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ABSTRACT

INVESTIGATING STRENGTH AND DEFORMATION
CHARACTERISTICS OF MICROBIALLY INDUCED CALCITE
PRECIPITATION TREATED LOOSE SAND

Duman Emre
Master of ScienceCivil Engineering
Supervisor Dr. Onur Pekcan

September 202017 pages

Microbially induced calcite precipitation (MICP) is a recently proposed novel
environmentally friendly ground improvement method that is alternating to
conventional ground improvement techniques. MICP has been under intense
investigation by researchers fnodifferent civil engineering subisciplines to
mitigate problems related to crack propagation of concrete, insufficient soil strength
characteristics, soil erosion, asphalt cracks, ®tcs study focuses on the effect of
MICP treatment on the strengtmda volumetric behavior of loose sands by
performing isotropically consolidated drained triaxial tests under 100, 200, and 400
kPa effective confining pressures. Various injection schemes (different numbers of
cementationsolution treatmentsand cementationsolution concentrationwere
investigated within the concept of this stutICP treated sands exhibit higher peak
deviatoric stress, stiffness, and dilatiohn increase in peak shear strength is
hindered by théncrease irconfinement as the ratio ofdtpeak deviatoric stress of
treated and untreated sand is lower at higher conénemressured.astly, an
increase in treatment numbeasd concentratiorenhanced the abovementioned

properties

Keywords: Microbially Induced Calcite PrecipitatipnDrained Triaxial Test,
Cemented San&poosarcina pasteurii
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CHAPTER 1

INTRODUCTION

1.1 Overview

Increasing population and migration to the cities resultthe growth of
infrastructural demand and lead ttee necessity of construction withimfeasble

ground conditionsSuchconditionsmay beenhancedy the application of ground
improvement techniquewhichhave beemvidely accepted ansliccessfullytilized

for many decades. However, increasing environmental awareness, the expectations,
and most impudantly, the regulations forcéesigners and researchargjuestion the
feasibility of existing methods. At that point, the quest for better applications brought
about bacteridpased methods considering their advantages. As the bacteria already
live in the groundand are an inevitable part of natutiee external interferences are

minimized. Bacteria can function even under extreme conditions.

Providing the necessary nutrition for bacteria to the soil, the formation of calcium
carbonate takes place insitlee pores. Formed calcium carbonate particles are
effective in improving strength and deformation characteristics of soils, especially
for sands. The whole procedure is known in the literature as microbially induced
calcium carbonate precipitation (MICRH),which the method harnesses the @pem
chemical processes to plug calcium carbonate within the soil m&tagksFischer

et al., 1999 The method utilizes urea hydrolysis induced by ureolytic bacteria to
precipitate calcium cadmate in the pores dhe soil which attractsespecially
geotechnical enginedyattention Most of the geotechnical engineering problems are
due to the inherent or nanherent nature of the soils, which may have poor strength
and deformation characteristicAs MICP might improve these propertieshgas

caught the attention of the geotechnical engineers.



In addition to improving the mechanical properties of stiks,emergence of MICP
comedrom theneedfor more environmentally friendly solutions to replaoesting
ground improvement methods such as injection of rficr® cement, epoxy, and
silicates DeJong et al., 200&jnce artificial grouts have toxic constituents that can
affect the quality of groundwater and soil. Moreover, the use of chemical grouts is

banredin some countrie@arol, 20(B).

In a sustainabilitydriven age, the importance of new improvement techniques like
MICP have become monergentfor geotechnical engineers. Therefore, MICP is
under intensive investigatiom the geotechnicakengineeringfield. To date,
researchers have investigatélie precipitationpatterns Gurbuz et al., 2015;
Saricicek et a).2019; Wang et al., 2019; Mujah et al. 20119k effect of MI® on
strength and deformatigibeJong et al., 2006, Feng & Montoya, 2015; Liralkt

2015 Terzis & Laloui, 2019, hydraulic Rowshanbakht et aR016;Li et al,, 2018;

Hataf & Baharifard2019, and therma{Venuleo et al., 2016; Martinez et al., 2019;
Wang et al., 2020¢haracteristics of sands, mittgan of soil erosion Jiang etal.,

2016; Zomorodian et al., 2019nd liquefactior(Zhiguang et al., 2016; Zhang et

al., 2020) problems. The outcoman the literature are promising and show that
MICP can be aiable solution. However, the studies listed above are mostly in the
|l ab scal e, whi ch brings t he g useaet i on: i Ca
applicati ons ? 0.haskvwleed Mouadrhisrqeestienatragstormed
from element scale to metscale columgtanks Gomez et al., 2016; Nassar et al.,
2018;Graddy et al., 208) andfield scale (van Paassen et al., 2010; Gomez et al.,
2013; Terzis et al., 2020ppplications. The expected challenges, such as
nonhomogeneous precipitation of calcium carbonatétddrdepth of influence due

to inlet clogging, are still here and address the continuation of intensive research.
Therefore, fully understanding the biogeochemical reactions is essential for the
advancement of the MICP. Rather than focusing on the eleondatger scales,
some researchers (Wang et al., 2019; Elmaloglou et al., 2020) focused on the micro
scale investigation of the MICP to see the evaluation of precipitation in the pore

scale.Yet, there is still room for understanding the mechanical behaviMICP



treated sands. Therefore, this study aims to investigate the drained behavior of the

treated sands with varying injection numbers and treatment concentrations.

1.2 Research Objective

This study aims to investigate the effect of MICP on loose sanas. main

objectives are:

to outline strength increase by conducting drained triaxial tests
to observe the change the mechanicabehaviorof the loose sands after the
MICP treatments

1 to examinethe effect of different treatménnumbers and chemical
concertrationson the abovementioned properties

1 to quantify the mass of calcium carbonate within thersailrix and outline
its role on these properties

1.3  Scope and Method

The scope of this researshutilizing Sporasarcina pasteurii (S. pasteud3 urease
positive bacteria to stimulate the necessary biogeochemical reactions to precipitate
calcium carbonate, hence improve the mechanical and deformation characteristics of
the loose sands. Within the contetkie effect of different number of injeicins and
chemical concentrations on these propewdiesnvestigated by conducting drained
triaxial tests. In addition, precipitated calcium carbonate is quantified by the
hydrochloric acid wash technique. Also, scanning electron microscopy images are
taken to investigate how micrecale behavior affected maesoale behavior.

1.4 Thesis Outline

While this chapter provides the introductory remarke,remaining of the thesis is

structured as follows:



Chapter 2 includes studies from the MICP literature, @afig¢ the ones

which includes the effect of MICP on the mechanical properties of the sands
Chapter 3 describes the procedures to produce MICP treated sand specimens
and proceed to macisrale experiments, quantify the calcium carbonate
content. Also, thenethod for SEM imaging is included.

Chapter 4 shows the results of the mesrale tests, includes mieszale
images. The effect of different treatment numbers and chemical
concentrations are evaluatedhe light of dicussions

Chapter 5 includes a summary of the research, concluding remarks, future

works.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

MICP is a sustainable and environmentally friendly ground improvement method
that harnesses the biogeocheamhicprocesses to improve the mechanical
characteristics of soils. The method uses the urease enzyme to facilitate a series of
chemical reactions to precipitate calociur
points. Urease positive bacteria initigtee urea hydrolysis in pore fluid by its
metabolic activity and induce calcium carbonate precipitation in the pore matrix.
StocksFischer et al. (1999) made the pioneering study in MICP literature and
explained the MICP pathway utilizin@acillus pasteurii (now Spoiosarcina
pasteuri). The individual cell organisms hydrolysis the urea, produce ampaomla

create an alkaline environment in pore fluid. Then, two different chemical reaction
initiates at the same time, ammonium and bicarbonate are produstg iB. The

local increase in pH of ureaCaCk medium in the vicinity of the cells enables the
precipitation around the organism and crystal growth. The pathway described in the

literature is as follows:

1. 6000 "OH° 60 0O
2. ¢c0'0 ¢O00O° ¢ch'O 0O
00 00 © "0

3. 6w 060 00 0 0w® OO0

Various factors can affect the efficiency of the MICP, and these factors should be
understood well before designing any experimental program. Therefore, the next

section will focus on thissue in detail.



2.2  Factors Affecting MICP

A chain of chemical reactions leads to precipitation of CaGi{stals as given in

the previous subsectio@rystal size, shape, and precipitation patterns have been
affected by several factors such as temperafpir, urease activity, degree of
saturation, treatment solution concentration, etc. (Mujah et al. 2017). This section

focuses on the factors affecting the MICP and provides the studies from the literature.

221 Temperature

Temperature is found to have an effect bacterial activit(Cheng et al. 2016
Omoregie et al. 2017; Sun et al. 2018), growth (Khodadadi & Birsel 2017; Sun et al.
2018), precipitation pattern (Cheng et al. 2014), content (Cheng et al. 2014; Kim et
al. 2018), nucleation rate (Cheng et al. @04nd strength of the MICP treated soils
(Keykha et al. 2017).

Kim et al. (2018) studied precipitation effectiveness with varying temperatures of
the ureaCaCb solution, and the optimum temperature was observed aC30

terms of the precipitation content.

