stage of numerical
testing. Along with development of computational techniques, the DEM method has been
widely applied in simulating of laboratory teendsimplified field problemsCurrently, it is
difficult to apply DEM to largescale problem, howeveGundall (2001) suggested that this

can be solved due to further development of computer soft and haranehfi@dly particle

methods will replace the continuum methods in soil and rock modeling in the future.

Using DEM, many researchers has explored the behavior of pureEseamget al.(2009)

investigated the grain sizhstributioneffects in 2D discrete numerical experiments.

Considering the inflexibility of wall structure in DEMEvans and Frosf2008) created
the flexible particle chains to simulatiee rubber membrane effects in physical experiment.
They concluded that the effects of membrane oenfient on mechanical behavior are

significant and should be addressed in biaxial numerical test.

Using a two stage resin impregnation techniques, micdsie mechanics from
physical plane strain tests were compared with the microstructure evolution from DEM

biaxial test(Frost and Evans 20)10They investigate the local void ratio distribution in
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physical and nonerical specimen and validatethat the discrete element method is a

beneficial tool for the investigation of microstructure.

Bardet and Proubdtl991) developed a twaimensional code to investigate the shear
bands innumerical biaxial test and found the rotation of grains, gradient of particle rotation
are concentrated inside the shear bahdsnother work oBardet(1994) he showed the
effect of particle rotations on shear strength is significant, although its effect on elastic

properties is little.

Using MDEM, which was modified to take into account of rolling resistalwashita
and Oda2000)observed the micrdeformation mechanism of shearing band in biaxial test.
They concluded that colurdike structure are formed in the hardening process up to failure
in a biaxial numerical sample; and in the following strain safigprocess after the peak, the
columnlike structure buckled to form large voids(shear bands) between buckling columns.

Finally, the microstructure reaches a dynamically stable @&glual state or critical state).

The researches as mentioned aboveinipaconcentrate on biaixial tests. Some
researchers also made progressive development in triaxial, plane strain and direct shear tests

simulation.
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Thornton (2000) simulated axisymmetric compression tests in a pericell and
presented excellent qualitative agreement between discrete element simulation and real
experiments. Other kinds of simulation, such as constant deviatoric strain test and multiaxial

plane strain test, are conducted to demonstrate the véysaitibDEM.

Suiker and Fleck2004) found the strong effect of Coulomb friction on sliding and
rolling between particeby a discrete element model, which showed consistency with the

experiment results from treat tests.

By simulating the triaxial experiment on specimen of steel sph€uwset al. (2007)
conducted micrescale analysis using DEM. Furthermore, they emphasized the importance of

periodic boundaries to maintain grajrain contact network continuously.

Belheine et al(2009)carried out a 3D discreteeshent simulation on triaxial tests with
the consideration of rolling resistane@d concluded that larger rolling resistance would

always create higher peak stress.

Ni et al. (2000)investigated the effect of particle shape and size on soil behavior using
PFG3D codein the shear box tesin their research, the particles are modeled by clusters of

strongly bonded spheres, whiglere found to create interlocking effect when the pladi
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became less spherical. Besides, the size of particle relative to the shearbox affected both the
peak and residual friction angle significantly. However, when the number of particles

exceeds 30,000, the size effect became less marked.

Jacobson et al2007) also investigated the specimen size effects for direct shear test
using PFE2D code and suggested that the L/A0 criterion for specimen size from ASTM

may be inappropriate when localized shear band issgearch issue.

Other researchers, such Asang and Thornto(2007), Cui and O'Sullivan2006, and
Masson and Martineg2001) also investigate the macro and micro response afutpa

medium in direct shear test.

Using PFC3D (ltasc&2008, Zhao and Evan$2009, 201} investigate thanechanical
properties of granular soils undeaxial, plane strain and direct shdaading states and
showed that the DEM is capable of simulating varying loading conditions successfully after
the calibration of a DEM model. Furthermoigrticle rotation is applied to characterize
strain localization in their research and other micumstire parameterssuch as normal
contact force, void ratio, coordination numpee used to explore the effect of anisotropy on

critical state line.
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Other loading conditions, such as plain st(@uniker and Fleck 2004; W. Powrie et al. )

simple shea(Oda and Konishi 1974are also simulated by DEM.

Visualization of 3D numerical sample is another research concern for microstructure
analysis.Evans et al. (2009)eveloped a computer program to virtually slieB Biumerical
samples from simulation. Based on numerical slices, they also made a direct comparison to
the two dimensional slices from physical specimen, which make it possible toatmlibr
numerical model from the view of-B3 microstructure. The progress can lead to improved
confidence in the simulation of granular medium by DEMeier 2008)also present a

visualization tool to illustrate padike interaction at micrscale.

2.5.2 Cemented soil snulation by DEM

Yin and Dvorkin(1994)employed glass beads cemented by epoxy to explore the effect
of cementation to grain strength. They showed that the cementation is more powerful if
deposited at particle contacts, which increases the effective contact area and thus distributes
contact stesses more uniformly. This effect even holds true even when the cementation
content is lower. Yves et al. (1992) also suggested that the amount of cementation is less

important than the location where it is deposited. Precise deposition of cement atithe pa
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contacts is important to prevent sliding and rotation of grains and thus increases material

strength.

Jiang et al.(2006) developed a two dimensional DEM code considering the effect of
bond rolling resistancéo the yield of cemented granular material and verified that the
existence of bond rolling resistance increases yielding stress and friction angle, and leads to
more brittle behavior. They suggested that for a more realistic numerical simulation, the
rolling effect of bonds should be considered. Using both-PBC mo d e | and Jiang
Jiang et al.(2011) conducted numerical biaxial tests and obtained good agreement with

experimental data.

Wang and Leund2008) investigated the mechanical properties of cemented Ottawa
20-30 sand by experimental and numerical methideey used PF@D code to simulate
biaxial tests, which are compared to the results from physieaial tests. To model the
flexible membrane boundary in real test, a string of uniformly sized particles are employed.
From the macro response of physical and numerical samples, they found that cementation
hindered dilatancy at small strains; afterlgieg, dilantacy increases but bond breakage also
increases. On @hand, the dilantacy causes strength increases; on the other hand, bond

breakage leads to strength reduction. The peak strength is gotten when the decementation
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effect is compensated by dilon effect. After the peak strength, numerous bond breakage
take place. The compensation for strength from dilation is lower than the loss from the
decementation, and thus the strength is lower than the peak Fedne.the microstructure

view, authors sowed that most of the bond breakage occurs inside the shear band, in which
the particle rotation, local porosity and force concentration is higher than that outside the
shear band. Compared with uncemented sand, the force chain netveerkented sand is

more stable and the force concentration is also smaller, the reason should be the bonded
cluster formed in cemented sand, which reduce the risk of-&hram buckling and higher

strength is achieved.

Estrada et al(2010)investigated the stresdrain properties of cemented material under
simple shear loading using contact mechanics simulation. In their research, cementation is
modeled as a combined effect, including tensile strengfiding friction and rolling
resistance. After the rupture of bonds, the contact effect from cementation only turns to pure
friction. They observed that the yield surface for cemented material presents a concave shape,
which is a typical form of loose cehive granular medium. They also showed that the
dilation angle of granular material is a parameter depends on confining stress, unless the

packing of granular material is very dens@hey suggested that the relation of void ratio
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from global measurememd physical properties of granular sample should be questioned if
the soil sample is shearing with localized strétinvas also shown that two contact networks
coexist in cemented granular material. One contact network oriented along the major
principal drection to carry compressive forces; the other one are perpendicular to the
principal stress direction to carry tensile forcEsom the view of micromechanics, they
found that the macro yielding process occurs along with the presence of large mobilized

region that percolates through the specimen.

2.6 Discussion

From the literature review, traditional cemented sand has been externsadtigated
by both static and dynamic experimenhe effect of cementation on improving the strength
and stiffness of sbis significant. However, as a new improved method to mediate soil
properties, bieccemented sand has not been explored deeply and widely on its mechanical
and physical mechanisms stated by Ismail (2002), different cementation type may cause
different mechanical response of soil, so there is the need to explore the beh&iGPof
cemented sand and to compdrevith other traditional cemented soilAlthough DeJong

(2006) repaed hat the MICP cemented sardhve similar response as that of gypsum
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cemented sand under triaxial undrained compression condition, more tests under varying
boundary states are needéthny of previous research concentrated on environmental and
chemicalfactors effect to bic e ment ed soil 6s perfor mance.
mechanical response of biemented sand is need@&pecifically, the stresstrain behavior

of bio-cemented sand, including effects to the yield locus and critical statedsheul

evaluated as well as the effects of unloading on the sttesa behavior.

Numerous previous works has been conducted on the discrete element simulation on pure
sand materials. Although cemented sand has already been modeled by several researchers,
their work mainly focused on the numerical model by &imulation, which is thought to be
not a real experiment form in laboratory. Further development is needed to give cemented
soil in 3-D numerical experiments, which are conducted in this th€bes keauty of discrete
element method lies in giving insight into the inter ai ns & mi cr ostructur e
are believed to control the macro response of granular mattiahtiors in this thesis are
given to the microstructure evolution of uncemeehand biecemented samples. Along with
SEM analysis, both experiment and numerical microstructure of cemented samples are

gained and compared.
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One important application of cemented soil is to reduce liquefaction potential. As a novel
ground improvement method, the ability of fiemenibn to mitigate liquefaction has not
been understood wellPrevious researches has gathered lots of laboratory and filed
experience to use traditional cemented sand to resist dynamic loading. The dffeneinc

similarities between bisemented soil and traditionadibare in demand to establish.
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3 CHARACTERIZATION OF MICP CEMENTED SANDS UNDER

MONOTONIC LOADING

3.1 Introduction

Natural soils are often weakly bonded and the presence of cementation plays an
important role in their responseThe responses ofrtdicially cementedsoils, such as
Portland Cement soil or Bimediated soil, are controlled by the cementation medium
implemented. The behavior of cemented soils lies in an intermediate areaebetw
uncemeted soils and rocks based on their mechanical behavior. The traditionally
elasteplastic modelglerived fromclean sandexperimeng do not work for cemented sand
since cementation becomes the controlling factor to the occurrence of yield stayel@93,

Malandraki and Toll 2001).

As a novel artificially cemented material, microbial induced calcite cemented sand may
present different mechanical responses compared to traditionahada cemented material,
e.g. Portland Cemented sand, since ceatemt type could have effect on stress strain

properties of cemented so{lsmail et al. 2002)
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Although some researchers have verified the effectiveness of MICP cemented soil to the
increase in shear strength siiffness under soil column test, unconfined compression tests,
triaxial tests and centrifuge testsvestigating the yield and critical states of the
bio-cemented sand has not been attempted to tathis Chapter, three groujpd MICP
cemented sandith varying biecementation levedre designed for conventional triaxial tests
and 1D compression testsEach group also has three confining presssresetup
Corresponding testingf untreated sand are also conductedhascontrol group. Finally,
with a ceep understanding on the behavior of MICP cemented soil, the characteristics of it

are compared to Portland cement treated soil and naturally cemented soil.

3.2 Influence of confinement and cementation level on the behavior of MICP

cemented sands under mortonic drained loading

Microbial induced calcite precipitation (MICP) is a novel ground improvement method to
increase strength and stiffness of sand using natural biogeochemical processes. Cementation
level and confining pressure are two important factbeg control the behavior of MICP
sand. The monotonic mechanical response of MICP cemented sand is systematically

investigated using four cementation levels (untreated, lightly treated, moderately treated, and
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heavily treated) and three levels of effectoanfining pressure (100 kPa, 200 kPa, and 400
kPa). The results indicate that the stiffness, peak shear strength, and dilation increases with
increase in calcite content at a given effective confining pressure and the dilation is
suppressed with increase effective confining pressure. This behavior is consistent with
soil-like behavior; therefore, all the MICP soils presented herein are evaluated using critical
state soil mechanics and not an analogous fracture mechanics framework. The experimental
resuts also indicate that the improvement in peak and residual friction angles and initial
elastic modulus, Ei, are dependent on the levels of cementation and effective confining

pressure. The uniformity of MICP cementation in the laboratory specimens disdsesed.

3.2.1 Background on MICP stressstrain behavior

Microbial induced calcite precipitation (MICP) is a novel ground improvement method
that utilizes natural soil bacteria to induce cementation in situ in an innocuous and
costeffective manne(DeJong et al. 2013)he precipitation of calcite ithe MICP process
is a biochemical depositional process, whiebembleshe formation of natural cementation
(Molenaar and Venmank993) Through urea hydrolysis induced byeolytic soil bacteria

calcite is precipitated at soil particle conta@@@Jong et al. 20065and improved through
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MICP has been shown to demonstrate an increashear strengti{DeJong et al. 2006;
Chou et al. 2011; Chu et al. 20128}iffness(Mortensen and DeJong 2011; Martnet al.

2013) and dilative tendencigdlontoya et al. 2013)and a reduon in settlemen{DeJong

et al. 2009; Feng and Montoya 201#) addition, MICPhas the potential to improve large
spatial areas of sar@@an Paassen et al. 2018)d has the potential to be assessed using in
situ techniques such a®ne penetrationtests (Burbank et al. 2013)These results have
advanced MICP towards field implementation; however, before MICP can be implemented

in situ, a deeper understanding of its constitutive behavior is necessary.

MICP cemented sands have shown that they transitam & soilike material, where
the shear strength and stiffness are dependent on the confining stress, tbka toekavior
with a sufficient increase in cementation, where the shear strength and stiffness are no longer
dependent on the confining stregsen the confining stress ranges from values of about 25
400 kPa (Montoya et al. 2013). Therefore, the confining pressure and level of cementation
both have marked influence on the behavior of MICP cemented sands. Previous studies have
illustrated the bhavioral dependence on confinement for MICP cemented sands using direct
shear tests with confining stresses ranging from 5 to 40 kPa (van Paassen et al. 2012, Chou et

al. 2011). In order to expand the understanding of MICP cemented sand behavior for a
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broader range of applications, higher confinements need to be evalumatbed paper, the
behavior of MICP cemented sasdbjected to drained monotonigading is investigated

using four cementation levels (i.e., untreated, lightly, moderately and heaviignted

under higher varying effective confining pressures (i.e., 1d@Pa 200 kPaand 400 kPa)

Drained triaxial loading is chosen to eliminate the influence from pore pressure generation
during undrained loading. The resulting stregain curves andolumetric strain behaviors

are presented. Peak and residual strength properties of MICP cemented sand are analyzed.
Initial elastic modulus is evaluated as a function of cementation content and effective
confining pressureFinally, the cementation unifority, based on the treatment procedure

presented hereiis alsoevaluatedalong the specimen length.

3.2.2 Soil and cementation methods
Ottawa 5070 sand was used the tests presentéerein, which has eompatible particle
size compared to the size of bacteria used in this resé@edong et al. 2006)lable3.1

summarizes thgrain size characteristicg Ottawa 5070 sand.

Sporosarcina pasteurifAmerican TypeCulture Collection ATCC 11859) a common

alkaliphilic soil bacteriawas the biological organism uséal induceureahydrolysis To
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grow the bacteria to the desired population density, an ammowyeest extract media
(ATCC 1376) was usedvhich consist®f 20 g/L of yeast extract and 10 g/L of ammonium
sulfate ((NH),SOy) suspended in a 0.13 M Tris buffer at a pH oTBe growth media was
inoculated with theS. pasteuriistock culture aerobically at 3@ in a shakg incubatorat

200 rpmuntil the desied optical density was reached 'O U 1.0 (approximately 40
hours before harvestinglhe sispended culture was then centrifuged at 4000 g for 15
minutes.The supernatanivas removed after the centrifuge period and replaced with fresh
growth media. Finally, the desired bacteria were stored in the centrifuge viakCatirtil
used.Further details on preparing the bacteria for MICP treatments in sand can be found in

Mortensen et a(2011)

During the cementation treatment, a twbase injection strategy was useuh initial
biological injection, followed bynultiple cementation injectian During the biological phase,
the bacteriavere inoculated into the sagpecimensat a constant flow rate of 10 mL/min
usinga peristaltic pump. The bacteria were then regdin the soilpore spacéor a periodof
at least 6 hourt allow the bacteria tattach to the sand particles. In thes®t phase, the
cementation media was introduced into the spiécimensat the same flow rate. The

chemical recipes fobiological andcementationinjection phases are listed in TabB2.
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Cementation media was injected to the soil specimen multiple timak the desired

cementation level was achieved (typicallyil@0 cementation injections).

3.2.3  Experimental details and procedure

Soil specimes were prepared by dry pluviation to targefative densities Dg, (loose
Dr~40%,and denseDrx75%) beforea confining pressurgvas appliedTriaxial specimens
with a diameter of about 72 mm and height of about 145 mm were prepared. After specimen
preparation, a small amount of vacuum was applied to the soil pore space via the triaxial cell
back pressure ports.tAhis time, the split mold was removed and the actual height and
diameter of the specimen was determined. The actual initial relative density of the specimens
is listed in Table3.3. The vacuum applied to the pore space of the specimens was slowly
removedas the cell pressure was applied to ensure that the specimens were not over

consolidated.

Before cementation treatments were conducted, the specimens were seated under
confining pressure (100kPa, 200kPa, or 400 kPa) for a period of time to ensuressirer
was stable (e.g., no reading variation in the pressure panel). After that, the biological and

cementation injections were conducted as mentioned above. To monitor the bacteria activity
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during treatment, the pH of the effluent in each treatment weasuned. Using the
cementation media in Tab&2, a pH value around 9 indicates the urea has been consumed

by the bacteria and the pore fluid remains alkaline (i.e., positive conditions for the
cementation process). Typically for the soil specimens preddrerein, the activity of the

bacteria began to decrease after 6 to 8 injections of cementation media; this was monitored

by a drop in effluent pH below a pH value of 8. Once this decrease in bacterial activity was
observed, a small amount (about 2 milf) suspended bacteria was injected with each
cementation injection to maintaindosendpactie:s

fully explained in Martinez (2012).

Different durations of cementation treatments were conducted to achieve differen
cementation levels. For lightly cemented sand (T8t3% around 10 cementation injections
were performed. About 20 cementation injections were performed for moderately cemented
sand and 40 cementation injections for heavily cemented sand. In this, figper
cementation is defined as an average cementation level below 1.5% by mass; moderate
cementation is defined as arvesage cementation levdtom 1.5%3.5%; and heavy

cementation indicates an average cementation level above 3.5%. These rangessiemtcon

49



with results from previous worfBurbank et al. 2013; Montoya et al. 201Bhe cementation

content was determined using the acid washing method discussed below.

After cementation, the fiective confining pressure was held constant during the
remaining phases of the drained triaxial test. The {paeksure saturation was applied to
achieve a B value of 0.95 or higher. The specimen was sheared at a rate of 2.5% axial strain
per hour to a mximum strainof 25%. Note that some of the tests were terminated before a

strain of 25% was reached due to water leakage from the triaxial chamber.

After the shearing stage of the triaxial test, a vacuum was applied to the pore space of the
specimen. Thepecimen was divided into six evenly spaced sections along the height of the
specimen. During dissection of the specimen, each section is carefully removed to ensure an
accurate representation of the cemented sand at that sample height. THdeex/emasof
the each section was recorded before and after acid washing (1 M HCI). The dissolved
calcium carbonate and acid solution was rinsed multiple times allowing the dissolved salts to
be rinsed from the soil. The difference between the two measured massésken as the
mass of calcium carbonate and the percentage of mass of calcium carbonate is expressed as

the mass of calcium carbonate divided by the mass of the soil (Mortensen et al. 2011).
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A representative sample of moderately cemented MICP treateldveas collected after
shearing and saved for microscopy imaging. Scanning electron microscopy (SEM) images
and energy dispersive -y spectra were collected using a Hitachi S3200N Variable
Pressure Scanning Electron Microscope. Before imaging, the sgecwere coated with a

gold/palladium alloy to reduce charging while imaging.

3.2.4 Results and discussions

Behavior of Cemented Sand under Varying Cementation Levels

A series of untreated drained triaxial compression tests were performed under varying
initial relative densities and confinements. As expected, denser specimens exhibit higher
strength, stiffness and dilation compared to looser specimens. With the inof edfeetive
confining pressure, an increase in strength is obtained, and the volumetric deformation
behaviortransitions from dilative to contractive. The response of the untreated specimens is
plotted as a reference to compare the treated soil in tloaviiog figures. Note that the
Cambridge definitions of deviatoric stress and mean effective stress are used herein are

n . , handy , ¢, 7o
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The strength and deformation response of untreated sand and MICP treated sand under
100 kPa effective anfining pressure is illustrated in FiguBel. Three untreated specimens,
namely loose, medium dense, and dense sands, are presented for comparison. The MICP
treated specimens have a similar initial relative density compared to the loose untreated
specima (Table3.3). The results illustrate that for untreated sand a denser initial soil state
leads to a lgher strength, as expected (Fig8rea). The MICP cemented specimens result in
a higher strength compared to the untreated sand of similar initiaveat@nsity. In addition,
the peak strength of the MICP cemented sand increases with the increase of cementation
level. The residual strength of the MICP cemented sand with 0.9% cementation is close to
that of the untreated sand with a similar initial tiela density. However, the cemented sand
specimens with 3.0% and 4.3% cementation exhibit a higher residual strength. The increase
in residual strength is likely due to the increase in particle roughness from the calcite
minerals and the degraded calcitmenal fines from shearingMontoyaand DeJong 2015)

Both of these effects would influence the residual strength and both effects would be more
prominent with an increase in cementation levels. As the cementation level increases from

0.9% to 4.3%strainsoftening behavior also becomes more pronounced.
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The volumetric behavior of the MICP cemented sand demonstrates an increase in dilation
compared to the uncemented sand of similétial relative density (Figurdb) (note that
negative volumetric stin indicates dilation). However, the dense untreated sand experienced
the largest negative volumetric strain. At an axial strain of 15%, the untreated dense
specimen obtained about 5.5% negative volumetric strain, whereas heavily cemented sands
only pregnted about 3% dilative volumetric strain at same level of axial strain. The higher
the cementation cement, the larger and faster the initial dilative tendency was observed. But
after 15% axial strain, the volumetric strain of cemented soil tends to bartiee (Note that
for 0.9% and 4.3% MICP treated sand, about 25% axial strain was obtained, although only

the response to 15% axial strain was shawFigure3.1.)

Similar strength and deformation trends were observed for the MICP cemented
specimens sheed with the effective confining prase of 200 kPa and 400 kPa (Fig®2
and Figure3.3, respectively). An increase in the level of MICP cementation in the soil results
in a larger stiffness, peak strength, residual strength, and dilative volumedic Stisis
clearly demonstrated in FiguBe2. However, the confining pressure appears to have a larger
influence on soil behavior than the level of cementationcandinement of 400 kPa (Figure

3.3). The specimen with 1.4% cementation content denaiestra higher smaditrain
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stiffness but similar peak and residual strength compared to the untreated specimen. This
could in part be explained by the slightly denser initial stdtantreated specimen D=

48.4%) compared to the 1.4% cemented specinbgn=42.8%). In addiobn, the 5.1%
cementedspecimenpresents similar stresdrain behavior compared the2.2% cemented

specimenalthough 5.1%emented specimen demonstrated more gradual-swéening.

Effect of Confining Pressure

The effect of eféctive confining pressure on the cemented soil response is evaluated by
comparing the behavior of the specimens treated to the same level of cementation at varying
confining pressures. The response of the MICP cemented sand under varying confinements is
presented irFigure 3.4 to 3.6. Note that the void ratio, e, shown in these figures is the soil
skeletal void ratio without considering the densifying (i.e., void filling) effect of MICP
cementation. The corresponding behavior of the untreated sand ib@lgofer comparison.

As expected, the cemented specimens always present higher strength and stiffness compared
to uncemented specimens at the same confining pressure. The cemented sand under 100 kPa
confinement demonstrated the largest brittleness afehireg peak strength. The cemented
specimen under 400 kPa confinement showed a gradual softening after peak strength. The

results also illustrate that higher confinement leads to a larger suppression of dilative
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volumetric strain. Under 400 kPa confiningepsure, the lightly cemented specimen
demonstrated quite similar strestsain behaviors compared to the uncemented specimen,
although the cemented specimen presented dilative volumetric strain compared to
compressive volumetric strain from the uncemesggetimen. This implies that under higher
confinement, light cementation has a limited influence to change the strength of sands; but
light cementation can change the volumetric deformation behawion frontractive to
dilative (Figure3.4). In contrast, lte moderately and heavily cemented specimens exhibit
higher peak and residual stresses, even at highnaupfpressures of 400 kPa (Figusé

and Figures.6).

At a given level of cementation the stretain behavior of the MICP cemented sand is
depemlent on the level of confinement. This behavior is more obvious for the moderately and
heavily cemeted sands (Figurd.5 and Figure3.6, respectively). The calcite content of the
moderately cemented specimens is relatively uniform, with average calkigs vanging
from 2.2% to 3.0%; however, the peak shear stress mobilized increases significantly with an
increase in confinement (FiguBb). The heavily cemented sand behavior is similar except
for the spegnen at 100 kPa confinement (Figu3&, specima p160, m=4.3%). The

specimen at 100 kPa confinement has a similar peak shear strength value compared to the
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specimen at 200 kPa confinement even though the average calcite values are similar. The
hi gh shear st r e+l@tm=4.3%may = medo te exanifoprdcalcite

content throughout the length of the specimen. The average calcite value of the specimen is
4.3%; however the bottom of the specimen has much higher calcite values, up to about 6.5%
calcite. The higher cementatidevel at the bottom specimen may have influenced the peak
shear stress mobilized for the specimen. The uniformity of the cementation through the soil
specimens is further discussed in a subsequent section. The resulting dependence of shear
strengthoncof i ning stress is an indicati-loinkdad.at
The -iskeb behavi oMICPoenemes soilshasetevaluated using critical
states soil mechanics and not an analogous fracture mecHiemesvork, evenat high

levels of cementation.

Peak and Residual Strength Parameters

The relationship between the peak friction angle and effective confpregsure is
illustrated in Figured.7a. It is noted that the peak friction angle is calculated when the peak
strength wagbtained on the stresg$rain curve, and a cohesion strength parameter of zero is
assumed. This assumption is reasonable at light levels of cementation; however, a cohesion

intercept at higher levels of cementation is expected (Montoya and DeJdong 2015). An
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increase in cementation results in an increase in peak friction angle for all levels of effective
confining pressure tested. With the increase of cementation level, larger peak friction angle is
obtained. However, with the increase of effective confimpressure, the peak friction angle

is suppressed. The largest peak friction angle, about 53 degrees, was obtained on heavily
cemented specimen under lowest effective confining pressure tested (i.e., 100 kPa). Note that
this specimen, g100, m=4.3%, has anonuniform distribution of cementation, as
previously discussed, which may be influencing the determined friction angle value. The
decrease of friction angle is more dramaticewkeffective confining pressunecreases from

100 kPa to 200 kPa than thabrin 200 kPa to 400 kPa. For the lightly cemented specimen
under 400 kPa effective confining pressure, its peak friction angle tends to be close to that of

uncemented specimen.

Similarly, the relationship between residual friction anglal affective confinig
pressuras shown in Figure.7b. Note that the residual cohesion is assumed to be zero. The
trend of the residual friction angle is similar to that of the peak friction angle; however, the
largest residual friction angle was only 38 degrees, whicHsis @btained from heavily
cemented specimen under 100 kPa effective confining pressure. The residual friction angle of

lightly cemented sand is close to that of untreated soil. In contrast, the moderately and
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heavily cemented soils demonstrate larger tediftiction angés at all levels of confinement,

which is likely due to the generated calcite fines and increased roughness.

To assess appropriateness of the assumption that the cohesion is zero for MICP cemented
sands, the stretlgenvelopes are evaludté-igure3.8). The strength envelops are presented
with coordinates of §; - s3)/2 versus §;1 + S3)/2, where the stress conditions can be
represented by discrete points instead of a Mohr circle diagram (Clough et al. 1981). This
approach was taken in ord® compare the result of the MICP specimens to other results in
literature (comparison not presented herein due to space limitations). The peak strength
envelops for untreated and MICRdted soil are presented in Fig@r8. The data for MICP
treated sil was fitted and corresponding parameters are listed in BadbleDue to limited
data and relative large variation on peak friction angle of the specimens under different
confinements, ranges for friction angle and cohesion of MICP treated specimens are
presented. The lower bound of the friction angle was obtained using the minimum friction
angle of three specimens under similar cementation level to fit envesip@sn inFigure
3.8); the upper bound was obtained restricting the cohesion tdreretown in Figure 3.8).

The data illustrates that the cohesion increase for MICP treated soil is not significant for

lightly and moderately treated soil and only the heavily treated soil obtains a cohesion of 59
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kPa. However, the increase of peak friction angfl MICP moderately and heavily cemented
soil, from about 33°to 40; is significant. The large peak friction angle is assumed to be
related to the particle bonding and increase in particle roughness during the biochemical

cementation process.

Based orthe presented results, MICP cementation appears to have a large influence on
the friction angle strength parameter, especially for moderately and heavily cemented sand;
however, the effect of MICP on the cohesion strength parameter is limited, especially i

lightly and moderately cemented sand.

Initial Elastic Modulus

The initial elastionodulus isevaluated for the MICP treated specimen at varying levels
of cementation and confinement (Fig3®). For this analysis, the initial tangent modulus
values areused and plotted versus confining pressure usingolpgscales. Both initial
modulus and confining pressure values are normalized by dividing by the atmospheric
pressure,fj . Equation3.1 (Clough et al. 1981)s used to fit the modulus and the

corresponding parameters are shown in Takle

///////////////////////////
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in which ‘O is the initial tangent modulug is the intercept at, j n p, andn is the
slope of the line. Not¢hat in Table3.4, the parameters (K=1680 and n=0.19) for lightly
MICP treated soil were fitted through all three specimens under varying confinement. If only
the data for the specimens under 200 kPa and 400 kPa were chosen to fit, the parameters
would beK=1072 and n=0.58. If further tests are conducted, the final fitting parameters are

likely to lie between these two trends.

MICP cementation significantly ineases the initial modulus (FiguB€). Furthermore,
the slope of the modulus decreases with increasing MICP cementation, illustrating that the
confining pressuréas less of an influence on the modulus as the level of MICP cementation
increasesThese results are similar to those presebteiflontoya et al(2013) where they
demonstrated that the shear stiffness became less influenced by the vertical effective stress

with an increase in MICP cementation.

Characteristics and Uniformity of the Precipitated Calcite

When sands are treated in saturated conditions, MICP cementation tends to coat the sand
grains with a preference to precipitate at the particle contacts (DeJdong et al. 2010). This
precipitation characteristic was observed using scanning @benticroscopy (SEM) for a

representative sample of a moderately cemented sand. An example of MICReckgaenl
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grains is shown in Figur8.10, where two silica sand grains are covered in small calcite
minerals. The small amorphous granular structurekeotalcite minerals are similar to those

seen in other MICelated studies (Fujita et al. 2000, Martinez and DeJong 2009). The
magnification of theamages increases from 500x (FigiBd0a) to 5,000x (Figur&.10d),

with the focus of images at the paidontact and the calcite minerals bonding the two sand
grains together. Energy dispersiveray spectra were also collected on the Mi@GFated

sands, and the spectra indicated the elements present include, in decreasing order of
abundance, calcium, siba, oxygen, and carbon. These are the elements expected for the
silica sand grains and calcium carbonate minerals. Gold and palladium were also present in

the spectra in small amounts due to the gold/palladium alloy coating.

In traditional soil laboratoryesting, cemented soil is often prepared using a dry mixing
method (Ismail et al. 2002; DeJong et al. 2008hich is believed to give a relatively
uniform distribution of the cementing agenomrd) the specimen height. Because the MICP
cementation is induced through a Holeemical injection method in the current laboratory
tests, it is necessary to evaluate the cementation uniformity for MICP cemented soil. The
variation of cementation level wasaluated alonghe height of the specimens (Figé1l).

As stated previously, six sections were diyv
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and the cement content is plotted at the ayeeriaeight of the section on Figugell. For
example, the éight value of 0.5 was chosen for section number 1. Section number 1 is the
one closest to the bottom of specimen and section number 6 is the one at the top. Note that
the cementation variation for 0.9% cemented specimen under 100 kPa confinement was not
obtained, but an extra test on 1% cemented specimen under 200 kPa confinement was

obtained and its cementation variation was analyzed.

As previously discussed, three cementation ranges were delineated and they are depicted
as dfferent segmented areas irgbre3.11. Through this classification, the specimens in this
paper were defined as lightly, moderately drehvily MICP cemented soil. Figui@ll
indicates that the variation in cementation is relatively uniformity through specimen height,
though the ceentation level near the bottom of the specimens tends to be higher than the
average value. Theexceppn t o t hi s t+2000 @=2.49, which exbibitssee n p 6
high level of cementation at the top of the specimen. There was no difference in treatment
process for this specimen; therefore, the high cementation level near the top of the specimen
is unclear. The higher concentration of cementation at the bottom of the specimen can be
explained by the direction of flow during the biological injection. bheteria were injected

into the specimen through the bottom drain lines of the triaxial cell, and the media flowed
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through the soil from the bottom to the top. As the bacteria travel through the pore space of
the sand, they are filtered through the sanith \enerallya log-linear reduction of microbe
concentration along the injection pdtinn et al. 2002). Therefore, a larger concentration of
the bacteria is retained in the soil at the bottom of the specimen compared to the top. The
larger concentratioof bacteria leads to a higher level of cementation (DeJong et al. 2009).