Sun et al. (2018) investigated the effect of temperature on urease activity, bacterial
growth, precipitation rate. Bacterial growth was accelerated with an increase in
temperature (but the maximum temperature iSIGD The highest urease activity
was achieved &0 JC (temperature during incubation) f8r pasteurii and it was
developed in time and remain constant. Urease activity also affected the precipitation
rate, which is the highest 30 JC. Khodadadi & Bisel (2017) observed the highest
rate at 50C (temperature of uréaCaCb source) and 108 cell/nrespectively. Also,
bacterial growth is inhibited at 30 (temperature during incubation), so calcium

carbonate precipitation, too, due to the lack of badteells.

Cheng et al. (2014t the initial temperature of the sand specimenJdg 25d 50C.

The amount of precipitated calcium carbonate was highelattb@an the specimen



treated at 2K, yet it showed significantly lesser unconfined compresgremgth.

On the contrary, Keykha et al. (2017) showed the strength wasn't significantly
affected by the temperature of the specimen (30°C, 40°C, and 50°C). and the highest
strength was observed atJ@ Additionally, Cheng et al. (2014) showed that SEM
images revealed a larger size of crystals at tli€ 2ase than that of 30, which

can fill the gaps between sand grain and enhance the strength. This finding was also
observed at Cheng et al. (201®his is explained by variation in nucleation rate, in
which higher temperature leads to greater nucleation rate that results in smaller
precipitated crystals. The small size crystals were also seen in SEM images of 4
case, even though the lower nucleation rate is achieved at the low temperatures. The
precipitation of smaller crystals ali@ is due to the low relative supersaturation

degree due to the low hydrolysis rate.

Omoregie et al. (2017) examined the effect of groadhditions on the urease
activity of isolatedSporosarcina pasteurifrom the caes of Sarawak location.
Maximum specific urease activity (mM urea hydrolyzed W®D™?) was highest at

incubation temperatures of X5 and 30C for four different bacteria.

222  pH

The pH of the pore fluid is an important factor for the initiation of chemezadtions

since CaC® precipitates in an alkaline environment more effectively (Stocks
Fischer et al. 1999). Also, the pH of the growth medium can affect the urease activity
of the bacteria. Omoregie et al. (2017) revealed that the control Stguagturii

DSM 33) showed the maximum activity at a pH value of 6.5.

Keykha et al. (2017) adjusted the cementation solution pH (5.0, 6.0, 8.0 and 9.0).
The higher cementation solution pH led to an increase in stréffigtire 1) Kim et
al. (2018) discovered ¢hoptimum pH as 7.0 (among 6.0, 7.0, 8.0, 9.0, and 10.0),

considering the precipitated mass.
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Figurel Compressive strength vs. pWlith varying bacteria solution volume-@éay
curing) (Keykha et al. 2017)

The cementation mediurcontains pH stabilizers such as MH and NaHCQ.
Saracho and Haigh (2018) investigated the effectiveness of the stabilizers. 2.12 g/L

of NaHCQ was enough to stabilize the pH, so XHwas removed from the recipe.

Cheng et al. (2019) proposed a new ing@ctimethod that controls the lag phase of
CaCQ precipitation by adjusting the pH. An injection solution callediratbne
solution (a mixture of cementation solution and bacterial solution) with initial pH
4.0. Having a low solution pH decreased the bgipod ammonium by 90%
compared to the conventional MICP treatment method. Chemical conversion
efficiency (percentage of urea that led to precipitation of Ga@@s not changed

the pH values higher than 4.0. It is stated that having lower pH eliminatéisdio
production and provides a stable injection solution. Therefore, a low pH solution is

suggested by the authors.

Cheng et al. (2014) adjust the pH of the specimen to 3.5, 9.5, and neutral. Specimens
treated at both acidic and alkaline environments ébeuila lesser strength compared

to the neutral case, even though the neutral case has the leastrGas30



2.2.3 Urease Activity/Bacterial Concentration

MICP process utilizes urea hydrolysis, and urease activity is directly related to the
hydrolysis rate of u@ Therefore, it is essential to work at optimal urease
activity/bacterial concentration to achieve to enhance the geotechnical properties of

the soils.

Cheng et al. (2016) investigated the effect of urease activity on unconfined
compression strength oktted soilsFor the same CaG@ontent, the higher urease
activity led to lower strength, whereas the lower rate led to the opposite. Cheng et al.
(2019) stated that lower urease activity led to more uniform precipitation along the

sand column.

Imran et & (2018) examined crystal growth for an isolated bacteria,
Pararhodobactersp., by using a digital microscope under varying bacterial
concentrations. The deposition rate, which is the ratio of average volume of crystal

particles and time, is increaseddayincrease in bacterial concentration.

Martinez et al. (2013) worked on the optimization of calcite precipitation. An
injection with a microbe concentration of 7 X t@lls/mL injected at 10 mL/min for
1.5 pore volumes and retention time as 6 h founohmph for the augmentation of

bacteria.

2.2.4 Degree of Saturation

The initial degree of saturation of soil is an important factor for calcium carbonate
precipitation. Cheng et al. (2013) investigated the unconfined compression strength
of the MICP treated sandgith the varying initial degree of saturation. Specimens
with a lower degree of saturation reached the same strength as the specimens with a
higher degree of saturation, with a lesser Ca#dcentage. This could be explained

by the nutrients forming memisform in the pore space, which is leading CaCO

precipitation at the contact points. However, in a fully saturated case, the agstals



precipitate in the pore space freely since the pores are filled with nutrients. An

illustration is given below.

Sand
Grains

ementation
Solution

100% saturation 20% saturation

Figure2 Precipitation patterns for both 100% and 20% saturation

Zeng et al. (2018) examined the MICP treatment on the specimens with different
initial degrees of saturation. Specimens with 0% degree of saturation exhibited
alower unconfined compression strength than 100% degree of saturation. The dry
state showed a higher strength compared to a fully saturated case, as the strength
increased by lowering the degree of saturation incrementally from 80% to 0%
(Figure 3)

700

650 ® Each sample
—&— Average of each group

600
550

500

UCS (kPa)

450
@
400

350 é

300
100% 90% 80% 70% 60% 50% 40% 30% 20% 10% 0%

Saturation degree

Figure3 Unconfined compression strength vs. saturation degree for the specimens
dried at 60°QZeng et al. 2018)
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2.2.5 Grain Size and Relative Density

The pore throat and pore size should allow bacteria to move within the pore matrix
of a soil freely. Therefore, grain size and relative density can affect calcium
carbonate precipitation.

Hataf & Jamali (2018) investigated the effect of fine content on the strength
enhancement by the MICP process. Consolidated drained direct shear tedésireve
that the fine content hinders the increase in cohesion and angle of friction due to
MICP treatments. Rebetaanda (2007) states that bacterial activity is suppressed,
and nutrient percolation is not sufficient in figeained soils. Furthermore, Jiaag

al. (2016) examined the erosional behavior of MICP treateddaganixtures (with
different sand grain sizes) by conducting constant flow rate erosion tests. For the
same fine content, having finer sand in the mixture led to no improvement inl critica

shear stress, yet, it is opposite for the coarser-slaydnixtures.

Soon et al. (2013) investigated the effect of MICP on the strength of residual soil
(sandy silt) and sand specimens with varying relative densities (85%, 90%, 95%).
MICP treated residal soil exhibited a higher increase {464% increase) in
unconfined compression strength compared to sand specimeB5%d#crease).
This phenomenon is due to very high relative densities of the sand inhibits the

movement of the bacteria freely in there space.

Tan et al. (2017) observed the bacteria attachment and permeability reduction in the
sand columns with varying grain sizes. The highest reduction in permeability was
observed in the finest sand, in which permeability is dropped by 97%. Lagajer gr
sizes led to a poor bacterial attachment due to larger pore volume. Dhami et al. (2016)
treated sand columns with a maximum grain size of 0.1, 0.2, 0.5, 0.75, 1, 1.5, and 2
mm and measured the rate of effluent flow within the specimen during thedrgatm
process. The highest drop in the rate was observed in 0.5 mm case in which the rate

was dropped from 12.2 ml/min to 1.4 ml/min in 10 days (88% decrease). Larger
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grained sand columns exhibited a lower rate of reduction during the initial stages of

the njection schedule, compared to finer sands.

Cheshomi & Mansouri (2019) performed direct shear tests on two different sands.
Coarser sand (grain size varying between 0i(Z5m) exhibited a peak shear stress

of 380.56 kPa at 98 kPa of normal stress, wisch.2 times the untreated sand's
shear strength. However, fine sand showed a lesser increase in peak shear strength,
which treated sand peak shear strength is 3.27 times the untread one's strength.
Amarakoon & Kawasaki (2016) treated two types of samitts Dsg of 0.2 and 0.6

mm. Within the same treatment conditions, coarser sand exhibited higher unconfined
compression strength. Nafisi et al. (2020) explained the same phenomenon with a
straightforward analogyelatedto the cementation content and numbercontact

points. For the same calcium carbonate content, fine sand will have lesser effective
calcium carbonate crystals (grain binding crystals) than coarser sand since it has a
higher number of contact points. Therefore, the strength gained in fidensiabe

lesser than the coarser sand.