Similar cementation distributions were reportedgrtinez et al(2013)

Discussion

The results of the triaxial testing illustrate that biedavior of the MICP cemented sands
is dependent on both the level of cementation and the confinement of the specimen. The
constitutive behavior also illustrates that the strain softening behavior is generally gradual,
this behavior has not been fully #trated in previous MIGPelated research and is different
than published results on chemically cemented sands using Portland cement (e.g., Clough et
al. 1981). The specimens treated to moderately and heavily cementation levels also
experience higher residl strengths compared to the uncemented sands; this is likely due to
the increase in particle roughness from the calcite minerals coating thegsans, as

illustrated in Figure3.10, and the degraded calcite mineral fines generated during shearing.
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This improvement in strength, even at significant levels of strain, has impacts on the possible

applications for MICP ground improvement.

MICP treatments have many potential applications for in situ implementation. Light
levels of MICP cementation are repeagative of environmental applications, such as heavy
metal immobilization (Fujita et al. 2008). Research on immobilizing heavy metals has
focused on the bigeochemical aspects of MICP; however the results presented herein can
give insight into the changeo the mechanical properties of the soil at light levels of MICP
cementation. Other geotechnical applications may be more appropriate with higher levels of
MICP cementation. Implementing MICP to reduce settlements beneath structures or improve
the bearig of roadway subgrades can benefit from both the higher peak and residual
strengths experienced at the moderate and heavy levels of MICP cementation. Furthermore,
the level of cementation implemented in situ can be tailored to meet the required improved

sal properties by varying the number or duration of cementation media injections.

3.2.5 Conclusionsfrom triaxial loading
This paper has investigated ttieined monotonitehavior of MICP treated sand under

triaxial conditions with varying cementation conteatsd confinementsThe uniformity of
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cementation distribution along the specimen height is also discu3$ed.following

conclusions are made:

MICP treated sand shows a significant increasestiffness, strength and dilative
tendencies compared to untrehsoil; higher stiffness, strength and dilative tendencies are

obtained from the specimens with higher cementation levels;

The behavior of the MICP cemented sands presented herein is dependent on the
confinement; therefore, all the MICP cemented soilses@uated using critical state soil
mechanics and not an analogous fracture mechaaicework heavily MICP cemented soill
exhibits significant straisoftening, which is reduced with a decrease in cementation level or

an increase in confinement;

MICP treated sandilemonstrates &arger peak and residual friction angle compared to
untreatedsand The value of peak and residual friction asglereases withkan increasen
cement content and decreases vathincreasein confining pressutethe effect of MIGP
cementation on the increase of cohesion is limited, especially in regards to the lightly and

moderately cemented sands;
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The initial modulus of the MICP cemented soil increases significantly compared to
untreated sand and is dependent on the level ofrdatian; it also becomes less influenced

by the confining pressure as the level of cementation increases;

Using the treatment procedure presented hetbi@freatedspecimensavea relativdy
uniform distribution of cementation alonghe specimenheight, although the cementation

content is higher for the sections close to injection ports

3.3 Cementation degradation of loaded MICP soils

Microbial induced carbonate precipitation is a novel soil improvement method that has
demonstrated potentiab strengtherthe groundin a sustainable and e@aendly manner.
Previous investigations have studiesimechanicabehavior through conventional triaxial or
soil column testsHowever,there is limited information about the btemented sarid
propertes under’Q loading which more closely resemblssmein situ stress conditions.
Using a modified consolidation cell with shear wave velocity monitoring via bender elements,
the authorgnvestigatethe behavior ofio-treatedsand undeloading and unlading The

effects ofcementation degrefshear wave velocity 350 m/s an@d m/s after cemeéation)

and initial densies (loose and dens&yre explored through careful preparation of samples.
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The results of the biocemented specimens under an incremela@adling and unloading

sequence are compared to that of uncemented sand at similar densities.

3.3.1 Background on settlement behavior of MICP sands

Microbial induced carbonate precipitation (MICF) a novel ground improvement
method that utilizes natural sdohcteria to induce cementation in situ in an innocuous and
costeffective manner (DeJong et al. 2010) Through urea hydrolysis induced by
Soorosarcina pasteuriia common alkaliphilic soil bacteria, calcigepredpitated between
soil particles(Dedong et al. 2006; Mortensen et al. 2011; Burbank et al. 2&E3)d
improved through MICP has been shown to demonstrate an increase in shear strength (Chou
et al. 2011; Chu et al. 2012; DeJong et al. 2006; Whiffin et al. 2007), stiffness (Mortensen
and DeJong 2011), and dilative tendencies (Montoya et al. 2013paddition, MICP has
the potential to improve large spatial areas of sand (van Paassen et al. 2010) and has the
potential to be assessed using in situ techniques such as Cone Penetration Tests (Burbank et

al. 2013).

Whenimplementedn situ, the biccementedsoil may not only experience the loading

conditions investigated in thepreviousy mentioned MICP studies(e.g. triaxial stress
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conditiors and unconfined compression conditianSdil elemens$ can alsoexperiencekE
stress conditiosy such as beneathe middle of a large foundation.Previous researchas
investigated traditional artificially cemented sand unBerconditiors (Zhu et al. 1995; Yun
and Santamarina 2005; Lee et al. 2010t to dateno studies have been conducted on
bio-cemented sand undé& loading This paper will discuss theimilaritiesanddifferences
between uncemented armo-cemented sandinder E loading and between Portland

cemented sand and biemented sal under E loading

3.3.2 Materials and experimental design
Ottawa 5070 sand was used for testing. The grain size characteasgissmmarizedn

Table3.1.

Sporosarcina pasteuri{fAmerican Type Culture CollectiolMATCC 11859) was the
biological organism usetb induceureahydrolysis To grow thebacteria to the desired
population density, an ammonidyeast extract media (ATCC 1376) was usEde growth
media was inoculated with tH&. pasteurii stock culture arobrally at 30°C in a shaing
incubator at 200 rpm until the desired optical density was reached, ¢@Dx 1.0

(approximately 40 hours before harvestinfe sispended culture was then centrifuged at
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4000 g for 15 minuted he supernatant was removed aftexcentrifuge period and replaced
with fresh growth media. Finally, the desired bacteria were stored in the centrifuge vials at

4 °C until used.

Cemenation media,comprised of urea and calcium, was usdd induce calcite
precipitation A summary of compuents andconcentrationsare shown in Tabl&5. A
modified consolidation celwith bender elementembedded within the end capgas

manufactured for thisesearchThemodified cell is shownin Figure3.12.

Soil specimes were prepared by dry pluviation to targelative densities (loose and
dense) befora vertical seating pressurg.g.,curing pressufewas appliedThe treated soil
specimens were inoculated with the bacterial suspension by pumping the media &uib the
throudh the top cap drainrie (Figure3.12) using a peristaltic pumghe media was allowed
to fill the consolidation cell reservoir to establish a saturated condition, and was retained for
approximately 4 hours to allow for bacterial attachment. €gation treatments then began
by following the same pumping procedure as the biological inoculation, and were repeated

until thetarget shear wave velocity wabtained(®w =350 m/sor 700 m/9.

The cementation process svaonitoredeattime using shear wave velocityhe bender

elements used to transmit and receive shear waves across the soil were manufactured by
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PiezoSystems, Inc. and required special preparation for the highly conductive pore fluid
conditions (Montoya et al. 20123%hear vave velocity was determined by sending a signal
consisting of a 5 volt, 100 Hz square wave to the sending bender element and the receiving
bender element signal was monitored and recorded using an oscillohegeavel time of

the shear wave gisually determinedusing the first arrival of the received wave. -Taptip

distance between the two bender elements is krioym the specimen heightherefore, the

shear wave velocity can be determined by dividing the distance between the bender elements

by the travel time of the wave.

Once the target shear wave velocity was reached;aihsolidationpressurevasapplied
by a series of incremental loading and unloading steps (18kPa, 36kPa, 72kPa, 144kPa,
288kPa, 576kPa, 1152kPa, 576kPa, 288kPa, 144kPa, 72kRa, 18kPa)A summary of
specimen characteristics psesentedn Table3.6. Note that the initial void ratio for treated
sand is measured before the treatment. The modified void ratio has taken into account the
effect of calcite filling the void spaceith assumption that the density of amorphous calcite

is ~1.62 gl & (Bolze et al. 2002)

After the loading/unloading cycle, the calcite percentage of treatedsgacanensvas

measured through acid washing. The edeed mass of the soil from the consolidation cell

70



was recorded before and after an acid wash (1M HCI). The dissolved calcium carbonate and
acid solution was rinsed multiple times allowing the dissolved saltsriogesl from the soil.

The difference between the two measured masses was taken as the mass of calcium carbonate
and the percentage of mass of calcium carbonate is expressed as the mass of calcium

carbonate divided by the mass of the soil.

3.3.3 Results

Uncementedand Lightly cemented Sand

As shownin Figure3.13 and 3.14the untreated loose and dense sands have similar strain
responses under the prescribed loading sequence. The loose sand experiences slightly higher
strains at higher loads (288 kPa arighler), and the loose sand exhibits slightly larger

residual strains compared to the dense sand.

Similarly, the lightly cemented loose and dense sands display near identicabisarss
responses, although the treated dense sand experiences slighkty seréical strains at
higher loads (288 kPa or higher) and exhibits slightly larger residual strains when the loading

reduces to 144 kPa and lower. The increase in particle contacts in the dense specimen allows

71



for an increase in cementation bonds; ¢ffieme, a higher degree of bond breakage and
particle rearrangement during the unloading process may account for the increase in residual

strain.

The lightly cemented sands also exhibit smaller vertical strain compared to untreated
sand under both loadingh@ unloading stages (FiguB13. The maximum strains of the
lightly cemented sands is about half of the uncemented sands, and the residual strains are
about a third of the uncemented sands. This indicates that tlemriented soil not only
experiences egduction in strain (e.g., settlement) compared to the untreated soil, but it also

recovers more of the strain during unloading.

Figure 3.14 displaysthe void ratio variation trends for both the treated and untreated
sands. Notice that theid ratio shavn in Figure3.14is the modified void rati as defined in
Table 3.6 It is observed that the untreated sand shows a larger change in void ratio. For both
the bictreated loose and dense sands, a gradual change in void ratio was observed (i.e., no

collapsemechanism).
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L ooseSand with Different Cementation Degrees

Figure 3.15 and 3.16llustrate the strain and void ratio respasnfer loose sand under
different cementation levels. The loose sand with light cementation (0.2% mass of calcite)
reduces th@eak strain from 6.6% of untreated sand to 3.9%. At the higher cementation level
(2.2% mass of calcite), the peak strain is decreased to 3.4%. Generally, the treated sand at the
higher cementation level (2.2%) exhibits smaller strains compared to thmepeaith light
cementation (0.2%) at higher loading level (288 kPa or higher). However, the specimen with
higher cementation displays slightly larger residual strains when unloaded (stresses of 144
kPa or lower). A higher degree of bond breakage may atdourhe increased residual

strain.

Figure 3.16illustrates the corresponding void ratio variation for loose sand under varying
cementation level. It is noted that the treated sand with low or high cementation degree
presents similar void ratio changendeunder both loading and unloadingges. Both the
lightly cemented sand (0.2%) and highly cemented sand (2.2%) show gradually change in

void ratio.
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Peak and Residual Strain

As shown in Figre3.17 and 3.18the peak and residual strains are plotted for every test
conducted during this investigation. The peak strain is that obtained at largest loading (1152
kPa), and the residual strain represents the strain obtained after the loading/unloading cycle is

compleed.

Figure3.17 demonstrates that the higher the cementation level, the lower the peak strain
experienced. When the sand is treated to light cementation levels (0.2% or 0.7%), the
specimens experience a significant improvement in regards to resistlagieat. When the
specimen has a higher cementation level (2.2%), the peak strain is reduced further, though
the incremental reduction in strain is not as significant as the improvement experienced from
untreated to the lightly cemented specimens. Int@ddithe loose sand at 0.2% calcite has
similar peak strain as that of the dense sand at 0.7% calcite, indicating that the improvement
from cementation has a stronger influence over the reduction in strains than that of increased

density.

Figure3.18 presents the residual strain measurements as a function of cementation level.
As expected, the untreated sand presents higher residual strain compared to treated sand. All

three of the treated specimens display similar residual strains, even though theatement
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level ranges from 0.2% to 2.2%. This illustrates thatd@mentation reduces the residual
strain effectively. Different cementation levels could lead to similar residual strains; however,

highly cemented sand exhibits lower peak strain.

3.3.4 Discussiors

The results of this study were compared to the investigations of Portland cemented sand
from Yun and Santamarina (2005). In comparing the results, the collapse behavior observed
with the loose Portland cemented specimens was not experienced in tbembicted
specimens. As stated by Yun and Santamarina (2005), a significant void ratio reduction is
observed for 2% and 4% Portland cemented loose soils when vertical stress reaches a
collapse load. It is inferred that the higher void ratio (€. p® due to interparticle
capillary forces when preparing Portland cemented loose soil is one of the primary reasons
for its collapse behavior. Using the wmediated technique described herein, gradual
deformation occurs under loading because the initial vdid od the soil skeleton does not
increase during the cementation process. The process involved in tmelled calcite

precipitation is a similar process to that of natural mineral deposition. From this point of view,
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bio-mediated techniques may remes a more suitable method to investigate naturally

cemented soils.

A comparison of the Kloading and triaxial testing results is made to assess the
consistency between the observed modulus val8pscifically, the maximunmodulus,
based on the small ain measurements from the bender elements ttauhitial modulus,
from the stresstrain relationship, is comparddr lightly cemented sandBased on the
recorded shear wave velocity from lightly cemented loose specimen (i.e., 0.2% cementation
content) the calculated maximum shear modul@., is 164 MPa. If we assume the
poi ssonb6s rati o f oraboMD.ZORWed etrale 2012 the rmaaimwins a s
Youngo6s ,Hg 424 MBaThe initial Y o u nrgodlidus E, for a lightly cemented
loose specimen (i.e., 0.9% cementation content) tferiaxial testingresultsis 180MPa,
which was obtained at around 0.02% strdinerefore, theratio betweerthe initial modulus
and maximum moduly$/Eyay is 0.42, whichis a reasonable modulus reductionastrain

valueof 0.2% based on typical modulus reduction curves
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3.3.5

loading
The results presented herein indicate thatnbénliated sand demonstratededuction in

settlement und

loading and unloading. The bitceated sand experiences a gradual
change in void ratio during loading (e.g., no collapse), which is similar to the void ratio trend
shown for untreated sand; however, thetogated sand has a lower ultimate change in void
ratio. In addition, the higher the cementation level induced, the lower the peak strain obtained.

In contrast, the effect of bicementation level to the residual strain is negligible.

3.4 Comparison of MICP cemented sands,Portland cement treated soil and

naturally cemented soll

In this sectionthe monotonic loading behavior of MICP cemented sand is compared to
those of natural cemented soil and traditionally artificial cemented soil, which danrize

from preceding researches (e.g., Clough et al. 1981)

In Figure3.19, it isconducted the comparison between MICP treated soil and naturally
cemented sbi Note that the yaxis in Figure3.19 was stress ratio because the different
confinement added by Clough et al. (1981)It appears that the naturally cembed sai

presents higher peak strengthowever, MICP heavily cemented soil onlgosvs a close
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strength as moderatelgemented soil in nature. Note that cementation is not the only
controlling factor for the strengtproperties The naturally cemented $dias adry unit
weight aboutl7¥av ¢ , which is higher thathe dry unit weight15.5QGv o ) used for
untreated sand in current resear8bme other factors, such as fines content and aging effect,
also increase the strength of naturally cementdd Ble brittleness of naturally cemented

soil increased with the increase of cementation level, which was also observed to MICP
treated soil.The initial modulus of naturally cemented soil seems to be predicted well by
MICP cemented soil. In regard to ighsal strength, all of specimens tend to reach similar
residual value, though limited stressain data was providezh naturally cemented soil by

Clough et al. (1981).

Figure3.20is the comparison between the behavior of MICP and Portland cement treated
soil under 100 kPa confining pressure. It is observed that MICP cemented soil present a
lower strength compared to Portland cement treated soil. However, as also shown in this
figure, the untreated sand in this paper shows different behavior as thateztesh sand
used by Clough et al (1981). The lower peak strength for MICP soil could come from the
lower strength of otreated sand adopted by the authoregard of pospeak behavior, both

kinds of cemented soil present increased brittleness witinthease of cementation level.
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Due to the denser sand densit® ( x T Jused by Clough et al. (1981), the Portland
cement treated soil present lar§jeal dilation level; however, MICP cemented soil presents
larger initial dilative rate. It is also showhat MICP cementation has a significant effect on
the increase of initial modulus and its modulus is much higher than that from Portland
cement treated soivhich indicates thaPortland cement treated softgy lack the accuracy

to capture the initial wdulus of naturally cemented soil.

All'in all, it is concluded that the behavior of MICP treated soil generally comply with
the properties shown by Portland cement treated soil, although MICP cemented soil has its
advantage to capture and predict theiahimodulus or smalstrain behavior of naturally
cemented soilThe biogeochemical deposition treatment procedure adopted in MICP treated
soil, which is close to the formation reason of naturally cemented soil, may account for the

goodagreement on theitral modulus of MICP cemented soil and naturally cemented soil.

3.5 Summary
Several groups of triaxial tests on MICP cemented sands have been contdxed
varying cementation level and confining pressuieds found that the effect of MICP

cementation on soil behavior is significant. The higher the cementation level, the stronger the
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cemented sand behaves. With the increase of confinement, the dilation rate of cemented sand
at the early stage of shearing isueéd.lIt is alsoconcluded that thaniform distribution of
cementation along specimen height can be achieved by current treatment procedures,

although the cementation content is higher for the sections close to injection ports.

The results presented herendicate that bionediated sand demonstrated a reduction in
settlement undeE loading and unloading. The bitreated sand experiences a gradual
change void ratio during loading (e.g., no collapse), which is similar to the void ratio trend
shown for unteated sand; however, the #ireated sand has a lower ultimate change in void
ratio. In addition, the higher the cementation level induced, the lower the peak strain obtained.

In contrast, the effect of bicementation level to the residual strain is itgigle.

Comparing the behavior of MICP treated soil to that of Portland cement treated soil and
naturally cemented soaill, it is found that MICP cemented soil resembles thesgiaall(e.g.,
below 0.3% strain) behavior of naturally cemented soil. Both MI€mentation and
Portland cement underestimate the peak strength from naturally cemented soil, which may

relate to complex biogeochemical deposition process occurred naturally.
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Table3.1 Sand baracteristics

$ (mm) # # A A Shape

022 14 09 265 055 0.87 Round

Table3.2 Chemical recipe of injectionedia

Chemical Name  Biological Injection Cementation Injectior

Concentrations (mM  Concentrations (mM

Urea 333 333
Ammonium Chloride 374 374
Calcium Chloride 0 50
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Table3.3 Characteristics of the triaxiaghscimens

Test Soill Confining Initial Average

Pressure Relative Density Cementation

(kPa) (%) Level (%)
100 74.4 0
100 54.1 0
Untreated 100 44.7 0
200 45.9 0
400 48.4 0
100 44.4 0.9
Lightly Treated 200 44.1 1.2
400 42.8 1.4
100 45.3 3
Moderately Treatec 200 48.4 2.4
400 44.1 2.2
100 46.6 4.3
Heaviy Treated 200 49.4 5.3
400 48.4 5.1

82



Table3.4 Strength and deformatiom@ameters

MICP Cementation leve Range of Range of Modulus parameter
P e a kdegtee) Peak c (kPa K n
Lightly 33 34 5 0 1680 0.19
Moderately 37 38 9 0 2570 0.30
Heavily 38 41 59 0 2850 0.26

Table3.5 Chemicalrecipe ofcementatiomrmedia

Chemical Chemical Concentration(mM

Urea 333

CaCl2 50
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Table3.6 Characteristics of-D compressionamnples

Test Initial Modified Curing Initial Mass of
Number ) _ ) ~ Pressure(kPa | Calcite (%)
Void Ratio Void Ratio w (m/s)
1 0.751 0.751 / 138 0
2 0.686 0.686 / 176 0
3 0.751 0.745 18 330 0.2
4 0.750 0.689 18 >705' 2.2
5 0.684 0.664 18 353 0.7

#The minimum readable time interval is 10 |5 for the monitoring system used, therefore the
maximum readable shear wave velocity is 705 m/s.
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Figure3.1 (a) Stressstrain behavior and (b) volumetric deformation of untreated and MICP

treated sand with varying cementation levels under 100 kPa effective confining pressure. For
each triaxial result presented, the initial density and mass of cementatiosjndicated

(e.g., loosem:=0.9% represents a loose specimen cemented to a calcium carbonate content

of 0.9%).
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Figure3.2 (a) Stressstrain behavior and (b) volumetric deformation of untreated and MICP
treated sand with varying cementation levels u2@érkPa effective confining pressure. For

each triaxial result presented, the mass of cementation, mc, is indicated.
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Figure3.3 (a) Stressstrain behavior and (b) volumetric deformation of untreated and MICP
treated sand with varying cementationdis under 400 kPa effective confining pressure. For

each triaxial result presented, the mass of cementation, mc, is indicated.
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Figure3.10 Scanning Electron Microscopy (SEM) images of moderately cemented sand
illustrating the bonding of sand grains by precipitated calcite at magnifications of (a) 500x,

(b), 1,000x, (c) 2,000x, and (d) 5,000x.
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4 NUMERICAL MODEL OF MICP CEMENTED SANDS

Recently, microbial induced calcite precipitated soil improvement (MICP) has emerged
as a novel technique to increase strength #ffdess of soils. In this chapte8-D discrete
element method simulations are prepd to explore the behavior of microbial induced
calcite precipitated sands. Comparisons between numerical and physical samples are made in
regards to stresstrain response, volumetric deformation and dilatancy characteristics and are
used to verify thatdiscrete element method is an effective way to capture the
MICP-cemented soil mechanical response. Through microstructure analysis, such as
mesascale void ratio contours, the shear band was regenerated in the numerical specimens.
It is found that denserngemented soil is prone to show a shear band earlier than looser
specimen and cemented soil with higher level cementation tends to have a clearer and thinner
shear band at earlier shearing stage compared to that with lower cementdilon. 3
visualization amlysis of bond breakage pattern during shearing implies that the broken bonds
are concentrating in a localized zone. Comparing to the cementation breakage estimation
from physical specimen with the monitoring of shear wave velocity, the bond breakage

patten in numerical specimens is verified. The relationship between dilatancy and
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stressstrain behavior is explored and it is concluded that cementation has an inhibited effect

on dilation before peak strength.

4.1 Introduction

Particulate micranechanics is wy important for understanding the mechanical response
of granular materials. Some microstructure experimental methods, such as
resinimpregnation followed by digital image analysis (e.g., Kuo and Frost 1996), magnetic
resonance imaging (e.g., Ng and Wa@§1), and Xray computed tomography (e.g., Wang
et al. 2004), have been developed. However, these laboratory tests are difficult to perform,
expensive and time consuming. The discrete element method (DEM), which was originally
proposed by Cundall and Stka (1979), is an effective simulation technique to provide
insight into interparticle forces and microstructure evolution. Of particular advantage to the
current work, the specimens with identical initial states can be used for tests under varying
cementdon levels and confinement. Furthermore, ifgarticle information, such as
mesaoscale void ratio and coordination number, is accessible during any stage of numerical

testing.
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Using DEM, many researchers have explored the behavior of clean sand unddr bia
tests (e.g., lwashita and Oda 2000), triaxial tests (e.g., Cui et al. 2007; Belheine et al. 2009),
direct shear tests (e.g., Ni et al. 2000; Jacobson et al. 2007; Zhang and Thornton 2007), and
plain strain tests (Suiker and Fleck 2004). Particul&go and Evans (2009) compared the
mechanical properties of granular soils under triaxial, plane strain and direct shear loading
states and concluded that DEM is capable of simulating varying loading conditions

successfully without model recalibration.

Cenentation, in either natural form or artificial form, exists as an important improvement
medium to strengthen soil static properties (e.g., Clough et al. 1981; Airey 1993; Huang and
Airey 1998; Ismail et al. 2002; Chiu et al. 2009) and dynamic propertigs §axena et al.

1988; Clough et al. 1989). Nevertheless, traditional artificial cementation medium, such as
Portland cement and gypsum, have limited injection distance due to high viscosity (Struble
and Sun 1995). Recently, microbial induced calciteipration (MICP) has emerged as a
new ground improvement strategy given its advantages of longer treatment distances and
environmentally innocuous approach (DeJdong et al. 2013). Taking advantage of urea
hydrolysis catalyzed by a common soil bacteria Sgem@na pasteurii, carbonate

precipitation is created at soil grain contacts (DeJong et al. 2006; Mortensen et al. 2011;
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Burbank et al. 2013). The improvement on soil properties through MICP has been verified by
soil column tests (e.g., Whiffin et al. 2Q0Vartinez et al. 2013), unafined compressive
tests(e.g., Qabany and Soga 2013; Shanahan and Montoya 2@d43)compression tests

(e.g., Feng and Montoya 2014), triaxial tests (e.g., DeJoal 2006; Montoya and DeJong

2015; Feng and Montoya 2015), large scale laboratory tests (e.g., van Paassen et al. 2010)
and in situ cone penetration test (e.g., Burbank et al. 2@&)riel and Laloui(2012)
propogd a biechemoehydro-mechanical model for bisoil grouting application and made
corresponding numerical examples. Although their model provides a good analytical solution
to the coupled treatment in MICP processes, limited investigation is made on thenioac
response variation derived from MICP cementation. Scanning electron microscopy (SEM) is
able to provide evidence on the existence of calcite between soil particles when the specimen
is dissected for analysis after shearing (DeJong et al. 2010k kogr |, to the a
knowledge, no insight can be obtained on the microstructure evolution and bond breakage
mechanism of MICP cemented soil under shearing, which is important to understand the
macraresponse of cemented soil. Usingay tomography imagg, Tagliaferri et al. (2011)
observed the localization deformation of MICP cemented sands during shearing and inferred
cementation breakage pattern; nevertheless, only qualitative information instead of

guantitative analysis is possible to gain on borehkage evolution from their work. Thus, it
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is beneficial to get improved understanding of behavior of cemented soil and provide better
engineered design through DEM numerical model, which can supply both qualitative and

guantitative information on microsicture.

Furthermore, as mentioned above, although DEM explorations on clean sand have been
conducted by many previous researchers, the exploration on cemented sand is limited (e.g.,
Wang and Leung 2008; Estrada et al. 2010), and two dimensional codesl inbtiree
dimensional models were adopted. Although enhanced understanding of cementation effect
on cemented soil was obtained from their work, better exploration is expected to use three
dimensional codes in order to simulate soil conditions appli¢gbratory and field testing.
Following this idea,Evans and Nind2013) explored the wave propagation properties in
cemated specimens under[ spaceUsing the commercial software PEQItasca 2008),
numerical cemented specimen can be created and tested under triaxial loading conditions.
Quantitative and qualitative comparisdretween physical and numerical specimens become

feasible.

In current study, physical experimental responses MICP cemented sand are
summarized, followed by the numerical model calibration corresponding to strength and

deformation characteristics from physical experiments. Megsponse characteristics of the
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numerical specimens, and global void ratio and doattbn number analysis are presented.
Associated microstructure properties, such as rseale void ratio and coordination number,

are analyzed in statistical and contour slices forms hereafter. Bond breakage pattern and
evolution are captured for cemeditepecimens and related to the microstructure variation of
the numerical specimen. Particularly, the bond breakage pattern evolution from the numerical
model is compared to the bond breakage pattern from physical specimens, which is estimated
from specimes with similar cementation situation under the monitoring of shear wave
velocity. The dilatancy characteristics and effect of cementation on soil behavior is finally

discussed in detail.

4.2 Principles of the discrete element rathod

In this research, PartlFlow Code in Three dimensions (PBLv4.0 (Itasca 2008) is
implemented. A physical problem related to the movement and interaction of spherical
particles may be modeled directly by PBQt is also possible to create particles of arbitrary

shape by attching two or more particles together (e.g. clump logic described ifPPFC

The calculation method is a timestepping, explicit scheme. With such a scheme, large

populations of particles required only modest sizes of computer memory, since matrices are
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never stored. PF& can be used to model static or dynamic problems, but the full dynamic
eqguations of motion are solved even when static solutions are required. This is done in order
to follow such phenomena as f aimanoer,é&isaatd ff |

necessary to invoke some nonphysical algorithm, as is done in some implicit methods.

PFCP models the movement and interactions of stressed assemblies of rigid spherical
particles using the distinetlement method (DEM). PFC is clasgifias a discrete element
code.Sinceit allows finite displacements and rotations of discrete bodies, including complete
detachment, and recognize®w contacts automatically as the calculation progresses.

However, some assumptions are made inPFC

1) The paticles are treated as rigid bodies.

2) The contacts occur over a vanishingly small area

3) Behaviorat the contacts uses a sofintact approach wherein the rigid particles are

allowed to overlap one another at contact points.

4) The magnitude of the overlap idated to the contact force via force displacement

law, and all overlaps amamallin relationto particle sizes.

5) Bonds can exist at contacts between particles
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6) All particles are sphericalHowever, the clump logic supports the creation of
superparticles of arbitrary shapeEach clump consists of a set of overlapping

particles that acts as a rigid body with a deformable boundary.

The calculations performed in the DEM alternate betweerapipiicationof Newtorts
second law to particles and a fordisplacement law at the contacts. Nev@osecond law is
used to determine the motion of each particle arising from the contact and body forces acting
upon it, while the forc&lisplacement law is used to update the contact forces arising from the
relativemotion at each contact. Newi@snsecond law is not applied to walls, since the wall

motion is specified by the user.

The overall constitutive behavior of a material is simulate@RC" by associating a
simple constitutive model with each contathe cmstitutive model acting at a particular
contact consists of three parts: a stiffness model; a slip model; and a bonding Thedel.
stiffness model provides an elastic relation between the contact forces and relative
displacementThe slip model enforces relation between shear and normal contact forces
such that the two contacting balls may slip relatoverte anothefThe bonding model serves
to limit the total normal and shear forces that the contact can carry by enforcing

bondstrength limits.
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1) Linearmodel.

The linear model provides sliding behavior and constant stiffness, defindeé bprmal
and shear stiffnessQ and 'Q of the two contacting entities. A paradebnd component

can be added to a contact with the linear contact model.

The conact stiffness for the linear contact model are computed assuming that the
stiffness of the two contacting entities act in series. The contact normal secant stiffness is

given by

Q eeéeeéeeéeeéeeceéecéeecéeeceeece .. (4

Q eeééeeéeeéeeéecéececeécecéeecée . .42

where the superscripts [A] and [B] denote the two entities in contact.

2) Slip model.

The slip model is an intrinsic property ofethwo entities in contactt provides no

normal strength in tension and allows slip to occur by limiting the shear fidiemodel is
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always active, unless a contact bond is predanthe absence of a contact bond, the slip

model is active in conjunicn with the parallebond model.

The slip model is defined by the friction coefficient at the contgavheret is taken to

be the minimum friction coefficient of the two contacting entities.

The contact is checked for slip conditions by calculatingntbgimum allowable shear

contact force

"""""""""""""""

& ikSsééeeeeéééééecceeceeeéeéeééeeeee .43

If &«s & , then slip is allowed to occur by setting the magnitudé& ofequal to

3) Paralletbond model.

The parallelbond describes the constitutive behavior of a fisired piece of
cementatious material deposited between two bdlleese bonds establish an elastic
interaction between particles that acts in parallel with the slip or cemact modelsThus,
the existence of a parallel bond does not preclude the possibility oPafgllel bonds can

transmit both forces and moments between particles.
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A parallel bond is defined by the following five parameters: normal and shear stiffness
T and O; namal and shear strengtts, AT A ; and bond disk radius R. The total force
and moment associated with the parallel bond are denot&@l Ay A , with the convention
that tis force and moment represéiné action of the bond on spherémgure4.1). Each of
these vectors can be resolved into normal and shear components with respect to the contact

plane as:

,,,,,,,,,,,,,,,,,,,,,,,,,,

& & & éééééeeceececeeéééececeecececeececeéécee ... (4.4)

,,,,,,,,,,,,,,,,,,,,,,,,,

- - - €ééééééécceeceeeéeéééeeceeceeceecee. ... (4.5)

These vectors are shown kigure 4.1, wherethe parallel bond is depicted as a cylinder

of elasticmaterial.

4.3 Experimental procedure and results

The experimental MICP treatment process and mechaeg@abnse is summarized below.
Traditional cementation medium, such as Portland cement or gypsnammially applied by
dry mixture with solil in the laboratory (e.g., Ismail et al. 2002). MICP, which has a similar

process to naturaleposition(Morad 1998) is gradually precipitated onto the sands grains
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and at thesand patrticle contacts. The OttawaADsand was selected as the sand matrix in

this study. The grain size characteristics are summarized in Zable

Sporosarcina pasteurifAmerican Type Culture Collection, ATCC 11859) was the
biological organism used to induce urea hydrolysis. To grow the bacteria to the desired
population density, an ammonidyeast extract media (ATCC 1376) was used. The growth
media was inoculated withhé S. pasteuriistock culture aerobically at 30 € in a shaking
incubator at 200 rpm for approximately 40 hours before harvesting. Suspended culture after
inoculation was then centrifuged at 4000 g for 15 minutes. The supernatant was removed
after the centfuge period and replaced with fresh growth media. Finally, the desired bacteria

were stored in the centrifuge vials at 4 € until used.