2.2.6 Treatment Media

In a theoretical sense, hydrolysis of one mol urea should produce one mol calcium
carbonate according to the MICP pathway. But, the MICP process is complex and
dependent on various factors, as disedsin previous sections. However, the

pathway is indicating that the chemical concentrations of urea and calcium source

might affect the process.

Al Qabany et al. (2012) investigated the effect of concentration and retention time
on the process. Treatntsnwith equimolar 0.25 M ure@aCb solution were
performed with retention times of 6 h, 12 h, 24 h, Amys. In addition to this set

of trials, 0.5 M uregCaCb with 6 and 24 h retention time and 0.1 M uf&aCbh with

3 h retention time were applied as alternative. The efficiency (ratio of actual

precipitated mass and theoretical precipitated Ga@&ss) was calculated for each

12



case. Efficiency was kept at almost 90% when the input rate is lesser than 0.042
mole/litre/hour. Changing the concentrasodid not make any difference in the
efficiency, as long as the input rate is kept at less than 0.042 mole/litréAngure

4).

100 T—h—

$ ® Grade D Sand
80 (0.1 M)
;\‘? +Grade D Sand
> 60 3 x (0.25 M)
E ®Grade D Sand
‘% 401 i (0.5 M)
k= Grade E Sand
w (0.25 M)
20
* Grade E Sand
(0.5 M)
0

0 0.01 0.02  0.03 0.04 005 0.06 0.07 0.08 0.09
Input Rate (Mole/Litre/hour)

Figure4 Efficiency vs. input rate (Al Qabany et al. 2012)

Al Qabany & Soga (2013) conducted rigwll permeability and unconfined
compression test on MICP treated sands. Treatments were done with varying
equimolar ureg&CaCb (0.1 M, 0.25 M, 0.50 M and 1.0 M) cementation solutions.
The higher rate of reduction in permeability was observed due taziedalogging

at greater cementation solution concentrations than lower concentrations. Localized
clogging led to the inhomogeneous distribution of CaQ@nce low unconfined
compression strength. Therefore, a higher number of injections with lower

concertrations of cementation solution is suggested.

Wen et al. (2019) investigated the relationship between initial urea concentration and
hydrolysis rate. Urea was hydrolyzed for 0.25 and 0.50 M urea in 24 hours, yet only
60% of the 1.0 M urea hydrolyzed dugithe first 24 h. In terms of the hydrolysis
rate, 1.0 M case showed the highest compared to others.

Mortensen et al. (2011) focused on the chemical recipe used in $Higcker et al.
(1999). Higher ammonium chloride concentration (374 mM) led to a |loaterof
CaCQ precipitation than the 174 mM ammonium chloride case. Having a lower rate

is beneficial for achieving uniform CaG@istribution.
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ShahrokhiShahraki et al. (2015) performed unconfined compressind falling
head tests on MICP treated samgd#h different ureaCaChk concentrations.
Equimolar ureagCaCb concentrations resulted in lower strength and higher
permeability than a neaquimolar case (urea to CaCatio greater than 1Table

1).

Tablel Some properties of MP-treated sand A using bacterial concentration of
1 x 10° cells/ml (ShahrokhBhahraki et al. 2015)

_ Permeability
Cementation .
o Urea (M) CaCk (M) UCS (kPa) coefficient
Combination
(m/s)
1 0.10 0.10 50 2.1x10*
2 0.25 0.25 75 1.8 x 10°
3 0.46 0.25 110 1.4 x 104
4 0.25 0.50 80 1.7 x 10°
5 1.00 0.50 180 8.1x10°
6 1.85 1.00 240 2.6x10°
Untreated 0 0 - 4.2 x 10

2.3  Mechanical Response of MICP Treated Sand

Many researchers investigated the behavior of artificially cemented sands @upas
Pecker, 1979; Clough et al., 1981; Consoli et al., 1998; Schnaid et al., 2001). But
MICP distinguishes itself from the conventional ground improvement methods since
it requires an understanding of fgecchemical processes. Due to the complex
nature ofMICP, further investigation about the behavior of MICP treated should be
done. This section provides the studies done regarding this issue.

Dejong et al. (2006) made the pioneering study in MICP literature and investigated
the undrained response of gypsamd MICP treated sand. Both cases exhibited
higher g/ponsthan untreated sand. Shear wave velocities were monitored during the
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shearing and showed similar behavior for gypsum and MICP treated sands. A rapid
drop in shear wave velocity due to cementatiegradation was observed in the first

1% axial strain.

Montoya and Dejong (2015) conducted a series of undrained and drained triaxial
tests on MICP treated sands to defihestiffness and strength properties of these
soils with varying cementation lewe(Figure 5) In undrained tests, moderately
cemented sands showed greater shear strength and faster peak shear strength
mobilization compargto loose sands. However, at large strains, treated sand was
showed similar shear strength with loose sands simognibits strain softening. As

the cementation increased, higher peak shear modulus and strengths were observed
at low axial strains. Considering the behavior of moderately treated sand, it showed
a dilative behaviorAdditionally, the effect of loadingath on strength and stiffness
properties of the MICP treated sands were investigated in both drained and undrained
triaxial tests. Radial extension, constant p, and axial compression cases were
investigated, and in drained tests, it has been seen thathrte behavior was
observed when moving from axial compression to radial extension in treated sands.

In undrained tests, strestrain behaviowasfound similar in each loading case.
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Figure5 Undrained triaxial compressidasts of MICP treatéand untreated
specimer(Montoya and DeJong 2015)

Cui et al. (2017) were also conducted isotropically consolidated undrained triaxial
tests to observe the effect of cementation leveherstrength properties of MICP
treated sands. #otal of 11 groups of loose and dense specimens were treated with
different injection numbers, and their average calcite content was determined by the
hydrochloric acid washing technique. At relatively high calcite contents, loose sand
specimens were shodeatrain hardening and softening behavior, which implies that
specimens became denser and more brittle. After failure, a visible shear plane was
observedFigure 7) However, at relatively low calcite content, this behavior was
not found. Additionally, aghe calcite content was increased, effective cohesion and
angle of friction were increased too. This trend was observed linearly in effective

friction, exponential in effective cohesigRigure 6)
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Figure6 Variation of strengtlparameters of bicemented sand with average
calcite contenta effective friction angleb effective cohesion (Cui et al. 2017)

Figure7 Failed specimens (confining pressure 100 kPa) with different treatment

numbers (a) Loose treated sand (b)) N=2 (c) N=8(d) N =12 (e) N =16 (Cui et
al. 2017)

Cheng et al. (2013) investigated the mechanical behavior of coarse and fine sands
under different degrees of saturation by performing consolidated undrained triaxial
tests. With an iorease in calcium carbonate content, effective friction and cohesion
were increased, and at the same calcium carbonate content, the resulting increase
was observed higher in a lower degree of saturation for both fine and coarse sands.
At a lower degree ofaturation, the treatment solution forms a meniscus between
grains, which leads to producing calcite bonding at this location. However, at fully
saturated conditions, MICP can be produced both between grains and on the surface
of the grains. Because of shinechanism, at a lower degree of saturation, it is more
likely to have more effective calcium carbonate particles. Additionally, at the same
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degree of saturation, fine sand had a lower angle of friction, but higher cohesion
since it has more particle cagts compare to coarse sand, meaning that contact

stresses are less and more effective calcium carbonate can pre(fipifate 8 and
Figure 9)
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Figure8 Effect of saturation conditions on shear strength parameters of coarse
silica sand having different amounts of CaOheng et al. 2013)
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Figure9 Effect of saturation conditions on shear strength parameters of fine silica
sand having different amounts ©@aCQ (Cheng et al. 2013)

18



A study by Lin et & (2016) revealed the drained response of treated Ottowa 20/30
and 50/70 sands under different confinement pressures with injections of different
molars of cementation solution (0.1 M Ca&hd 0.3 M CaG). Unlike the untreated

sand response, treated daishowed straisoftening behavior for both 0.1 M CacCl

and 0.3 M CagGlinjection cases, and treated sands showed a more dilative tendency.
Furthermore, Poisson's ratio was determined by using\® and Svave velocities.

After cementation treatments,iBson's ratio was decreased, which justifies the trend

of moving towards to dilative behavior. Also, after reaching peak strength, deviator
stress was decreased to the deviator stress of untreated sand at 10% axial strain for
the Ottowa 50/70 sand, 0.1 MaCl2 case. However, an increment of 14 to 71% was
observed in residual strength for Ottowa 20/30, 0.1 M €eéde, which can be due

to residual cohesion since residual cohesions were observed as 1 and 7 kPa for
Ottowa 50/70 and 20/30. In the case of 0.CMCI2 injection, peak angle of friction

and cohesion were obtained a$ a8d 32, 41, and 58 kPa for Ottowa 50/70 and
20/30 sands.