A two-phase injection procedure was used to induce cementation: in the first stage,
suspended bacteria was injectbdotigh the specimen and retained in the pore space for 6
hours or more, allowing for bacteria attachment; in the second stage, cementation media was
repeatedly injected until the desired level of cementation was reached. A summary of
chemical components drconcentrations for the biological and chemical media are presented

in Table4.2.
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Soil specimens were prepared by dry pluviation to a state with a similar initial void ratio,
approximately e=0.72 (loose). To explore the effect of density, dense (e=0db8&)ealium
dense (e=0.70) specimens were also prepared. Details of experiment can be found in Feng
and Montoya (2015). Cemented samples were then confined under varying pressures (i.e.,
100 kPa, 200 kPa, and 400 kPa) and injected with cementation mediacto the target
cementation levels. Once the cementation process was completed, backpressure saturation
was conducted in order to obtain a B value greater than 0.95. The cementation content of
specimens was finally determined by acid washing method,shféarring under a rate of 2.5%

per hour to a maximum axial strain of 25%.

Representative experimental results at a confinement of 100 kPa were selected to
calibrate the numerical model. The experimental uncemented loose sand exhibits slightly
dilative behaior, with shear stiffness, peak strength, stsoftening tendencies, and dilative
volumetric strains increasing wiihcreasing density (Figuré.2). The experimental MICP
cemented loose sand demonstrates a significant increase in initial stiffnésstr@egth, and
dilative volumetric strains compared to these uncemented sand (Figét8). Additionally,
the peak strength of the MICP cemented specimens increase with an increase in MICP

cementation level. The experimental behavior is further pregdentsubsequent sections of
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the manuscript for comparisons to the simulated behavior. Detailed discussions of the
experimental behavior can be found in Feng and Montoya (2@t5Chapter 3 of this

dissertation

4.4 Numerical model properties
The DEM threedimensional particle code, PEC(Itasca 2008), was used in the study
presented herein. Material and model properties used in the simulations are discussed in the

following paragraphs and summarized in Tah&

In DEM simulations, the maximum stablengstep is related to the minimum size of the
particle. The simulation time could be several months if actual particle size was chosen. To
increase calculation efficiency, it is necessary to scale up the numerical soil particles so that
the maximum timestepan be increased. Generally, three primary methods for model scaling
are: density scaling (e.g., Thornton 2000; Cui and O'Sullivan 2006), gravity scaling (e.g.,
Jiang et al. 2007) and mass scaling (e.g., Jacobson et al. 2007; Belheine et al. 2009). In the
current study, mass scaling was implemented to improve calculation efficiency. The grain
size distribution (GSD) of real particles and numerical particles are shown in Bigure

from which we can see that the GSD pattern of real particles and nunperiteles are the
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same but numerical grains have a diameter in 1000 times larger than real particles. The size
of wall and platens applied in numerical model are scaled up correspondingly. Note that the
dimensions of numerical model remain consistent \plilgsical experiments, i.e., 2:1 with

the ratio of height to diameter.

The selection of particle stiffness followed the values adopted by previous studies of
Ottawa sand (e.g., Zhao and Evans@0althoughnormal stiffness of particle was set at a
valuetwo times of that adopted by Zhao and Evans (2009) and shear stiffness was half of
their selection, whiclvereadjustedo match experimental results. During shearing, spherical
particles tend to overestimate the rotations of soil grains, as indicatedrigtB§1994). To
overcome this problem, each particle in the numerical simulations is comprised of two
identical overlapping spheres clumped together such that the aspect ratio is 1.5:1 (Figure
4.5a). Therefore, 14,000 spherical particles are requiredntalae 7,000 individual soll
grains. In PF&’>, two simulation bodies exist, name
challenge to simulate flexible membrane confinement, as that used in triaxial experiments.
Previous researchers have used strings of maked by contact bond to simulate membrane
in two dimensional simulations (e.g., Evans and Frost 2008; Wang and Leung 2008). A

similar mechanism could be used in three dimensional modelt it increases the
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computational time significantly and is complied to implement. In the current study,
stacks of cylindrical walls are used to simulate the flexible membrane, which saves
computational time and allows the numerical membrane to deform independently since
Awal | s & do mot ieFact with each othéZhao and Evans 2009). Considering the
importance of end friction from top and bottom capphysical experiment&.g.,Rowe and
Barden 1964)friction was also applied to top and bottom platens in the numericairsrec

(Table4.3).

To simulate cementation effect in P¥Cparallel bonds were used, which is a cylinder of
material acting between two particles in contact, as shown in Figbae #his arrangement
is close to the real formation of MICP as capturedthsy microscopic images shown in
Figure 45b and 45c. The parameters and corresponding values to define the parallel bonds
are listed in Tablet.3. Note that for different cementation content, different bond radius,

which is the ratio of bond radius to thmaller radius of two bonded particles, was used.

Similar to the cemented physical specimens, parallel bonds in the numerical simulation
experience progressive breakage during loading when the shear or normal forces on them
exceed their shear or normaftestgth. In the numerical model, it is possible to record the

bond breakage events and corresponding bond information when the bonds are broken, and
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analyze the bond breakage pattern. In the current research, the bond radius was assumed as a
uniform value 6r one specimen, although varying the bond radius within a specimen is also

possible.

4.5 Simulation results

4.5.1 Macro-response

It is a routine procedure to calibrate a nuicedrmodel before applying itUsing the
discrete element method, two calibration prased are possible: calibration according to
known micreparameters and calibration according to experimental results (Itasca 2008). The
authors of this paper chose to calibrate the numerical model based on the latter method. The

responses from experimengald numerical specimens are discussed.

The numerical model was first calibrated to the uncemented sand behavior. The
numerical specimens are created by explosive repulsion method under a confinement of 100
kPa with a low initial friction of 0.17 (loos€)/l (medium dense)/dense (0.05) in order to
read the target initial packingAfter the numerical specimens were prepared, they were

confined at 100 kPa and sheared at a low shearing rate (i.e., keeping an insignificant ratio of
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unbalanced forces to contaforces) to a maximum strain of 15%. The numerical
simulations are compared to the physical experiments of uncemented sand in4R2gure
from which the stresstrain behavior and volumetric deformation characteristics are
discussed. It is demonstratduat the numerical model captured the physical responses in
general, although it tends to overestimate the volumetric deformationuradetestimate
residual strengthlhe denser the initial soil state is, the higher the peak strength and dilative
deformation are obtained. Detailed analysis about initial, peak and residual state will be

discussed later.

Calibration of the numerical model on MICP cemented sand is performed by using the
uncemented soil properties and calibrating the bond radius for the heanignted
specimen only. The lightly and moderately cemented specimens were developed imgreduc
the bond radii accordinglyfhe behavior of the simulated and physical experimental results
for MICP cemented sand is presented in FiguB The numerical mmdel captures the effect
of cementation levels on soil behavior: soils with higher cementation level present larger
strength and dilative deformation; cemented soil shows brittle behavior after peak strength
and this brittle behavior increases with there@ase of cementation contents, which comply

with the experimental results. The simulated results underestimate the residual strength of
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physical samples because the current bond model implemented herein does not consider the
densification effect from degiled cementation. With regard to volumetric deformation,

physical specimens presents faster initial dilation rate but smaller final dilative deformation .

To assess the ability of the numerical simulation to capture the experimental response, the
experimerdl and simulation initial stiffness, peak strength and residual strength are
compared in Figurd.6. The initial tangent modulus was used to represent initial stiffness

and residual strength was chosen as the stress value at 15% axial strain.

Figure4.6a indicates that the initial stiffness of uncemented soil was captured very well
by the numerical model while the initial modulus of cemented soil with light and moderate
cementation levels was underestimated. Since it was used to calibrate the numerital mode
the initial modulus of the heavily cemented numerical sample was consistent with the initial
modulus of the physical sample. The relatively higher initial modulus for the experimental
lightly and moderately cemented specimens is likely related to bloeatry MICP process
(e.g., combined void filling and particle bonding). The numerical model presented in the
current study only changes the parallel bond radius to represent changes in the cementation

level.

120



Figures4.6b and 4.6c summarize the comparisoof peak and residual strength. As
mentioned above, the numerical model predicts peak strength very well, but underestimates
residual strength. Particularly, the numerical samples are all about to reach a similar residual

strength at 15% axial strairecardless of initial density or cementation level.

In summary, the current numerical model generally captures the mechanical behavior of
the physical experiments. Appropriate trends for the strength, stiffness, and volumetric strain
are observed with thedrease in cementation level. The proposed DEM model also provides
a method to investigate the miemsponse of MICP cemented soil, as discussed in the

following section.

45.2 Micro-response

Macroresponse is always connected to the miesponse of the salement. One clear
example is the formation of a shearing band in uncemented dense or cemented sand, which is
the result of a highly localized zone formed during shearing. In the current simulation model,
it is possible to analyze the soil state at theroagcale using accessible parameters, such as

global void ratio, messcale void ratio and coordination number. Furthermore,
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corresponding contour plots of the soil properties provide insight into the zones within the

specimen.

Global void ratio is the arage void ratio for the entire specimen, which can reflect the
general void space evolution. However, in some cases, especially for dense or cemented soils,
the occurrence of localized deformation may lead to an inaccurate determivfagjtmial
void rafo. In Figure 4.7, the global void ratio of six specimens is presented. Note that the
decrease in void ratio due to the void filling effect of the MICP cementation is not accounted
for in current analytical frame. But the effect of cementation on the ehaingicrostructure
is considered automatically in PFC simulation. As expected, the medium dense and dense
specimens demonstrate lower initial void ratio and other specimens have same initial void
ratio due to their identical initial states. At large stsaithe unemented loose and medium
densespecimens and cemented specimens with light and moderate cementation levels were
sheared to similar final void ratio. The uncemented dense specimen dilated to a lower void
ratio, but not to as loose of a conditias the other uncemented specimens, likely due to the
denser initial condition. The heavily cemented specimen terminated at the lowest void ratio
due to the highly localized shearing zone at large strains. The localization is illustrated in

Figure4.8 whee the mesoscale void ratio are plotted at 0%, 1%, 5%, 10% and 15% axial
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strain for seven specimens with different initial void ratio, cementation levels or

confinement.

For the uncemented dense specimen, it is observed from Hdaréhat a localization
zone starts to form at the middle of the sample height at about 10% strain, which complies
with the shearing band formation observed from physical experiments. There is not a clear
shear band in thengemented medium dense (Figure 4.8b) and loose speciRiguge 4.&)
at 10% axial strain. Nevertheless, uncemented loose and medium dense specimens present a
localization zone at 15% strain, which is not supported by physical experiments at similar
strain levels. However, if the physical specimens are shdartiwer to larger axial strain
(e.g., 25%), a shearing band is also expected to show in both loose and medium dense
specimens. Both lightly (Figure 4d8 and moderatelgFigure 4.&) cemented samples tend to
present a localization zone at 15% strain whilelearer and looser localization zone occurs
to heaily cemented specimen (Figure #.8at around 10% stain. The thickness of
localization zone from heavily cemented specimen is observed to be thinner than that of
specimens with lower cementation congerthis trend was also observed in the physical
experiments as well. The seventh specimen is a heavily cemented sample sheardd@nd

kPa confinement (Figure 48 Comparing the heavily cemented specimens sheared under
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different confinements (Figure 8f. and 4.8), the higher level of confinement tends to
suppress the specimen from dilating and constrain the formation of a shear band, which is
consistent with the volumetric deformationsebved from the macrespons®f the physical

experiments (Fenghd Montoya 2015).

To summarize, three points can be made in regards to the shearing band formation: 1) for
uncemented soil, specimens with denser states tend to present a shear band earlier compared
to specimens with looser states; 2) for cemented spécimen with higher cementation
levels are prone to show a clearer and thinner shear band at earlier strain levels compared to
specimens with lower cementation levels; and 3) higher levels of confinement have a

tendency to constrain the development dii@as band.

Coordination number, which characterizes the number of contacts in a system assembly,
is analyzed in Figurd.9. As expected, the dense uncemented soil has an initial coordination
number of 7.8, which is the highest among the simulated speciniBasmedium dense
uncemented soil has an initial coordination number of 7, which reflects its denser soil state
compared to the loose uncemented specimen that has an initial coordination number of 6.
Since all the cemented specimens have an identicahl irstate as that of the loose

uncemented specimen, they possess the same initial coordination number. During shearing,
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all of samples demonstrate a continuous decrease of in coordination number until they
approach an axial strain of 15%. There is an atbmegiuction in coordination number within

1% strain for all the specimens, after which the trend becomes relatively flat. In contrary, no
observable changes happen to specimens in the first 1% axial strain fromatiwicontour
shown in Figure 4.8vhich indicatesthe particles begin to rearrange themselves without
experiencing a sufficient global volume change within the first 1% axial strain, after which

the particles remain in a loose cigiiration and begin to dilate

45.3 Bond breakage aalysis

Cementabn can change the spatial distribution of the forces transmitted through the soil.
Under shearing, the cemented bonds will progressively break. Monitoring the cemented soil
using shear wave velocity can provide information on the bond breakage durimmghea
(Montoya and DeJong 2015); however, it is difficult to quantify the bond breakage pattern or
evolution experimentally. Quantitative bond breakage analysis is feasible using DEM. Bond
breakage is explored through statistic add @isualization slicesnalyses. Furthermore, the

relationship between bond breakage pattern and soil mechanical response is also investigated.
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As mentioned previously, it is feasible to evaluate the bond breakage pattern by
monitoring shear wave velocityw]) in physical expements, although it is an indirect
measurement of bond breakage. In order to estimate the evolution of bond breakage during
shearingfor a physical specimen, th@® data during shearing for a moderated cemented
specimen subjected to drained triaxial goassion was used (Montoya and DeJong 2015). In
order to correlate change i to cement bond breakage, the difference in shear wave
velocity before and after MICP treatment is selected to represent the reference value for
intact cemented specimens atite changes in shear wave velocity during shearing are
chosen to neresent the bond breakage evémtthe bond breakage estimation, it is assumed
that the change of shear wave velocity is only due to the breakage of cementation. This
assumption tends tonderestimate the breakage percentage of cementatiwats since the
changes inw are the combination of the increase from mean effective stress increase and
the decrease from bond breakage. The bond breakage analysis from numericerspare
also shown in Figure 4.10which demonstrate quite similar bond breakage pattern to the
estimation from physical experiments, though numerical specimen presents higher breakage

percentage compared to the physical trend with a similar cementation level.
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As prevously discussedw is also affected by the mean effective stress in soil, which
means that using the recorded shear wave velocity to estimate bond breakage results in an
underestimation of bond breakage. Therefore, the estimation of bond breakagéysical
experiments can be modified bging normalized shear modulus)(Bstead of shear wave
velocity (). In order to remove the effect from varying mean effective stress, the shear
modulus was normalized by the square root of thelypbfrom meareffective stressand
standard atmosphere pressurecause shear modulus is proportional to the squoateof
mean effective stregslardin and Drnevich 1972; Stokoe et al. 19&8gsed onHis logic, a
modified bond breakage pattern was plotted according to the modified shear modulus. The
bond breakage pattern from the new estimation is quite similar to the calculation from
numerical specimen with moderate cementation level, which is adsoetmentation range

reported by Montoya and DeJong (2015).

During loading, the deformation of specimens is constrained by confinements and
different levels of confining pressure may cause varying volumetric deformation
characteristics and thus affect thend breakage pattern. To clarify this point, the bond
breakage pattern of heavily cemented numerical specimens under varyinecanfts is

shown in Figure 4.11Higher confinement (e.g., 400 kPa) leads to more cementation
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breakage. At around 10% axgttain, the bond breakage percentage for specimen under 400
kPa confining pressure is close to 100%, which indicates an overall bond breakage. But it is
inferred that the shear band still occurs within the heavily cemented specimen with 400 kPa
confinementrom the mesoscale voidtra plotting as in Figure 4.8n fact, a shearing band

was also observed from physical experiments under the same cementation level and
confinement. The densification effect from calcite cementation is considered to explain the
formation of shearing band in associated physicatispns. For numerical specimens,
although the densification effect from broken bonds was not considered, the microstructure
was still affected by the existence of bonds, which leads to the shearingtbiaigth level

strain.