Feng & Montoya (2015) investigated the drained response of MICP treated sands
with varying cementation levels (lightly, derately, and heavily cemented sands)
under different confining pressures (100, 200, and 400 kPa). An increase in
cementation level led to dilative behavior, yet dense untreated sand exhibited a
higher dilatancy than heavily cemented sand. Also, peak tdevciastress
significantly increased for moderately and heavily cemented sands, but lightly
cemented sand showed similar strength with untreated sand. The increase in peak
strength was suppressed by increasing confining pressure, as the ratio of peak
strergth of treated and untread case was decreased with increasing confining
pressure. Furthermore, higher cementation levels made the initial tangent modulus

to become less sensitive against effective confining pressure.

Gao et al. (2019) performed drainecxial tests on MICP treated sands under 100
kPa effective confining pressure with varying treatment numbers (1,2 and 4) and
relative densities (30, 50, 70, and 90%). Increase in treatment number led to higher
shear strength and dilatancy. Also, MICP hasrbtound to be a more effective
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improvement method than densifying the soil by compaction. Increasing the relative
density from 30% to 90% increased the peak shear strength by 22%. However, 1, 2,
and 4 MICP treatment cycles improved the shear strengtil3%y 36%, and 39%,
respectively.

Do et al. (2019) performed drained triaxial tests on treated and untreated sands and
looked into the theoretical stred#atancy relation proposed by Zhang & Salgado
(2010) for norassociated Mokh€oulomb soils. The resultsere evaluated in-d

h space (dilatancy ratio and stress ratio), which is defin€t)in

, wb - oa
Q = : p
w 0o ¢ «a

which d is the ratio of plastic volumetric strain rate and plastic deviatoric strain rate

— , his stress ratidg/p'), and M is the slope of the critical state line of

untreated sand in' space. Ris a cohesion factor and defined as:

o 0O an o 0 j
o - n

The dilatancy ratio for untreated sand is less than 1, indicatinghihapecimen
exhibits contractive behavior. For treated sand, d is starting arowid51during
the shearing. A decrease in d is associated with strain hardening behavior, yet, d is

increasing when straisoftening behavior was observigdgure 10)
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Figure10 Dilatancy rate vs. stress ratio for treated and untreated sand under
varying confining pressures (Do et al. 2019)

Nafisi et al. (2020) conducted drained triaxial tests on MICP treated sands under 10,
100, and 400 kPa canfng pressure to assess the failure envelope of these soils.
Linear, bilinear, and nonlinear failure envelopes were fitted. At lower confining
pressures, the cohesion was overestimated in linear-Batiomb failure envelope,

as the cohesion is 26, 12,dai4 kPa in linear, bilinear, and nonlinear cases,

respectively.

Liu et al. (2019) treated the calcareous sands with a different approach. A single
cementation solution with varying volume (in terms of pore volume) is recirculated
through the specimen tleéimes for achieving 90% chemical conversion. Injections

of larger volumes led to an increase in peak shear strength, secant modulus, and faster

dilation mobilization.

2.4  Mechanical Behavior of Naturally Cemented Sands

Cemented sand deposits are foundwadlnd the world quite often. The cementation
process in nature occurs due to the existence of cementing agents such as byproducts
of nearby weathering or processes like welding of sand grains at the contact points

(materials like volcanic ash exhibitsstphenomenon) (Milstone 1985).
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Researchers investigated the behavior of this type of soils. O'Rourke & Crespo
(1988) took cemented volcanic silty sand specimens from Southern Colombia and
performed drained triaxial tests under 0, 60, 120, 200, and 30Qcd#eming
pressuregFigure 11) The specimens exhibited a significant brittle behavior at lower
confining pressure, but with an increase in the pressure, the behavior transformed to
ductile. Also, peak deviatoric stress occurred at the axial strainheRiubited the

highest rate of dilation.
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Clough et al. (1981) investigated the behavior of weakly, moderately, and strongly
cemented sansbecimens from San Fransisco Peninsula. Drained triaxialtests
performed under 35, 104, 207, and 414 kPa confining pres¢bigsre 12)
Specimens exhibited dilative behavior at lower pressures, but the behavior was
suppressed at the higher pressusongly and moderately cemented sands showed
significant strairsoftening behavior, but it was not the case for weakly cemented

soil. Weakly cemented soil only showed a brittle failure at the unconfined
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compression test. Additionally, an increase inficong pressure led to higher peak

deviatoric stress and stiffness for naturally cemented sands.
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CHAPTER 3

MATERIALS AND METHODS

This chapter focuses on describing the materials and methods for biological and
cementation solution (BS and CS) preparation, bacteria cultivation, MICP
treatments, triaxial testing, and determination of calcium carbonate content of the
treated specimen. Sometbhe methods were adopted from the literature and evolved

in a trial and error fashion since there is no exact procedure for macro scale testing
of MICP treated sands. The problems and drawbacks of the methods are also
discussed and included in this chapt

3.1  Sand Properties

Fine quartz sandPOMZAEXPORT Mine Industries & Trade Comparwyas used

for this study. The basic properties of this sand were obtained AronadiAdli

(2014) Sar ée-i - ek (2019)1The relevandASTMistaadbrés are ASTM
D854 for specific gravity, ASTM D6913 for grain size distribution, ASTM D4254 for
minimum and maximum void ratio of soils. Figure 13 and Table 2 illustrates these
properties. The motivation behind choosing Haad is finegrained sands are relatively
harder to improve. Nafisi et al. (2020) showed that in order to reach the same
cementation level, fingrained sands require more treatment cycles compared to-coarse

grained sands.
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Table2 Sandproperties

Sand property Value
Deo (Mm) 0.202
D30 (mm) 0.14
D10 (mm) 0.09
Cu 2.24

Ce 1.08

Soil Classification SP
G.S 2.66
Emax 1.00
€min 0.62
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3.2 Bacteria Cultivation

Sporosarcina pasteur(ATCC 11859) was used as urease positive bacteria, which
are frequently used in the literature (DeJong et al. 2006; DeJong et al. 2013) due to
their high urease activity Mujah et al. 2017). The bacteria were initially precultivated
in ammoniuryeast extret (NHs-YE) medium (ATCC 1376) at 3T with a shaking
incubator at 200 rpm, for approximately 24 hours. The growth medium consists of
20 g/L yeast extract, 10 g/L ammonium sulfate [¢¢BQ4], 0.13 M Tris buffer (pH

= 9.0). The medium is prepared as falto(Figure 14):

1 20 g yeast extract and 10 g ammonium sulfate were dissolved in 100 mL
distilled water

1 15.75 g Tris buffer was dissolved in 800 mL, and its pH was adjusted to
9.0 by adding 2 M HCI solution

1 The ingredients were separately autoclaved for s et 122C as ATCC
1376 suggests that no growth occurs when the ingredients are autoclaved
together.

1 After autoclaving, the ingredients were cooled off and mixed in a sterile

environment.

Precultivatedbacteria medium was inoculated in fresh growth media (1% v/v), and
then the bacteria were recultivated under the same conditions for 24 hours (Figure
15, Figure 16). The final solution was diluted to the optical densitysd§pDf
approximately 1.0 and o#&ifuged at 4000 g for 15 minutes in 15 mL sterile tubes
(Figure 17). Following that, the supernatant was remd@kaglre 18) and pellets

were stored a20°C prior to use
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(b)

(©)

Figure14 Growth medium preparation (a) tris buffer solution (b) yeastexand
ammonium sulfate (c) mixing the ingredients
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(b)

Figurel5 Bacteria inoculation (a) precultivated medium (b) bacteria inoculation in
growth medium

Figure16 Shaking incubator
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(b)

Figure1l7 ODsoo measurement (a) spectrophotométév-5100, SOIF, Ching(b)
bacterial solution in micro cuvette

(b)
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(©

Figure18 Centrifugation the inoculated bacteria (a) Centrifuge (Spectrafug 6C,
LABNET, U.S.A.) (b) bacterial pellet and supernatant (c) only pellet after
removing the supernatant

3.3 Biological and Cementation Solution Preparation

Biological mediaconstituents,apresenting theolutionused for the introduction of
bacteria to the samples, ahdse forcementatiorsolutionare shown imable 3 The
solutions were prepared 2 L at once, and preparation steps (Figure 19) are listed as:

1 120.12/60.06 g urea (Setl/SetRas dissolved in approximately 300 mL
distilled water

1 147.01/73.505 g acium chloride dihydrate(CaCb.2H.O) and 20 ¢
ammonium chloride (NECI) were dissolved in 400500 mL distilled water
6 g nutrient broth was dissolved in 200 mL distilled water
CaCl2.2H,0, NH4Cl, and nutrient broth were mixed in 2 L graduated
cylinder, and water was added to complete the volume as 1700 mL. The

solution was divided into 2 bottles, each containing 850 ml.
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1 All the constituents were autoclaved together at A21ior 15 min, except

urea, as it may be decomposed under high temperatures. Instead, urea was

sterilized through a 0.22 pum filter.
1 Following the end of autoclaving and filtering stages, the components were

mixed in bottles under aseptic conditions.

Table3 Chemical components of biological and cementation media

Biological medium Cementation medium
Components _ )
concentrations (M) concentrations (M)
Urea 1.0/0.50* 1.0/0.50*
CaCb.2H0 - 0.50.25*
Nutrient Broth 3g/L 3g/L
NH4CI 0.187 0.187

*Urea and CaGl2H20 concentrations are different for Setl and Set2. Their concentrations a
reported as Setl/Set2.

Calcium chloride dihydrate (Cag£2H.O) was not included in the biological medium
in order to avoid the possibility of earlgrecipitation. Furthermore, sodium
bicarbonate (NaHC¢) was not preferred in cementation medium as sodium

bicarbonate could react with calcium chloride dihydrate.

Urea i calcium molarities are used differently in the literature. Some of the
combinations @ 0.25 M7 0.125 M (Gomez et al. 2013), 0.25 M0.25 M
(ShahrokhiShahrakiet al. 2014; Zhao et al. 2014; Venuleo et al. 2016; Wen et al.
2019; Terzis & Laloui 2019), 0.333 M 0.050 M (Mortensen & DeJong 2011;
Montoya & DeJong 2015; Feng & Montoya 20Z&mani & Montoya 2019), 0.333
M1 0.10 M (Lin et al. 2015; Nafisi et al. 2020), 0.350i/M.250 M (Gomez et al.
2016), 0.375 M 0.25 M (Saracho & Haigh 2018; Wang et al. 2019), 0.60/6 M
(Tsukamoto et al. 2013; Xiao et al. 2019; Gao et al. 2019; Zadliem et al. 2019)
and 1.0 Mi 1.0 M (Cheng et al. 2013; Mahawish et al. 2018; Zhang et al. 2020).
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Very low CaC} molarities are not used in this study to achieve rapid improvement.
The studies with 0.050 M and 0.100 @aCbk showed that almost 40 injections
require to reach heavy cementation levels (Feng & Montoya 2016; Nafisi et al.
2020). Very high ones also disregarded, since it leads to nonuniform calcium
carbonate distribution (Al Qabany & Soga 2013). Urea: calcium isakiept at two,

as Martinez et al. (2013) suggest that it should be higher than unity. Lower ratios
will have less ammonium byproduct, which is environmentally beneficial. However,
urea consumption is essential to have the necessary biogeochemicalgsdoess
MICP. Therefore, the ratio is decided to be 2 to 1.

i (d)
Figure19 Biological and cementation solution preparation (a) urea solution (b)
NH4Cl and CaCl.2H.0O solution (c) nutrient broth solutiqd) urea filtration
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3.4  Specimen Preparation and MICP Treatments

There are different approaches for MICP treatments, and two frequently used
methods exist in the literature. The first one is injecting the biological solutions to
the specimen through the drage lines of the triaxial base while the specimen is
under a specific confinement pressure (DeJong et al. 2006; Lin et al. 2015; Montoya
& DeJong 2015; Feng & Montoya 2015; Feng & Montoya 2017). The second one is
injecting biological solutions to specimettgt are prepared in PVC columns and
under no confinement pressure (Xiao et al. 2018; Cheng et al. 2019; Mahawish et al.
2019; Terzis & Laloui 2019; Liu et al. 2019). The first one is more realistic as it
represents real life conditions where the soits @nfined by a pressure changing

with depth. Both approaches are used in this study and will be discussed in upcoming

parts.
3.4.1 Injections within Triaxial Cell
For the study, | oose specimens (relative de

and 99.5+0.5 mrheight were prepared. darcompaction methodasadoptedor
specimen preparatioms suggested by Lad(l978) The method allowghe
specimen to have uniform density alomigh the height of the specimen. During the
compaction of upper layers with tamginod, lower layersverealso compacted as
expected. Yet, in undercompactidhe height of layersvasadjusted based on the
principle that each layer is going to be compacted equally at the end. In this study,
specimensvere prepared ir6 layers Initially, a vacuumwas attachedo the split

mold to provide full contact ofthe membrane with split moldFigure 20).After
completing compaction, vacuwvasutilized forthespecimen fronthetop cap and

split mold is removed. Therf0 kPacell pressurewvas gradually applied while
decreasing the vacuum slowly to avoid overconsolidatiothe@specimen After
applying the cell pressure, the biological solution is injected into the specimen via

peristaltic pump (Figure 21a and Figure 21b). Injection rateseaet\i.33 mL/min
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and 20 mL/min were adopted in the literature for triaxial testing. (Dejong et al. 2006;
Burbank et al. 2012; Lin et al. 2015; Xiao et al. 2018). Therefore, 3 mL/min was
decided for the initial trials. The retention time was 5 hr. Aftenteia, cementation
solution injections were made every 6 hours from with 1.3 pore volume (PV) of the
specimen. The injection scheme described above is referred to asphase
injection (Martinez et al. 2013), and it prevents early precipitation of GaUlt2
direction of the flow was changed (bottom to top or top to bottom) at every
subsequent injectiai® achieve more uniform calcium carbonate distribution (Nafisi

& Montoya 2018), and the pH of the effluents was measured. As expected, pH
values are deeased as time passes, and pH values are shovabli& 4 This might
possibly be due to a decrease in bacterial activity and the flushing of the bacteria.
Atfter the 8" injection, pH value dropped below 8, as also observed similarly in Feng
& Montoya (205). For keeping the activity high, 2 mL of fresh bacteria was injected
at every injection after the"8ne (except the last two injections). Additionally, in

this method, only 0.25 MaCb.2H,O and 0.50 M urea combination was used.

(a) (b)

Figure20 (a) Tamping rod with adjustable height bp mpact i on of | ayer
et al. 2019)
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Figure21 Biological and cementation solution injection (a) side view (b) front
view (c) precipitated calcium carbonate in drainage lines

Table4 Effluent pH values

#CS Effluent pH #CS Effluent pH
1 8.55 15 (2 mLbacteria) 8.02
2 8.52 16 (2 mL bacteria) 8.02
3 8.55 17 (2 mL bacteria) 7.94
4 8.36 18 (2 mL bacteria) 7.93
5 7.98 19 (2 mL bacteria) 8.06
6 8.26 20 (2 mL bacteria) 8.20
7 8.01 21 (2 mL bacteria) 8.21
8 7.70 22 (2 mL bacteria) 8.22
9 (2 mLbacteria) 7.8 23 (2 mL bacteria) 8.21
10 (2 mL bacteria) 8.01 24 (2 mL bacteria) 8.25
11 (2 mL bacteria) 8.18 25 (2 mL bacteria) 8.10
12 (2 mL bacteria) 8.11 26 7.65
13 (2 mL bacteria) 7.90 27 7.79
14 (2 mL bacteria) 7.96
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This method was ndbllowed for the rest of the study for various reasons, and they

are listed below.

T

3.4.2

It takes approximately one and a half months to complete one test. There was
only one triaxial cell available in the METU Geotechnical Laboratory.
Unfortunately, it was ngbossible to prepare multiple specimens at the same
time.

Due to the low injection rate, calcium carbonate precipitation occurred at the
drainage lines (Figure 21c) and on the pedestal. The effectiveness of the
calcium carbonate precipitation in the speaimeas in question, and there
was not significant improvement in the specimen. Therefore, an injection
scheme in which the injection solutions directly reach the soil matrix was
chosen. This problem might be overcome by increasing the injection rate and
volume. However, due to the time constraints, these alternatives were not

tried and can be taken into consideration for future studies.

Injection within the External Molds

In this method PolypropyleneRandom Copgimer (PPRC) split molds with 50.5
mm diameterand 115 mm height were used (Figure 22a, Figure 22b). Specimens

with the same dimensions were prepared by using undercompaction method as

already described in the previous section. An impermeable plastic sheet was placed

inside the mold (Figure 22c), attten filter paper was placed on the plastic sheet to

prevent sand from sticking to the sheet (Figure 22d). The plastic was placed in order

to prevent leakage from the sides.
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(c) (d)

Figure22 PPRC molds (a) bottom fitting (b) split mold fdastic sheet placed
inside the mold (d) filter paper placed on the sheet

After the completion of specimen preparation, a granular layer was placed on top of
the specimen for filtering purposes as seerngare 23a. Injections were made from

top to bottom as the solutions were leaked through the granular layer to the specimen
(Figure 23b, Figure 23c). Initially, the biological solution was injected with 5
mL/min (increased from 3 mL/min to accelerate theogmss), 1.3 PV, and
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recirculated once. Then, a fixation fluid (0.0250dCb.2H,0, 1.3 PV) was injected
subsequently to increase the adherence of bacteria to the sand grains (Harkes et al.
2010). For cementation solution injections, 8 and 16 injections meade. For the 8
injection case, a biological solution (IP¥/) wasinjected after the @ cementation
injection. For the 16 injection case, a biological solution (1.0 PV) was injected after
the 8" injection to maintain the bacterial activity. Both injection schedules were
applied for Setl and Set2 and showTable 5 andrable6. Cementation solutions

were done in every 12 hou@ndthe injection ratewaslowered to 1 mL/min after

2" biologicalsolution injection due to the decrease in permeability.