The coordinates projection of intact and broken bonds for heavily cemented specimen
sheared under 100 kPa confinement are plotted in-sexgon plane and centraértical
plane at 1% (Figure 4.82and4.12b) and 10% (Figure 4.6¢2nd 4.121) axial strain. Note
that only the bonds locating within 0.1 unistince to the central vertigalane were chosen
to make the plot (i.eplane illustrated in Figure 4.12a and 4)12n this figure, the red color
represents bonds in intact catnths while blue color indicates broken bonds. It is clearly

concluded that the broken bonds concentrate in the highly localization zone, as shown in
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mesoscale void ratio contourkigure 4.8. Outside the localization zone, there are few

broken bonds, wibh was qualitatively verified with & images (Montoya and Feng 2015

The effect of the bond breakage pattern on the mechanical behavior of MICP cemented
specimen is also exploredigbre 4.13. As a representative sample, heavily cemented
specimen shead under 100 kPa confinement is chosen. The response of it within 1% axial
strain is particularly plotted in the figure inset, which implies that only a small portion of
bonds are broken before peak strength and an elastic response is maintained. Rfter pea
strength, the specimen experiences dramatic bond broken events and subsequently, the
specimen experiences a gradual bond breakage pattern up until 15% strain, in which a
stabilized final state is predicted to occur. In other words, for MICP cemented, sand
intensive bond breakage events happened at the time of peak strength obtained. In contrast,
findings from Wang and Leung (2008) indicated that dramatic bond breakage events
occurred to Portland cement treated sands at the time of yielding strengith, geineh is
the stage earlier than peak strength obtained. The extreme high initial stiffness of MICP
cemented soil renders the overlap of yielding point and peak point and may explain the

differences between MICP and Portland cement treated soil.
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The bondbreakage pattern is also related to the variation of coordination number, which
characterizes the packing structure of soil bodies. It is demonstrated that intact bonds
experienced rapid breakage in the first 1% axial strain; at the same time, the atemrdin
number of specimereduced significantly (Figure 4.} 4indicating the consistency between
bond breakage pattern and coordination number variation. After the initial rapid changes (e.qg.,
after 1% strain), the coordination number is close to a cdngian, 5), which may
demonstrate the formation of major force chains; the bond breakage trend also tends to be
more gradual with about 30% cementation bonds still breaking between 1% and 15% strain,

which may come from the highly localized zone.

4.5.4 Dilatancy and grength

The shear resistance of sand comes from both friction, which is discussed above, and
dilatancy, which is discussed here. The uncemented loose and dense specimens and heavily
cemented specimens with 100 kPa confinement are chosen to astadgzedilatancy (from
Figure 4.15 to Figure 4.)7Dilatancy is defined as - X - (Wang and Leung 2008),

where - is the increments of plastic volumetric strain and is the increments of plastic
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shear strain, respectively. Both numal and experimental specimens are analyzed side by

side.

For uncemented sand, numerical specimens tend to present larger dilatancy compared to
experimental specimens (Figudel5and4.16); those results are consistent with the higher
dilative volumetric deformation and faster dilative rate for numémeadel demonstrated in
Figure 4.B. For both numerical and physical specimens, the axial strain at the peak strength
is very close to the axial strain at the maximum dilatancy. However, forljheavnented
specimen, the maximum dilatancy happened at an axial strain larger thdortipaak
strength (Figure 4.)7 which agrees with the findings from Wang and Leung (2008), in
which they found a delayed maximum dilatancy development for Portlandntereated
samples. This kind of response is related to the inhibited effect from cementation on
dilatancy before yielding, which is contrary to the behawbmpurely frictional material

(Leroueil and Vaughan 199(&s demonstrated by uncemented specimen reference behavior.

455 Limitations of current model
In the model presented herein, the cementation was captured using the parallel bonds,

which simulates the shape and distribution of experimental cementation Jeriioveever,
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in the current simulation system, the bond will disappear when the contact forces exceed its
shear or normal strength, which does not comply with the physical reality. In triaxial testing,
it is expected the cementation particles will crushmdushearing and become calcite fines
between the original soil particles, or part of cementation particles will remain attached to the
soil grains even when the cementation bonds were broken (DeJong et al. 2010). Using the
current model, residual strehgs underestimated and the corresponding microstructure may
not exactly reflect the physical specimen, although qualitative microstructure evolution is
captured. Therefore, a model considering the-positen effect of cementation is needed,

and furthermvestigations are undergoing.

In the current model, both cementation size and cementation distribution were assumed
as uniform, which is not a real case in physical experiments (Feng and Montoya 2015). It is
worthy of further explorations on the bond distition effect to the response of MICP

cemented sand in both maecend micre scales.

The formation of localization zone was successfully predicted in current numerical model,
however, the inclination of shearing band was inconsistent with the obsesvdtam
physical specimens. The end restraint or dead zone in the top and bottom boundary explains

the occurrence of shearing band in physical trisbeisis without lubricated endksee 1978)
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Although platen frictionwas added in current model, it was not sufficient to produce the
same effect as that in physical experiments. Future study on the boundary effect would be

necessary.

4.6 Summary and conclusions
A discrete element numerical model for MICP cemented soil watoresd and the

following conclusions can be made:

1. The proposed model captured the initial stiffness and peak strength of uncemented
soil well, but it underestimates residual strength. For cemented soil, the peak response was
predicted correctly by numerl model, although the model underestimates both initial
stiffness and residual strength, which can be explained by the limitations of current

cementation model;

2. The formation of the shear band was captured through the-snak® void ratio
contours m the current model, although the degree of inclination was not predicted
successfully, which is likely due to different boundary conditions between experimental and

numerical specimens;
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3. Using the numerical model, statistical andD Jlices visualizatio analysis of the
bond breakage pattern are made. The bond breakage pattern from numerical specimen is
similar to that estimated from physical specimen with shear wave velocity monitoring. The
intact and broken bonds can be visualized using recorded htordhation, which implies

that bond breakage is concentrating in a localized zone formed during shearing;

4. The numerical model presents the similar pattern of dilative response compared to
experimental data. Due to the cemented structure created by MICP cementation, both
numerical and physical cemented specimens demonstrate delayed maximum dilatancy after
peakstrength. In contrast, for uncemented specimens, peak strength and maximum dilatancy

occur at the same axial strain.
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Table4.1 Sand karacteristics

O (mm) 0 0 O Q Q Shape

0.22 1.4 0.9 2.65 0.55 0.87 Round

Table4.2 Chemical recipe of injection edia

Chemical Name Biological Injection Cementation Injection

, Concentrations (mM)
Concentrations (mM)

Urea 333 333
Ammonium Chloride 374 374
Calcium Chloride 0 50
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Table 43 Material andnodel properties for numericamulations

Parameters Selected Value:

Particle Properties

Particle normal stiffness 2x10% N/m

Particle shear stiffness 5x10° N/m
Particle friction coefficient 0.5
Particle specific gravity 2.65
Particle aspect ratio 1.5

Number of particles ~14,000

Wall Properties

Platen stiffness 2x10% N/m
Membranestiffness 2x10% N/m
Platen friction coefficient 1.0

Bond Properties

Bond radius for light MICP cementation 0.25
Bond radius for moderate MICP cementati 0.3
Bond radius for heavy MICP cementatiol 0.5

Normal contacstiffness 5x10° N/m

Shear contact stiffness 1x10° N/m

Normal bond strength 5x10° Pa

Shear bond strength 1X10° Pa
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Figure 4.1Parallelbond
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Figure4.2 (a) Stressstrainbehavior and (bJolumetricdeformationof untreated numerical
and experimental specimew#th varyingrelative densityunder 100 kPaonfinementfor
each results presented, the specimen type and initial density is indicated (e.g., si_loose

represents a loose simulated specimen.)
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each triaxial results presented, the specimen type and cementation level isdn@icpie

si_light represents a lightly cemented simulated specimen.)

139



=

£ 100+

[+}]

(=2}

B

5 80

e

e

o 60 Upscaling
L

5 40

o

[

Z 20

g ® Experimental
£ | A Numerical
S 04 ﬁ'IJ
(&)

1E-4  1E-3  0.01 0.1 1
Particle Diameter (m)

Figure 4.4 Grain size distribution of experimardand numerical soil particles

a) Clump,

Figure 4.5a) Cementation formation numerical specimen (b) scanning electron
microscopic (SEM) image of soil particle and cementation at 500x magnificent BENL)

image at1000x magnification
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Figure 4.7 Void ratio evolution of untreated and treated numerical specimens during shearing,
for each results presented, the cementation type and initial density (for untreated specimen)
or canentation level (for cemented specimen) is indicated (e.g., un_loose represents the loose

untreated specimen; ce_light represdinslightly cemented specimen)
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Figure 4.8 Meso scale void ratio of untreated and treated numerical specimens during
shearing. (a) uncemented loose specimen under 100 kPa confinement (b) uncemented
medium dense specimen under 100 kPa confinement (c) uncemented dense specimen under
100 kPa confinement (d) lightly cemented specimen under 100 kPa confinement (e)
moderatelycemented specimen under 100 kPa confinement (f) heavily cemented specimen

under 100 kPa confinement (g) heavily cemented specimen under 400 kPa confinement
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Figure 4.9 Coordination number evolution of untreated and treated numerical specimens
during stearing, for each results presented, the cementation type and initial density (for
untreated specimen) or cementation level (for cemented specimen) is indicated (e.g.,
un_loose represents the loose untreated specimen; ce_light reptfesdigtstly cemente

specimen)
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Figure 4.12Projection of broken bonds withthe simulated specimen at strain values of 1%
(a and b) and 10% (c and d). A slice through the middle of the cylindrical specimen s used
construct the projection, which is shown as the blue slice in the horizontal cross section (a

and c). The intadbonds are displayed in red and the broken bonds are displayed in blue.
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numerical specimen during shearing
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loose specimen under Shearing
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Figure 4.16 Stresstrain and dilatancy of (a) experimental and (b) numeuceémented

dense specimen under shearing
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Figure 4.17 Stresstrain and dilatancy of (a) experimental and (b) numerical heavily

cemented specimen under shearing
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5 DEFORMATION OF MICROBIAL INDUCED CALCITE BONDED SANDS:
A MICRO -SCALE INVESTIGATION

Microbial induced calcite precipitation (MICP) is a novel ground improvement method
that increases the strength and stiffness of sand usingahbiogeochemical processéasis
study investigates the mechanics of how microbial inducedteadbunds deform during
loading.Surface energy measurements are conducted on silica and calcite substrates in order
to assess whether the bonds experiencehasive or adhesive failur€he results from the
surface energy assessment indicate that calaltdte cohesion tends to be the weakest
within the system and where the MIG®nded sands will likely failThese findings are
supported by particle contact loading tests, where two silica particles are bonded together
through the MICP process, and théaimation of the silica particles and the calcite cement
is monitored dung shearing and axial loadinhese results indicate the bond fails within
the calcite phase. The results of the miscale study are then translated to the shear bands
of atriaxial specimen of MICP sand triaxial specimen is cemented to a moderate level of
MICP cementation, using shear wave velocity measurements @®cass monitoring
techniqgue.The cementation degradation is monitored using shear wave velocity during

drained kear and the thickness of the sheard® estimatedScanning electron microscopy
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is also used to evaluate the MICP bonded sand grains within and outside the shear band after

shearing and compared to the results from the rsicate investigation.

5.1 Intr oduction

Microbial induced calcite precipitation (MICP) is a novel ground improvement method
using natural biogechemical processe$hrough urea hydrolysis induced by Sporosarcina
pasteurii, a common alkaliphilic soil bacteria, calcite is precipitatessbiaparticle contacts
which increases the rehgth and stiffness of sand (DeJong et al. 20Microscale
investigations have demonstrated that the MICP process results in calcite concentrated at
particle contacts, with a thin layer oflciée coating thesand grains (Chou et al. 2011,
DeJong et al. 2010 and , Martinez and DeJong 2009% precipitation pattern is important
in the effect of the bulk properties as the calcite precipitated at the particle contacts has a
greater effect on increasing theestgth and stiffness of the ba@mented sands. Mici©T
scanning of a MICP treated specimen indicates that not only does the calcite have a
preference to precipitate at the particle contacts, but also the pore structure of the
bio-cemented sahremains ope and connected (DeJong et al. 20149 bio-cemented soils

are sheared, they experience a decrease in shear wave veleity the degradechlcite
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(Montoya and DeJong 2015Microscale evaluations have qualitativéndicated that the
calcite fails within the calcite phase and not at the contact betweealtite end silica sand

grain (DeJong et al. 2010)agliaferri et al(2011)performed drained triaxial testgthin an

X-ray microCT scanner and observed that as theckimented specimen was sheared,
calcite would disappear from view because the size of the generated calcite fines were below

the resolution of the CT scanner.

This study further investigateselhmechanics of how microbial induced calcite bonds
deform during loading. Surface energy measurements are conducted on silica and calcite
substrates in order to assess whether the bonds will fail in a cohesive dailanlbesive
failure (Figure5.1). These findings are compared to particle contact loading tests, where two
silica particles are bonded together through the MICP process, and the deformation of the
silica particles and the calcite cement are monitored during shearing and axial loading. The
reailts of the micrescale study are then translated to the shear bandiekeft specimen of
MICP sand.The triaxial specimen is cemented to a moderate level of MICP cementation,
using shear wave velocity measurements @®eess monitoring techniquéhe cementation
degradation is monitored using shear wave velocity during drained shear and the thickness of

the shear band is estimated as a function of cementation level. Scanning electron
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microscopy is also used to evaluate the MICP bonded sand grdiis amnd outside the

shear band after shearing and compared to the results from thesgatEanvestigation.

5.2 Micro-scale investigations of MICP bonded sands

The mechanics of how microbial induced calcite bonds deform during loading is
investigated usigp two techniques: surface energy measurements and padiutigparticle
deformation testingThe results from thenicro-scale investigatioprovide valuable insight
into the behavior of bi@emented sands amdhich failure type, cohesive or adhesiy€igure

5.1), can beexpecedat the particle contact.

5.2.1 Characterization of MICP bond surface energy

The failure mechanism of the microbiahduced calcite bondvas first evaluatedby
determining the work of cohesion and adhesion af typical calcitesilica systemby
measuring the surface energy of the minerdlse work of cohesion and adhesion are

algebraically related to surface energy of the mine&usface energy is defideas amount
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of work required tacreate a unit area of new surfarfespecific material. Hence, the work of

cohesion for the calcite cement can be defined as:

rrrrrrrrrrrrrrrrrrrrrrrrrrrrr

W ¢ ééééééééééééeéééééeeéééééeeééééé (51

where[ s the solid surface energy of calci&milarly, the work of adhesion between
cal ci taad sici(Cidg im0 ) can beexpresseds a function of their surface energy

components

) ¢r T oqrr T oqgrr Téeéeéeéeééé. ... (5.2)

The surface energy components presented in Equatiiean bedetermined directly
from the seske drop method presented inttle and Bhasin(2006) Surface energyf
measurements are used to determine the cohesive and adhesive characteristics of asphalt
binder andasphaltaggregate systemée.g., Bhasin and Little 2007and similar methods
wereapplied to biecemented sands. The sessile drop method using a goniovasiesedin
the study presented herdikoc and Bulut 2014)In the goniometer, a drop of probe fluid
was released from a syringe onto the polished mineral aggré@g@eontact angle between

probe fluids andhe mineralaggregatevas measured and used to calculate surface energy.
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The correponding surface energy components were then detednfollowing (Little and

Bhasin 2006)Table5.1).

The surface energy measurements conducted on geologic specemenssedto
determine the likelihood of cohesive or adhesive failure of MiéERented sals. The
surface energy of three calcite specimens and one silica specimen revealed that the surface
energy of the calcite and silica are relatively similar to each other and similar to values
reported in literaturédKoc and Bulut 201% The averagesurfaceenergy of the geologic
calcite specimens tested varied from 37.5 to 48.6 fd/Mile the averagesilica specimen
surface energy was 43.2 mi/ffiable5.1). Using these surface energy results, the work of
cohesion and adhesion was determined (T&f®¢.These results indicate, based on the
limited geologic specimens tested, it is more likely to have a cohesive failure within the
calcite bond than an adhesive failure at the interface of the calcite cementation and silica
particle. However, a relatively lgre range in calcite surface energy was observed, thus

further testing directly with MICP minerals is desired.
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5.2.2 Particle-bond-particle deformation behavior

The mechanical properties of a calcite bond were evaluated by loading two rounded silica
gravel parttles (eg., pea gravel) bonded by MICRn electromagnetic testing system under
displacement controlwas used to achieve fine control of loading for the
particlebondparticle behaviarThe gravel particles werpoxied to the end caps (Figir2)
and theend caps were placed into a treatment bath to induce calcite precipitation, fgllowin
the procedure outlined Mortensen et al2011) After 20 biocementation treatments, when
the development of calcitgasvisually confirmed (Figur®.2), the end capwereconnected
to the testing apparatus and the side bracing removed. The electromagnetic testing system
was then used tperformeitheran extensionor torsion loading sequence. Upon loaditig

load-deformation results were recorded and the resuléingd bonds were evaluated

The mechanical tests were conducted on patrticles with average diameters of 10 mm and 5
mm. Multiple diameters were used because preliminary observations suggested that the
mechanical properties are influenced by the particlaneiar. The results from the
particlebondparticle tests indicate that the smaller particles exhibited a slightly larger
tensile strength than the larger particles; however, the torsional strengths for both particle

diameters were equivalent (Table 3). thermore, the failed surface between the particles
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was evaluated after loading and illustrated that the particles failed within the calcite phase of

the bond and not at the caleg#ica boundary.