(b)
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Figure23 (a) gravel layer (b) injection setup (c) effluent collection

Table5 8 cementation solution injection schedule

#Injection and Type Volume and Rate

1.BS 1.3PVi 5 mL/min
Fixation 1.3PVi 5 mL/min
1.CS 1.3PVi 5 mL/min
2.CS 1.3PVi 5 mL/min
3.CS 1.3PVi 5 mL/min
4. CS 1.3PVi 5 mL/min
2.BS 1.0PVi 5 mL/min
5.CS 1.3PVi 1 mL/min
6. CS 1.3PVi 1 mL/min
7.CS 1.3PVi 1 mL/min
8.CS 1.3PVi 1 mL/min

41



Table6 16 cementation solution injection schedule

#Injection #Injection
and Type Volume and Rate and Type Volume and Rate
1.BS 1.3PVi 5 mL/min 2.BS 1.0PVi 5 mL/min
Fixation 1.3PVi 5 mL/min 9.CS 1.3PVi 1 mL/min
1.CS 1.3PVi 5 mL/min 10. CS 1.3PVi 1 mL/min
2.CS 1.3PVi 5 mL/min 11.CS 1.3PVi 1 mL/min
3.CS 1.3PVi 5 mL/min 12. CS 1.3PVi 1 mL/min
4. CS 1.3PVi 5 mL/min 13.CS 1.3PVi 1 mL/min
5.CS 1.3PVi 5 mL/min 14.CS 1.3PVi 1 mL/min
6. CS 1.3PVi 5 mL/min 15.CS 1.3PVi 1 mL/min
7.CS 1.3PVi 5 mL/min 16. CS 1.3PVi 1 mL/min
8.CS 1.3PVi 5 mL/min

3.5 Consolidated Drained Triaxial Testing

After completing the injections, three pore volumes of distilled waéze flushed.
Split mold and the plastic sheet were removed, and the specimen was extracted. For
the drained triaxial testing, ASTM D718% St andard Test Method for

Drained Triaxi al Compression Test for Soil s

The specimen was aanted on the triaxial cell as following the steps shown below
(Figure 24, Figure 24b, Figure 24c, Figure 24d

1 The specimen was ovairied at 60°C until there was no change in the mass
and placed on the pedestal.

1 The membrane was stretched by thembrane stretcher and made full
contact with the tube by vacuuming the air with blowing dust ball

1 The membrane was placed around the specimen.
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1 O-rings were placed on the pedestal, then top porous stone and top cap were

placed. Grings were placed on thep cap.

Upon the completion of the previous steps, the triaxial cell was filled with water, and

30 kPa of aHaround pressure was applied. Then,.G@d deaired water were
subsequently flushed (Figure )4 As the last step of the saturation process, the
specimen was back pressurized until a B value of 0.95 or higher was achieved. Then
the specimen was consolidated under the desired effective stress and sheared at 0.1

mm/min till 15% axial strain.

(b)

(d)
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Figure24 Specimen placement on the pedestal (a) specimen (b) specimen placed
on pedestal (c)-ang stretcher, membrane stretcher, blowing dust ball and flexible
membrane (d) membrane placed around the spece&Q flushing

3.6  Gravimetric Acid Washing Technique

The gravimetric acid washing technique is a method that has been used frequently in
the literature to quantify the calcium carbonate within the specimen. The specimen
was washed and rinsed with 2 M hydrochloric acid (HCI) solugione HCI reacts

with calcium carbonate and produces XCChange in mass was assumed as the mass

of the calcium carbonate and, Cag3@ntent was calculated as shown below.

P\ 0
ooounooseoﬁsoﬁ—

where:
M2 = dry mass of the specimen after completing the triaxial test

M1 = dry mass of the specimen after washed and rinsed with HCI

The procedure was done after completing the triaxial test. The failed specimen was

generally in two parts; the top part was stithct, nondeformed, and the bottom one
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was weak, deformed/destructed form. The calcium carbonate content of these parts

was measured separately. The procedure was done in three steps:

1 The failed specimen was ovenied at 105C until there was no change
mass.

1 The parts were washed and rinsed with HCI separately in a baker until there
was no air bubble produced. The specimen was-dvied with the same
conditions.

1 The final mass was measured, and the change in mass was calculated.

In some of the testspecimens were divided into four pieces, as seen in Figure 25.
The first three sections are approximately 2 cm, and section 4 is the remaining of the

specimen.

BOTTOI\/\"
\
\

)
:

(@)
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(b)

()

Figure25 Acid washing (a) before cutting sectiotg &fter cutting the sections (c)
during the acid washing

This chapter presented laboratory works to perform drained triaxial tests on MICP
treated sands. Specimen preparation, triaxial testing, and calcium carbonate content
determination were successfutlpne, and the results will be discussed in the next
chapter.
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CHAPTER 4

RESULTS AND DISCUSSIONS

Quality assessment of a ground improvement application is a vital issue in
geotechnical engineering. Laboratory tests can be effectively used for determining
the quality of the method, as well as in situ tests. UCS tests have been used frequently
in quality assessment of jet grouting, deep soil mixing (His & Yu 2005; Arroyo &
Gens 2009Madhyannape t al . 2009; Tinoco et al. 20
al. 2016). These are wedktablished methods and contain rich literature. UCS tests
might be well suitd for wellestablished methods since there are many case
histories, field data about UCS testing in jet grouting, and deep soil mixing
applications. However, MICP is a relatively new method, and the field application is
limited. The behavior of MICP treatesoils should be understood in depth. UCS
tests might be applicable for quality assessment of MICP treated soils, and many
researchers followed this approach (van Paassen et al. 2010; SariciceRIR@1Gy

et al. 2016; Gomez & DeJong 2017; Mahawisale2018; Cheng et al. 2019; Hoang

et al. 2020). Yet, for such a new method, a more insightful approach requires
understanding the behavior fully. At this point, CD triaxial testing is preferred for
investigating the drained response of MICP treated Isasé since a limited number

of studies (Lin et al. 2015; Montoya & DeJong 2015; Feng & Montoya 2015; Gao et
al. 2018; Liu et al. 2018; Terzis & Laloui 2018; Nafisi et al. 2020) regarding the CD
triaxial testing are available in MICP literature. This cleajterein represents the
results obtained from the CD triaxial tests, and discuss the effect of MICP on loose

guartz sand.
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4.1  Drained Response of Untreated and Treated Sands

All of the specimens were sheared under 100, 200, and 400 kPa effective stresses.
Untreated sand showed strain hardening behavior in all of the tests. As the effective
stress increased, peak deviatoric stress and stiffness were increased, and dilation was
suppressed gradually, as expected. Table 7 shows the initial relative densities of the

specimens. Pogteatment void ratios are determined by takiig

p® CXad  (Weil et al. 2012). Since the Ca@@hass was determined in section

4.6, posttreatment void ratios can be determined and seen in Table 7.

Table7 Initial relative densities and void ratios

) Confining Initial Relative
Specimen _ €nitial  Eposttreatment
Pressure (kPa) Density (%)
100 27.8 0.894 -
Untreated 200 28.5 0.892 -
400 31.6 0.880 -
0.25M 100 32.6 0.876 0.783
CaCbk-8 200 31 0.882 0.793
Injections 400 33.2 0.874 0.781
0.25M 100 34.3 0.870 0.721
CaCbk- 16 200 33.9 0.871 0.728
Injections 400 31.1 0.882 0.765
0.50 M 100 31.2 0.881 0.746
CaCbk- 8 200 29.2 0.889 0.754
Injections 400 33.3 0.873 0.749
0.50 M 100 32.1 0.878 0.640
CaCbk- 16 200 34.1 0.871 0.655
Injections 400 31.7 0.879 0.711
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Stressstrain graphs of untreated and treated sands are shown bdtauiia 5 for
eacheffective stress case. The MICP treated sands are described as Treated  #of
Injections_CaClMolar concentration_Confining pressure. The tests were continued

till axial strain reached 15%, but the graphs only include 10%.
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Figure26 Stress vs. strain and volumetric behavioMdEP treated and untreated
sands under different effective confinement pressures (a) 100 kPa (b) 200 kPa (c)

400 kPa

MICP treated sands showed a significant increase in peaktoiec stress, as seen

in Figure &. Also, treated sands reached to peak deviatoric stress at lower axial

strains compared to untreated sand. However, increment in the confinement pressure
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has suppressed the increase in deviatoric stress. Yet, thessn@3esdill evident at

the higher effective stresses. Peak deviatoric stresses and ratio of peaks of MICP
treated and untreated samples are showialnle8 and Figure 27Deformed shapes

also can be seen in from Figure 36 to Figure 49. At the 100 kRaieffeonfining
pressure, strain hardening behavior was followed by a strain softening. Strain
softening behavior tends to disappear with the increase in confinement pressure,
except the Treated_16_0.5CaCI00 kPa case, as strain softening still existat

kPa confining pressure. For all other cases, ssaftening behavior was gradually
decreased with an increase in confinement, which agrees with MICP treated sands
of Feng & Montoya (2015) and naturally cemented sands of Clough et al. (1981).
Additionally, residual strength (defined as the strength at 10% axial strain) has
increased possibly due to increased frictional resistance, sinces@a&iipitation
increases particle roughness. Furthermore, cemented materials are not purely
cohesive or frictinal materials. Shear strength of cemented soils contains both
frictional, cohesive, and dilatancy components (Zhang & Salgado 2010). The
cohesive component degrades during shearing due to bond breakinfioWwneg

CaCQ particles densify the soil and anite the frictional resistance, hence residual
strength too. Treated_16_0.5CaQl00 case exhibited a strasnftening behavior

after reaching the peak stress. Yet, the deviatoric stress increased after an axial strain
of 6%. Increase in frictional resistee might lead to this phenomenon. However,
residual cohesion might increase the residual strength, too, as Clough et al. (1981)
reported residual cohesions from the drained triaxial tests on artificially cemented

sands.