5.3 Behavior of MICP bonds in triaxial shear
The resultof the micrescale studyretranslated to the shear bandadfriaxial specimen

of MICP sand.

5.3.1 Shearing behavior of MICP cemented sands

One MICP and one untreated triaxial specimen were prepared by dry pluviation to a
target relative density, DR, of 40%he specimens were seatedden 100 kPa confining
pressureFor the MICP specimen, bicementation injections we conducted as outlined in
Feng and Montoy§2015) To monitor the cementation process during the treatpennd,
shear wave velocity measurements were conducted using bender elements installed in the
triaxial end caps, followingthe procedures outlined in Montoya et al. (201Zhe
cementation injections were repeated until the target sixae velocity, Vswas reached.
The MICPRtreated sand reached a Vs = 610 m/s during treatment, which corresponded to a
mass of calcite of 1.7%, based posttest acid washing (Mortensen et al. 201Qhce the

cementation injections were terminated, the specimens weratsatwith deaired water and
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backpressure was applied to achieve avdbue of 0.95 or higher. The specimens were

sheared at a rate of 2.5% axial strain per hour to a strainiol3%.

The results bthe triaxial testing indicat¢hat the MICP treatmentsicreased both the
peak and residuahsar strength of the sarffligure5.3). This response is similap other
related studies (Montoya and DeJong 2015 and, Feng and Montoya ZB&5Jegradation
of cementation is captured using the Vs measurementsVg ieea bulk measurement based
on the collective stiffness of the specimen; therefore, cementation degradation within a
localized zone (compared to global degradation) will have a limited effect on the Vs values.
The Vs measurements rapidly decrease uhélpeak strength is reached, and continue to
decrease during shear strength softening. Once the residual strength was reached, the Vs
remains relatively constant, indicating that the shearing behavior was constrained to the

localization zone establishedthin the first 3% strain.

The shear band thickness of the specimen was estimated using the shear wave velocity
measurementand the final specimen lengfhhe specimen length at the end of shearing was
11.5 cm andhe final Vs was about 540 m/Assumingthat the sand outside of the shear
band remains intact (e.g., representative of the initial Vs = 610 m/s) and the MICP sand

within the shear band is degraded to a Vs = 190 m/s (e.g., the uncemented initial conditions),
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the thickness of the shear band tenestimated by using a weighted average of the shear
wave velocities withrespect to the specimen lengfullowing this approach, the shear band
thickness wa estimated to be about 19 mhe calculated shear band thickness is similar to

the 20 mm zonefdocalization visually observed in the specimen after shearing.

5.3.2  Microscopy investigation of sheared MICP cemented sands

Scanning electron microscof$EM) wasused to evaluate the MICP bonded sand grains
within and outside the shear band after shearimj @ompared to the results rfnothe
micro-scale investigation. Samples were carefully collected from the MICP cemented
specimen to be used for the SEM investigation, whd#iachi S3200N Variable Pressure
Scanning Electron Microscopgas used. Samplestwihi n t he f dhedridxialz ones o
specimen(Head 1986)were collected to represent the relreared MICP sands. Samples
were also collected within the zone of localization, as identified by the deformed shape
through the membrane. Once collected, the samples were prepared for use within the SEM by

coating the cemented sands withadd/palladium alloy to reduce charging while imaging.

The SEM investigation indicated the nsheared cemented sands are dusted with the

MICP minerals along the surface of the grains with a preference of calcite minerals at the
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particle contacts. This distribution of calcite can be sedngure5.4. Small ganular calcite
mineralscover the sandrains in Figureé.4, and as the magnification of the SEM images is
increased, the focus of the images is at the contact between the two particles. When the
magnification of the images is increased to 1000x and 2@@9xalcite bridge connecting

the two sand grains can clearly be seen.

The SEM images of particles collected within the localization zone reveal a different
behavior. The sand grains are still dusted with MICP minerals; however, the particles are no
longer bonded. The majority of the particles do not show any indication that they had
previously been bonded to other particles, thus implying that the bonded particles
experienced a cohesive failure during shearing. However, there were a few indications of
adhesive failure (Figur&.5). The void where a sand particle was attached to tledechond
can be seen in Figui5. Whether the detached sand particle was removed during shearing
or during the SEM sample preparing is unknown; however, illistration of adhesive
failure was in the minority during the SEM investigation of the particles collected from the

localization zone.

The SEM investigation also illustrated that the calcite minerals coating the sand particles

were induced by bacterialhe impressions of the reghaped bacteria in the ca&iminerals
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can beseen in Figures.6. Energy dispersive Xay spectra were also collected on the
MICP-treated sands, and the spectra indicated the elements present include, in decreasing
order of abudance, calcium, silicon, oxygen, and carbon. These are the elements expected
for the silica sand grains and calcium carbonate minerals. Gold and palladium were also

present in the spectra in small amounts due to the gold/palladium alloy coating.

5.4 Concludons
The results from the micrscale and triaxial experiments presented herein have provided

insight into the behavior of cementation bonds within the MICP treated sands, specifically:

Surface energy measurements and parbioledparticle deformation exg@iments

indicate that a cohesive failure within the calcite bond is the more likely failure mode.

MICP bond mechanical properties are likely dependent on the particle size.

Shear wave velocity measurements capture cementation degradation during shearing a

allow for an estimation of shear band thickness.
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SEM images illustrate the calcite mineral precipitation patterns, with a precipitation
preference at particle contacts, and the cohesive failure mode appears to dominate within the

localization zone.
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Table5.1 Surface energy components of silica aaldite

Material Surface Energy Components (fa )
and Sample
No. I I r I [

Opical 0.0 11.0 0.0 37.5 375
Calcite

Yellqw 0.1 16.8 2.6 37.5 40.1
Calcite

White 0.9 30.3 10.4 38.2 48.6
Calcite

Silica 0.2 43.0 6.2 37.0 43.2

Table5.2 Work of cohesion and work of adhesion of silica asldite

Material and Surface Bergy and Work Parameteis (fa )
Sample No. ‘ 0 0
ical
Optica 375 75.0 775
Calcite
Yellow
. 40.1 80.2 82.3
Calcite
White
; 48.6 97.2 92.6
Calcite
Silica 43.2 86.4 /
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Table5.3 Results of partickbondparticle deformationests

Diameter Tensile Strength  1ggjonal Strength
(mm) (N) (Nm)
10 3.20 0.35
5 3.75 0.35
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Cohesive Failure  Adhesive Failure

AVINS

Figure5.1 Calcite bond failure mechanism alternatives dified from DeJong et al. 2010)

Figure5.2 Test setup (left) and treated particles (right) foarticlebondparticle testing
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Figure5.3 a) Stressstrain and b) shear wave veloaityeasurements for uncemented (0%

calcite) and moderately cemented (1.7% calcite) specimens under isotropically coesolida

500 T T T T

450
400
350
300

1.7%

250
200
150
100

50

0% ]

0 3 6 9 12
Axial Strain (%)

15

b)

Vs (m/s)

650

600

500
450+
400+
3504
3004
250+
200 b
150

A
i
5501 e

3 6 9 2 15

Axial Strain (%)

drained compression loading

170



3}

100pm

Figure5.4 SEM images of MICP cemented sands, focusing on calcite bond between sand

grains at magnifications of (from top left to bottom t)gh00x, 500x, 1000x, and 2000x
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100pm

Figure5.5 SEM images of MICP cemented sands collected from the shear zone of the

specimen at magnifications of (froleft to right) 200x, and 500x

Figure5.6 SEM image of bacterial iprints within a calcite mineral
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6 DYNAMIC PROPERTIES OF MI CP CEMENTED SANDS

Microbial induced carbonate precipitation (MICP) has been verified to be an effective
method to improve soil strength and stiffness, and one of the most promising applications of
MICP is for liquefaction mitigation. In this chapter, clesend specimens were treated by
MICP to a light level of cementation and its resistance to liquefaction is improved
significantly compared to uncemented loose soil and is close to that of uncemented dense soil.
Particularly interesting, two cemented spesim® with same cementation content but
different shear wave velocities demonstrated different cyclic responses, demonstrating that
shear wave velocity is a better indicator to evaluate the properties of MICP cemented soil
compared to average cementationtean It is found that the excess pore water pressure
generation in MICP treated sands is slower than that from untreated loose and dense soil due
to the earlier and more rapid initialization of dilative tendency. Furthermore, with the help of
MICP cementaon, the modulus degradation characteristics of sand bodies are also improved.
Cementation uniformity of MICP treatment is discussed and consistent with previously

published studies.
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6.1 Introduction

Infrastructure has experienced severe damage due tatiedalction of loose sdy soils
caused by earthquakedross et al.1969) To improve liquefaction resistance, soil
improvement techniques, such as dynamic compaction, stone columnsco/ifypaction,

and graiting, are commonly used in practice.

Natural cementation, created through biochemical deposition and weathering processes
(Morad 1998), has been shown to increase sar
1989). Following similar principles, diitial cementation, such as Portland cement (Saxena
et al. 1988), calcite cement (Sharma and Fahey 2004), and colloidal silica grout
(Diaz-Rodrliguez et al. 2008) can also reduce susceptibility to liquefaction and deformation

potential.

In recent yearsnicrobial induced carbonate precipitated (MICP) cementation techniques
have been proposed as a new soil grouting method to improve scileathnce in an
environmentally friendly manner (DeJong et al. 2010; DeJong et al. 2013). Researchers have
verified the ability of MICP to increase soil strength and stiffness through laboratory tests
(e.g., Dedong et al. 2006; van Paassen et al. 2010; Chou et al. 2011; Chu et al. 2012;

Martinez et al. 2013; Feng and Montoya 2014; Fend Blontoya 2015), in situ tests
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(Burbank et al. 2011and micrascale testgLin et al. 2014) Particularly, Montoya et al.
(2013) conducted centrifuge model experiments and cyclic simple shear tesiddteihle

ability of MICP cementation to reduce soil liquefaction susceptibility and found that MICP
treatments improves the behavior of soil under seismic loading by decreasing excessive pore
pressure and deformation. Burbank et al. (2013) evaluatedntpeovement of MICP
cementation on soil liquefaction resistance through cyclic triaxial tests and confirmed the
feasibility of MICP cementation to increase dynamic load&gjstance of in situ soil. Other
researchers, such as Fauriel and Laloui (2012) Reng et al. (2015), have proposed

numerical models for exploring the behavior of MICP cemented soil.

Cyclic characteristics of soils can be tested through cyclic triaxial testing, resonant
column testing, and cyclic simple shear testing. Cyclic triaxiating provides good
measurement for evaluating cyclic strength but yields limited accuracy on dynamic moduli;
resonant column testing is good in dynamic moduli measurement but limited in regard to
cyclic strength and excessive pore pressure evolution.bfanoboth dynamic moduli and
cyclic strength, researchers would choose to do both tests, which is ineffective and costly.
Another costeffective and timesaving alternative is to use cyclic triaxial equipment with

embedded bender elements, which is ththowadopted by authors in current work.
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In this chapter, the author conducted a series of cyclic triaxial experiments on untreated
and MICP cemented Ottawa B0 sand and evaluated the improvement of MICP
cementation on soil behavior and pore pressurdugen characteristics. In particular,
bender elements, which are effective on estimating maximum shear modulus, are
implemented in this research. Shear wave velocity measured by bender elements not only
provides effective monitoring during MICP cemeruaati process, but also allows the
assessment of small strain modulus of both uncemented and cemented soil. Dynamic
modulus degradation characteristics during cyclic loading are analyzed and compared with
data from other cemented soil found in literature.afyn the uniformity of MICP

cementation treatment are obtained and discussed.

6.2 Materials and experimental methods
Ottawa 5070 sand was used in the experiments, whose particle size is compatible to the
size of bacteria used herein (DeJong et al. 2008hleT6.1 summarized the grain size

characteristics of Ottawa 5 sand.

S. pasteurii(American Type Culture Collection, ATCC 11859) was chosen as the

biological organism to produce calcite through metabolism (i.e., urea hydrolysis). To
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generate thbacteria with the desired population, a media (ATCC 1376) consisting of 20 g/L
of yeast extract anti0 g/L of ammonium sulfat§NH,4),SOy)) was used and suspended in a
0.13 M Tris buffer at a pH of 9. The growth media was inoculated witl tipasteuristock
culture aerobically at 30 € in a shaking incubator at 200 rpm until therel® optical
density was reached) O U 1.0 (approximately 40 hours before harvesting). The
suspended culture was then centrifuged at 4000 g for 15 minutes. The supemaatant
removed after the centrifuge period and replaced with fresh growth nfdadally, the
desired bacteria were stored in the centrifuge vials at 4 € until used. Detailed bacteria

preparation method can be found in Mortensen et al. (2011).

A two-phase ementation treatment procedure, which is composed of an initial biological
injection and multiple cementation injections, was used to induce the cementation to the
desired level. Initially, the bacteria were inoculated into the soil specimens at a ctioatant
rate of 10 mL/min using a peristaltic pump. The bacteria were then retained in the soil pore
space for a period of at least 6 hours to allow the bacteria to attach to the sand particles. In
the following phases, the cementation media was introdudedthe soil specimens at the
same flow rates and repeated at an interval of at least 4 hours. The chemical recipes for

biological and cementation injection phases are listed in Table 6.2.
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Soil specimens were prepared by dry pluviation to target reldéwsities (i.e.Dr U
35%) before a seating pressure was applied. After specimen preparation, a small amount of
vacuum was applied to the soil pore space via the triaxial cell back pressisteApdhis
time, the split mold was removed and the actualtesgnd diameter of the specimen was
determined. The actual initial void ratio of specimens is listed in Table 6.3. The vacuum
applied to the pore space of the specimens was slowly removed as the cell pressure applied to

ensure that the specimens were naraonsolidated.

Before cementation treatments were conducted, the specimens were seated under
confining pressure (i.e., 100kPa) for a period of time to ensure cell pressure was stable (e.qg.,
no reading variation in the pressure panel). The initial siveae velocity was then read
before cementation treatment, in which stage the biological and cementation injections were
conducted as mentioned above. To monitor the bacteria activity during treatment, the pH of
the effluent in each treatment was measudsihg the cementation media in Table 6.2, a pH
value around 9 indicates the urea has been consumed by the bacteria and the pore fluid
remains alkaline (e.g., positive conditions for the cementation process). Cemented specimens
were treated with about 2@ volumes of cementation medium. After each treatment, shear

wave velocity was read using the buitbender elements in triaxial cell. The cementation
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content was determined pesiearing using the gravimetric acid washing technique
discussed below. Ilthe current work, only light levels of cementation were investigated,
since heavily cemented soil has the potential to amplify ground motions, as indicated by

Montoya et al. (2013).

After cementation, the effective confining pressure was held constamheisgecimens
were backpressure aturated until a B value of 0.95 higher was achieved. A cyclic triaxial
system from GCTS was used in current research. The sine waveform load dagthsa

frequency of 0.05 HA.iquefaction was defined as the staggen axial strain exceeds 3%.

Upon completion of the shear strength testing of the specimens, vacuum was applied to
the pore space of the specimen. The specimen was divided into six evenly spaced sections,
approximately 1 inch each, along the height of specimen. During dissection of the
specimen, each section is carefully removed to ensure an accurate representation of the
cemented sand at that sample height. The -ovied mass of the each section was recorded
before and after washing with 1M HCI acidlhe dissolved calcium carbonate and acid
solution was rinsed multiple times allowing the dissolved salts to be rinsed from the soil. The

difference between the two measured masses was taken as the mass of calcium carbonate and
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the percentage of mass oflaam carbonate is expressed as the mass of calcium carbonate

divided by the mass of the soil (Mortensen et al. 2011).

6.3 Results and dscussions

6.3.1 Cyclic loading characteristics of gil

The resistance of saturated sand to liquefaction depends on sevesdd, faath as
relative density, confining stress and cementation levels. The study presented herein focuses
on varying the relative density and cementation levels. All of specimens are subjected to

cyclic loading under 100 kPa initial effective confininggsure.

Under different cyclic shear stress rat{€SR), which is defined as the maximum cyclic
shear stress divided by the isotropic consolidation stress, specimens will experience different
number of cycles to approach failure, which are demonstrgtétebmechanical responses of
representative specimens in Figures 6.1 to 6.7. In these figures, cyclic loading shear stress
have been normalized by effective consolidation stress and plotted against cyclic numbers in
subfigures a; excess pore water preassuatio, which is defined as excess pore water

pressure divided by effective consolidation stress, is plotted versus cyclic numbers in
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subfigures b; axial strain has been plotted against cyclic numbers iffigsubs c;
relationship between normalizedesin stress and axial strain are shown infgyires d; the
effective stress path are demonstrated by normalized shear stress versus normalized mean
effective stress in sufigures e. To facilitate the demonstration of mechanical responses, the
cyclic loadng number at varying failure states for all of specimens are summarized in Table

6.4.