The control specimens (containslraxcteria injections) could not be tested since they
cannot withstands weight. Therefore, they failed during transferring to the pedestal

(see Figure 36).
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Table8 Peak deviatoric stresses for each test

Specimen (IfPSa) Peaksgey (kPa)  Ratio of Pealsdev
100 270.3 i
Untreated 200 511.4 -
400 1024.7 ]
100 469.5 1.7
O'g‘rl’n'.\gccﬂiﬁi T 200 721.9 1.4
J 400 1180.1 1.2
100 1412.9 5.0
O:.L265Ir':/'le§3(§ﬁs- 200 1432.0 28
) 400 1384.0 1.4
100 1596.4 5.9
O'g?nﬂgiiﬁi T 200 1421.4 28
J 400 1721.5 1.7
100 2614.7 9.7
Oféolr':’.'egﬁ‘ocﬁs' 200 2216.4 43
) 400 2358.3 2.3
3000
2500

2000

Leanul

Untreated 8 inj. -0.25M 16 inj. - 0.25 M 8 inj. - 0.50 M 16 inj. - 0.50 M
CacCl CacCl CacCl CacCl
m 100 kPa ®200 kPa ®m400 kPa

Peak Deviatoric Stress (kP

o

Figure27 Peak deviatoric stresses for each case at each confining pressure

The volumetric behavior of the sands significantly changed due to MICP treatments,
as seen irFigure B. Positive volumetric strain represents dilation, negative is

contraction. Untreated sands mostly exhibit contractive behavior with a very low rate
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of dilation at the higher strains. However, MICP treated sands transform into dilative
behavior at the lower axial strains, compared to untreated sandsthsiiation

angle can be determined from the volumetric strain graph, as Vermeer & Borst
(1984) ideake the graph bilinearly (Figure 28).

|G- Gyl
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(E ‘2:(05@-(01'0'319;"4)
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-€ C2=03

£, Gy
~ atan {1-2V] « atan 250 W
/ \ -siny

-€,

Stress difference

Vol, Strain

Figure28 Bilinear idealization of triaxial test resulfgermeer & Borst 1984)

The dilatancy rate is defined as:

Q ¢i Qe
Q p i Qe

wheref is the dilatancy angle. Fromisirelation, dilatancy angles were determined

for the highest rate, as also determined the same as Maranha & Maranha das Neves
(2019). The highest rate also occurred at the axial strain which the peak deviatoric
stress occurred for the treated 100 kPatestcepiireated 16 _0.25CaCl2_166d
Treated_16_G0CaCl2_10Qests. This finding is similar to the naturally cemented
silty sands of OO0 Ro ur kthe highesCnate of mitatio( 198 8) ,
occurred at the axial strain of peak deviatoric strBss, the dilatancy rate at the

axial strain corresponding to peak deviatoric stress was still used for thesédests
other confining pressures, the highest rate for chosen at any axial strain. The graphs
for the dilatancy rate vs. axial strain can bersinFigure 29, Figure 30, Figure 31,
Figure 32 and Figure 33A moving average procedure was applied to have a
smoother fit as also done in Maranha & Maranha das Neves (ZOEncy angles

for each test can be seen in Table 9.
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Dilatancy Rate

Table9 Dilatancy angle for each test

Specimen s'3(kPa) Dilatancy Angle

100 3.2
Untreated 200 2.3
400 2.3
100 4.0
J 400 1.8
0.25 M CaCi - 100 o
16 Injections 200 6.0
J 400 1.6
100 23.6
I 400 1.7
0.50 M CaCi - 100 0
16 Injections 200 i
J 400 4.5
0.20
0.10
0.00
—o— Untreated-100
-0.10 —e—Untreated-100-Moving Avg.
-0.20
-0.30
-0.40
-0.50
-0.60

0.00 2.50 5.00 7.50 10.00 12.50 15.00
Axial Strain (%)

(@)
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Figure29 Dilatancy rate vs. axial strain (%) for untreated case (a) 100 kPa (b) 200
kPa (c) 400 kPa
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Dilatancy Rate

Dilatancy Rate
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Figure30 Dilatancy rate vs. axial strain (%) f8rinjections- 0.25 M CaCl case
(a) 100 kPa (b) 200 kPa (c) 400 kPa
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Figure31 Dilatancy rate vs. axial strain (%) f&6 injections- 0.25 M CaCi{ case
(a) 100 kPa (b) 200 kPa (c) 400 kPa
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Figure32 Dilatancy rate vs. axial strain (%) for 8 injectior350M CaCk case
(a) 100 kPa (b) 200 kPa (c) 400 kPa
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Figure 33 Dilatancy rate vs. axial strain (%) for 16 injectier&50 M CaCb case
(a) 100 kPa (b) 200 kPa (c) 400 kPa

4.2  Initial Tangent Modulus (Ei)

Initial tangent modulus was obtained from the ststsain curves. The slope of the
initial tangent line was determined as the modulus. Janbu (1963) defines the initial

tangent modulus as a function of confining pressure as seén in (

0 00
0
Where

K = Janbu modulus (MPa)

Pa = Atmospheric pressure

n = An exponent
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The Evs., graph was drawn on a ldgg scale and is shown Figure34. Initial

modulus, K, and n values are describedable10and Figure3s.

1000 g
1 N Untreated

] @Treated 08 0.25Caci2
| aTreated 16 0.25cack2
100 4
1 #Treated 08_0.5CaCL2
1 XTreated 16 0.5CaCL2 ././.

E, (MPa)

10-:|

0.01 0.1 1
s; (MPa)

Figure34 Initial tangent modulus of treated and untreated sands under different
confinement pressures
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Table10 Initial tangent modulus for each test and Janbu parameters

. S's : K (MPa)
Specimen (MPa) Ei (MPa) n
01 16
Untreated 0.2 22 0.46 157
0.4 30
01 51
o'zﬁmg@%‘ 8 02 71 0.17 545
) 0.4 65
01 120
Oiéﬁ'r\]’!e%f}gf]; 0.2 67 0.11 952
) 0.4 139
01 75
0'5%%2%?8' 8 02 90 0.38 726
) 0.4 128
01 99
Ol"rs’ol';]’!e%fi‘gf‘; 0.2 107 0.17 970
) 0.4 126
160

I
o

B
N
o

'_\
o
o
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o
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m 100 kPa ®200 kPa ®m400 kPa

Figure35 Initial tangent modulugor each case at each confining pressure

The fitted curves show a common trend that MICP treatment decreases the n value
and increases K value, which agrees with other studies (Lin et al. 2015; Feng &

Montoya 2015; Terzis & Laloui 2018) in the literature. A lower n value means less
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dependency dhitial tangent modulus to confinement pressure. Additionally, MICP
treatment significantly increases the initial tangent modulus in all cases. A higher
stiffness led to a faster peak shear mobilization, in which all tests peak shear reached
at lower axiaktrains compared to untreated sand.

4.3  Effect of Treatment Number on Drained Response

Stressstrain behavior was profoundly affected by the number of the treatment cycle,
as the higher peak shear strengths obtained at the 16 injection cases, compared to 8
injections. The number of injections directly related to cementation content, but
higher cementation does not refer to higher shear strength. Shear strength heavily
depends on effective calcium carbonate crystals (Cheng et al. 2013), i.e., grain
bonding thecrystals. The higher number of treatment cycles possibly led to more
number of bonding calcium carbonate crystals. As Wang et al. (2019) explained in
microfluid chip experiments, bacterial aggregates produce initially unstable calcite
crystals (vaterite).Then, unstable ones were dissolved. Meantime, stable ones
(calcite) were produced on bacterial aggregates. In that study, two cementation
solution injections were performed, and crystal growth was observed after the second
injection. It is possible that l@jections produced larger crystal agglomerates
compared to 8 injections case, and enhanced the shear strength. Additionally, higher

injection numbers led to higher initial stiffness, as sedralnlel0.