As mentioned above, specimens with similar initial relative density are likely to
experience different mechanical responses under varying cyclic stress ratios, which is
discussed for the untreated loose specimens in Figure 6.1 (CSR=0.14) and Figure 6.2
(CSR=0.25) , respectivel y. Under cyclic stres
pore pressure ratio of 1 until the 90th cycle. Following that, the specinpaEmiexced 3%
deformation at the 91th cycle and 10% deformation at the 94th cycle. In Figure 6.2, under the
cyclic stress ratio of 0.25, the specimen quickly reached liquefaction and 3% deformation
after 3 cycles; after 6 cycles, the specimen has reach®&d ddormation. It is clearly
demonstrated that the specimen is more susceptible to liquefaction at higher cyclic stress

ratio.
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Similar to the features of loose specimens, untreated dense specimens also behave
differently under cyclic stress ratio of 0.1Bigure 6.3) and 0.25 (Figure 6.4). Under cyclic
stress ratio of 0.14, the specimen reached pore pressure ratio of 1 at the 661th cycle and
obtained 3% and 10% deformation at the 663th and 678th cycle, respectively. Although the
cyclic loading resistance afense sand has been increased significantly compared to that of
loose specimen, the occurrence of 3% deformation and 10% deformation is still close. In
contrary, under cyclic stress ratio of 0.25, dense specimen reached excess pore pressure ratio
of 1 afeer 34 cycles and obtained 3% deformation at the 38th cycle; but it reached 10%
deformation after 102 cycles. The delayed deformation of dense specimen under higher CSR
is different from the behavior observed from untreated loose specimens, in which large
deformation occurred right after excess pore pressure exceeded 1. The delayed large
deformation failure may be due to the rapidly increased dilative tendency after initial limited

axial strain, which will increase the liquefaction resistance of dense sands.

The responses of MICP treated sand are different under varying cyclic stress ratios,
although their behaviors are also influenced by the cementation levels and distributions. The
responses of specimens2Cand G3 under the same cyclic stress ratio df40are shown in

Figure 6.5 and Figure 6.6 respectively. Although specime2sa@d G3 have the same
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average cementation content, their cyclic loading responses are significantly different, which

is likely related to the different cementation distributwathin the sand.

The specimen @ has approached liquefaction after about 100 cycles; in contre8y, C
specimen didndét experience |l iquefaction unt:i
velocity of the two specimens may explain the observed diftax in mechanical responses.
Although specimens 2 and G3 have the same amount of cementation content, the
distribution of cementation could be varying. Cementations precipitating on the
particleparticle contacts may contribute more to the shear stremgl stiffness compared to
cementation outside the contacts, as indicated by DeJong et al. (2010). It is assumed that the
difference in shear wave velocity comes from the varying distributions of calcium carbonate.
In Table 6.3, the shear wave velocitiek tested specimens have been listed. For MICP
treated specimens, the shear wave velocities are recorded before and after treatment. It is
noticed that the shear wave velocity for specimed @ior to cyclic loading is 425 m/s;
however, the shear wavelweity is 676 m/s for specimen-& prior to cyclic loading. The
different shear wave velocity indicates different distribution of cementation to the two

specimens, thus leads to varying increase in strength, which indicates that shear wave
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velocity may bea better method to reference MICP cementation level compared to average

cementation content value.

To show the influence of cyclic stress ratio on the behavior of cementedhsoisponse
of specimen € under cyclic stress ratio of 0.25 is presente&igure 6.7, from which a
clear dilative tendency was observed to initialize when excess pore water pressure was close
to effective consolidation stress, which leads to the reduction in positive excess pore pressure
and thus increases liquefaction resis@anf sand. Similar to the behavior of untreated loose
sand, treated specimen experienced a short duration from the state at excess pore pressure
ratio of 1 to the state at 10% deformation, although specimen with higher cementation level

(e.g., 1.5%) unddnigher CSR tends to have extended interval between these two states.

To explore the cyclic behavior of soil, CSR is plotted against the number of loading
cycles at liquefaction in Figure 6.8, in which the number of loading cycles to trigger
liquefactionwas chosen as the cycle when 3% axial strain occurred. The number of loading
cycles at other liquefaction criteria, including excess pore pressure ratio of 100% and 10%
axial deformation, are also listed in Table 4. It is demonstrated that the liquefasigtance

of loose Ottawa 500 sand has beamproved with light levels oMICP cementation (i.e.,
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average mass of calcite around 0.99%)ich is close to the liquefaction resistance of Ottawa

50-70 sand around 78% relative density.

6.3.2 Excess ppre water pressure cevelopment

Under the motion of earthquake or other kinds of vibration, excess pore pressure is
accumulated within soil elements. For loose state solil, positive excess pore pressure would be
induced, which, at some point, approaches the initiaceffe confining pressure, indicating
a zero effective stress. During undrained cyclic loading of saturated soils, the excess pore
pressure generation is greatly affected by the principal stress rotation, which reverses the
direction of shear stress. Fopesimens without initial static shear stress, tension and
compression half loading cycles are included in one loading cycle. The presence of
cementation has been verified to increase both tension and compression resistance of sand
specimens (Feng and Mogto 2014, 2015), thus modifications on the pore pressure
development are possible. In this section, excess pore pressure evolution from representative
specimens is selected for analysis. Note that the pore pressure is normalized by initial
effective confinhg pressure and cyclic loading cycles are normalized by the number of

cycles to liquefaction (i.e., excess pore pressure ratio at 1), which are plotted in Figure 6.9.
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Note that the average excess pore pressure under each cycle was chosen to make the

compaison.

In Figure 6.9, three kinds of specimens (i.e., loose, dense and cemented soil) are
compared. The selected specimens afg ID-2 and G2, since they all approach 10%
dynamic deformation after around 100 cycles. It is found that the pore pressurteavior
both loose and dense uncemented soil is almost overlapped except for the stage that is close
to liquefaction failure, indicating a greater dilative tendency (i.e., suppress positive pore
pressure) from dense specimen. MICP cemented solil, iraspnipresented a slower
accumulation of positive pore water pressure during cyclic loading compared to uncemented
soil, which is also reported by Montoya et al. (2013) from centrifuge model tests. However,
when the cemented specimen is approaching ligtiefg its pore water pressure increased
abruptly. These may point out the different improvement mechanism on liquefaction
resistance from dense sand and MICP cemented sand. In dense sand, increased dilative
tendency is showed at relative larger axialist(a.g., 1% or higher), as reported by Feng and
Montoya (2015), thus suppress the generation of positive pore pressure at the final stage of
cyclic loading in which larger axial stain is initialized. In contrary, increased dilative

tendency is initializedt relative small strain (e.g., 0.3% as reported by Feng and Montoya
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2015) for MICP cemented sand, which slows down the generation of excess pore pressure in
the beginning and middle stages of cyclic loading. Wtirenmajority of the bonds are
broken, thebehavior of MICP cemented soil become similar to that found from loose
untreated soil. In summary, the strain at which the dilative tendency is initialized determine
the different pore water pressure generation pattern during cyclic loading. Clougi288).
reported different pore pressure generation pattern for Portland cement treated sand, in which
they claimed that cemented soil has a similar or faster pore pressure curves than those for
uncemented sands. The different modification on small stn&chanical properties (Feng

and Montoya 2015) from MICP cementation and Portland cement may explain the different

pore pressure curves.

6.3.3  Dynamic modulus

As a basic parameter of soil, maximum shear modius , is often used in the analysis
of smallstrain problems or as a reference value for large deformation problems, such as
earthquake loading. Maximum shear modulus can be determined using shear wave velocity,
®, measurements from -gitu tests, such as crosshole tests, and laboratory testsasuch

bender element tests, which typically provide small strain amplitud® g¢i0ess).In this
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paper, authors chose to use bender elements to evaluate maximum shear modulus of
specimen before and after treatment. Furthermore, shear wave velocity adawsriitoring
of biochemical treatment process, as already adopted by Martinez et al. (2013) and Feng and

Montoya (2014).

The critical target value in bender elements tests is shear wave velocity, which can be
evaluated through the information captured tiwp bender elements built in soil bodies.
During one shear wave velocity measurement, an electrical signal is applied to a bender
element at one end, which is converted to mechanical wave to go through a soil element. On
the other end, another bender elameaptures the mechanical wave and converts it to
electrical signal. Both the transmitted and received signals are analyzed and used to decide
the time delay, T. By knowing the length, L, between two elements, the shear wave velocity
can be calculated spply as w 0FY Wave propagation theory is then used to determine

smalktstrain modulus’© , which has the following relatnship with shear wave velocity

O "wWééééééééééééééééééééeéeééééd . (6]

Where” i s the soil specimends density.
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Using the method mentioned above, maximum shear modulus can be determined and
summarized in Table 6.3, in which it is found that the maximum shear modulus of
uncemented loose specimens has been increased from around 50 MPa before treatment to
300900 MPa &er treatment. The average cementation content and distribution of calcite

affect the actual increase of maximum shear modulus.

During cyclic loading, the shear modulus decreases with the increase of number of
loading cycles, which can be characterized tmpdulus reduction curve. Modulus
degradation index, e, which is defined as the ratio of secant modnlus) (@t loading cycle
N to the secant modulus at the first cycl® ( ), is adopted to investigate modulus
degradation characteristicsinlar methods were also adopted lyiss et al. {978) for
cyclic triaxial tests andPorcino et al(2012) for cyclic simple shear tests. The method to
determine"O  under each cycle was shown in Figure 6.10a, in which one typical loading

cycle was presented. Secant shear modulus was calculated by the expression

O T I ééeeéééececeecéééeececeeéééeeceééee . (62

Typical specimens, 43 and G2, were selected to represent the general responses of
uncemented and cemented soil. Modulus degradation index was plotted against the number

of loading cycles and axial strain in Figures 6.10b and 6.10c, respectively, fram ivig
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observed that MICP cemented soil has a slower degradation characteristics with increased
loading cycles and axial strain compared to uncemented soil. In contrary, Porcino et al. (2012)
investigated both uncemented soil and lightly silicate grosmt and found consistent
degradation characteristics between them, which indicate that the silicate grout does not
modify the constitutive modulus versus strain relationship. However, MICP cementation
seems to not only prevent the development of strathe loading cycles but also change the

constitutive modulus degradation pattern.

6.3.4 Cementation wniformity

Traditional cementation medium, such as Portland cement and gypsum, are used in
geotechnical laboratory by moist or dry mixing methods (e.g., Cletugh 1988 and DeJong
et al. 2006), which were designed to achieve a relatively uniform distribution of cementation
agents along specimen height. Since the MICP cementations are attained by a biochemical
injection method in the current experimental pohoe, it is necessary to examine the
uniformity of cementation distribution. Furthermore, as mentioned above, Clough et al.
(1988) indicated that the cementation distribution of naturally cemented soil is not uniform

and the weaker cemented layer in cereérgoil was possible to control its behavior under
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severe loading conditions, so it is of practical value to report and discuss the cementation
uniformity. In this section, the distribution of cementation for all of cemented specimens was
analyzed and congped. For each of the specimen, 6 evenly distributed sections were divided
along the specimen height and corresponding cementation content was determined by acid
washing method. For convenience of presentation, section nurtberat assigned to each

part of the specimen with the sequences of section 1 at the bottom and section 6 at the top.
Cementation value of each section was plotted at its middle position (e.g., a height value of

5.5 was chosen for section 6).

In Figure 6.11, the cementation distrilout of five cemented specimens is plotted. As
mentioned above, both biological and cementation injections were conducted from bottom to
top for tested specimens (except for the specim&p, @hich lead to the higher cementation
level at the bottom sectisndue to their closer injection distance to injection port. Similar
cementation distributions are also reported by Martinez et al. (2013) and Feng and Montoya
(2015), in which they adopted similar bottom to top treatment methods. However, the
treatment métod for specimen @3 was different compared to the other specimens. The
biological solutions was still pumped from bottom to top, but the first cementation injection

was conducted from top to bottom and in the following cementation treatments, injection
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direction was changed to the opposite way based on the injection direction of previous
treatment. Using these sequences of treatment, uniform cementation distribution was also
achieved but a higher cementation level was obtained in the top section. Accrding
Martinez et al. (2013), the injection direction of biological treatment dominates the
distribution of precipitated calcite; however, authors in this paper found varying cementation
distribution of specimen @. In the work of Martinez et al. (2013),eth used consistent
top-bottom cementation medium treatment method when they injected biological solution
from the bottom; in contrary, the direction of cementation medium treatment for specimen
C-3 was changed between tbpttom and bottortop during the etire processes. Further
researches could be needed to verify whether the change of cementation treatment sequences

causes the different calcite distribution.

6.4 Conclusions

In this chapter, the liquefaction resistance of clean sand and MICP cemented sand
specimens was investigated and their mechanical responses, such as excess pore pressure
curve, modulus reduction curve and stress path, are analyzed, discussed and compared to

previous researches. The conclusions are summarized as follows:
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1. From the cyck stress ratio versus cyclic number curve, it is verified that a light
level of MICP cementation has improved the liquefaction resistance of loose sand and

experienced similar behavior to that of dense sand,;

2. Two MICP treated specimens with the same gaate®n content behave differently
under same cyclic stress ratio, which indicates that average mass of calcium content may not
be an accurate way to evaluate the behavior of MICP cemented soil; instead, the recorded
shear wave velocity comply with the pesises observed from cyclic loading (i.e., specimen
with larger shear wave velocity exhibits stronger liquefaction resistance). In practice, the
combination of measurement of shear wave velocity and calcite content is good for accurate

estimation of the bwvior of MICP cemented soil;

3. During cyclic loading, MICP cemented specimens demonstrate slower generation of
excess pore water pressure compared to uncemented loose and dense soil; but excess pore
pressure rises abruptly when the specimen is apprapbfuefaction, which is similar to the
behavior found from uncemented loose specimen at theliggafaction state, in contrary,
the excess pore pressure of uncemented dense specimens is suppressed when liquefaction is

approaching;
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4. MICP cemented sangresents lower and slower modulus reduction properties
during cyclic loading compared to uncemented sand, which is different from the findings by

other studies with silicatgrouted sand,;

5. Relative uniform distribution of calcium carbonate is achieved &b MICP
cemented specimens, although the cementation level tends to be higher at the bacteria
solution injection port (i.e., bottom port); one exception occurs to the specimen thigdwas
cementation medium in both taown and bottorup directions, inwhich cementation

content is higher in the top port.
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Table6.1 SandCharacteristics

O(mMm 6 6 O Q Q Shape

022 14 09 265 055 0.87 Round

Table6.2 Chemical Recipe of Injection Media

Chemical Name  Biological Injection Cementation Injectior

Concentrations (mM  Concentrations (mM

Urea 333 333
Ammonium Chloride 374 374
Calcium Chloride 0 50
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Table6.3 Soil Characteristics

Tested Relative Vs before Vs after Average Applied O
Density treatment  treatment Cementation Cyclic

Soil (%) (mis) g COMENt()  Stress (Mpa)
Number Ratio
L1 35 179 / 0 0.075 48
L-2 35 176 / 0 0.1 46
L3 38 187 / 0 014 52
L-4 36 188 / 0 025 53
L5 34 180 / 0 037 49
L6 39 195 / 0 045 57
D-1 75 209 / 0 014 66
D-2 78 212 / 0 025 67
D-3 74 210 / 0 045 66
C-1 40 185 516 0.9 0.075 399
C-2 38 184 425 0.6 014 270
Cc-3 39 186 676 0.6 0.14 685
c-4 38 182 796 15 025 950
C5 39 183 640 0.84 045 614
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Table6.4 Cycle numbers at varying failure states

Tested Applied N at Excess Pore N at 3% N at 10%
Soil Cyclic Stress Pressure Ratio of 1 ) _ ) _
Ratio Axial Strain Axial Strain
L-1 0.075 11411 11443 11452
L-2 0.1 403 416 423
L-3 0.14 90 91 94
L-4 0.25 3 3 6
L-5 0.37 2 2 4
L-6 0.45 2 2 4
D-1 0.14 661 663 678
D-2 0.25 34 38 102
D-3 0.45 2 3 11
C-1* 0.075 / / /
C-2 0.14 98 101 105
C-3 0.14 963 964 968
C-4 0.25 17 19 26
C-5 0.45 2 2 4
*Liquefaction didnét occur after 30000 cycles of loading.
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Figure 6.1 Cyclic loading responses of untreated loose specimen under cyclic stress ratio of

0.14. a) normalized shear stress curve b) normalized pore pressure curve c) axial deformation

d) normalized shear stress versus axials@ad e) normalized s8g path
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Figure 6.2 Cyclic loading responses of untreated loose specimen undertcgsBaatio of
0.25. a) normaligd shear stress curve b) normalized pore pressure curve c) axial deformation

d) normalized shear stress versus axialrs@ad e) nornmeaed stress path
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