At 100 kPa confining pressure, all of the specimerhibited strain hardening,
followed by strairsoftening, except 8 injections, 0.25M Ca€ase. A visible failure

plane was observed in 8 injections, 0.50M GaEigure 44), as the volumetric
behavior suddenly transformed to dilative behavior from contractive behavior. It
may be due to an increase in localized porosity at the specimen, i.e., increased void
ratio at the shear plane. However, in its counterpart specimen
(Treaed_16_0.5CaGl 100), no visible shear plane was observed. The specimen
deformed at the bottom, as the top part remained i(fagure47). The deformed

shape of the specimen clearly shows ti®mogeneityAlso, in 16 injection$ 0.5
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M CaCkb case, peaKleviatoric stress was highest at the 100 kPa confining pressure,
as it refers to the inhomogeneity of the specimen again. But the volumetric behavior
was still suppressed as the confining pressure increased. A similar phenomenon was
observed in 16 injectissi 0.25M CaCi case, in which peak deviatoric stresses are
almost the same at each confinement level, meanwhile dilative behavior was
suppressed. The specimens were again deformed at the bottom. Martinez et al.
(2013) investigated microbe density alorg thalfmeter sand column, and the
density has decreased from top to bottom, as the injection was made in the same
direction. This could possibly explain the inhomogeneity of the specimen (Feng &
Montoya 2016), as in all tests, the bottom part deformeadntbs&t. However, in 8
injections case, peak deviatoric stresses were increased with the increasing confining
stresses. 16 injections case probably led to a more nonhomogeneous specimen.

The initial tangent modulus was highly affected by the number of tesditaycles.

The higher number of treatment cases showed greater initial tangent modulus at each
confining pressure. For the 0.25 M CaChse, the initial tangent modulus almost
doubled for 16 injections case compared to 8 injections one. The increlas®iba

M CaCkb case is not evident, as in the case of 0.25 M £aCl

Volumetric behavior is also dependent on the treatment number. 16 injection case
was showed more dilative behavior compared to 8 injection case at 100 kPa
confining pressure. 8 injectiozase did not affect volumetric behavior profoundly
compared to untreated sand at 400 kPa confining pressure. On the contrary, 16
injection case the specimens started to dilate at lower axial strains. The distinction
with volumetric behavior of treated ammtreated sands was disappeared at the 8

injection case, yet 16 injections case was showed a faster dilation mobilization.
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(d)

Figure36 8 injections- 0.50 M CaC{ case control tests (a) after completing
injections (b) while transferring the oven (c) after oven dried (d) while transferring

the pedestal

(b)
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Figure37 Deformed shape of untreated sand (Left is during the test, right is the
postfailure shape) (a) 100 kPa (b) 200 kPa (c) 400 kPa

F'

Figure38 Test Treated 08 0.25CaCl2_100, deformed shape (during and post
failure) and collected specimen
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Figure39 Treated 08 0.25CaCl200, deformed shape (during and pfasture)
and collected specimen
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Figure40 Treated_08_0.25CaCl200, deformed shape (during and pfaslure)
and collected specimen

LoTToMm

Figure4lTreated 16 0.25CaCl2_100, deformed shape (during and-fadlstre)
and collected specimen
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Figure42 Treated_16 0.25CaCl200, deformed shape (during and pfasture)
and collected specimen
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Figure43 Treated_16_0.25CaCl200, deformed shape (during and pfaslure)
and collected spénen

Figure44 Treated08 050CaCl2_100, deformed shape (during and {iaitire)
and collected speciméapecimen couldn't be collected at two pieces)
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Figure45 Treated_08_0.50CaCl200, deformed shape (during and pfaslure)
and collected specimen

Figure46 Treated 08 0.50CaCl200, deformed shape (during and pfasture)
and collected specimen
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Figure47 Treated16_0.50CaCl2_100, deformed shape (during and-fadlstre)
and collected specimen
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Figure48 Treated 16 _0.50CaCl2200, deformed shape (during and pfaslure)
and collected specimen

IR S|

Figure49 Treated 16 _0.50CaCl2400, deformed shape (during and pfaslure)
and collected specimen

78



4.4  Effect of CaClk.2H20 Concentration on Drained Response

Two different CaGl.2H>O concentrations (0.25M and 0.50M) were invesédads

a treatment solution by keeping the urea to calcium ratio constant. There is an
apparent trend in all experiments that 0.50M cases produced higher peak shear
resistance for the same injection number. This could be explained by the difference
in crysial size for both cases. Alhawadi & Cord-Ruwisch(2012) studied variance

in the crystal size by changing the concentration of gafith equimolar urea

CaCb. Increasing CaGlconcentration resulted in larger calcium carbonate crystals
and a greater nuneb of effective crystals. 8 injectian0.25 M CaCj case produced

the least peak shear strength, and the behavior did not transform from ductile to
brittle at 100 kPa effective confining stress. The specimen exhibited only strain
hardening behavior likdéne untreated case. 8 injectib0.50 M CaCl case produced
higher peak shear strength compared to 16 injettib25 M CaCl. On the contrary,

16 injectioni 0.25 M CaCl cases exhibited higher residual strength. It could
possibly be due to increasedcfronal resistance or residual cohesion. 0.25 M case
would produce a higher number of crystals. As the cementation degrades with
shearing, broken crystals fill the void space, provide newly generated contact points
with the sand grain and coated calciumboaate crystals. The higher number of
rhombohedral shaped crystals provides better interlocking, i.e., higher frictional
resistance. But also, residual cohesion could lead to the higher strength, as in the all
deformed shapes, the top part is intact, seand with its seffveight. Feng &
Montoya (2016) justified the increase in strength by higher frictional resistance for
moderately and lightly cemented sands. But the calcium carbonate content in this
study is greater than the specimens in Feng & Mon(@9a5). Additionally, the

same phenomenon was also observed at the 200 kPa confining pressure, even though
the peak shear resistances were the same for both cases. This notion has disappeared
at 400 kPa confining pressure, likely due to the nonhomogerdisingpution of
CaCQin 16 injectioni 0.25 M CaCl case, where the residual strength is almost the

same at 200 and 400 kPa effective confining pressure. On the other hand, residual
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strength was almost increased by 50% at the same effective confiniagrpresige
for 8 injectioni 0.50 M CaCl case.

There is not a clear trend between the volumetric behavior of 0.25 M &=a0.50

M CaCkb cases. Nevertheless, a distinction can still be seen. For the 16 injections
case, dilation was mobilized earlier alxstrains at 0.25 M Cagtase compared to

0.50 M CaCl case under 100 kPa effective confining pressure. Yet, 0.50 MpCaCl
case was showed a higher rate of dilatancy, which led to a higher positive volumetric
strain at 10% axial strain. For the 8 injeaiocase, the same phenomenon has
occurred, where dilation started at lower axial strains in the 0.25 M.Ca&#.
However, 0.50 M CaGlkase was exhibited a greater rate of dilatancy, which is likely
due to the occurrence of the shear baee (Figuret4). The dilative behavior was
suppressed at 200 and 400 kPa effective confining stresses for both cases, in which

the specimens were behaved contractive or dilative with a very low rate of dilatancy.

4.5  Shear Strength Parameters

Mohr-Coulomb modified failure surface was assessed for the stress ranigdd®@0

kPa and is shown iRigure50. It is only assessed to untreated sand, and 8 injections

i 0.25 M CaC{ case since the other cases showed significant nhonhomogeneous
behavior, n which specimens under 100 kPa confining pressure showed greater peak

shear strength compared to specimens under higher confining pressures. The

envelopes are represented H gpace, which p and g are defined—as— and

, respectively.
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Figure50 Modified failure envelopes for (a) peak shear strength (b) residual

strength

The peak and residual frictional angles for the untreated case &@n331J,

respectively. The MICP treated sand showed a simpgak and residual angle of

friction, 31Jhand31J. However, it exhibited a greater cohesion at peak strength (60

kPa). It clearly shows that MICP treatments did not affect the friction angle, yet the

effect on cohesion is evident.

The residual cohessosimilar to peak strength

cohesion, which is 50 kPa. The similarity is expected since 8 injedtiOmiz5 M
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CaCb case specimens do not exhibit any strain softening. A possible reduction or
degradation in cohesion is possible for other cases since thetyadave stran
softening behavior. However, strength parameters cannot be defined for these cases

due to the nonhomogeneous distribution of CaCO

4.6 CaCO0Os Contents

Many researchers investigated the amount of precipitated calcium carbonate content
(Lin etal. 2015; Montoya & DeJong 2015; Feng & Montaya 2016) and related it to
improved strength characteristics of sand (Cui et al. 2017). It is sensible to follow
this approach in a single type of sand and cementation solution. However, different
treatment conentrations and grain sizes might change precipitation patterns and
crystal sizes. Yet, determining Cag€dntent is somewhat insightful, and it will be

discussed next.

Table 11 shows the calcium carbonate contents at the top, bottom, and rest of the
specimens. Unfortunately, specimens were not taken at once piece after the triaxial
testing (excluding the repeat tests). Therefore, the contents were determined for the
top, bottom,and the rest. In all of the injection schemes, the bottom part has
considerably less calcium carbonate content than the top part. But thmitvto

approach might not reflect the overall distribution.

Table 1 reflects the effect of CaGQrontent on thepeak deviatoric stress. An
increase in cementation content enhanced the peak stress. This phenomenon was also
observed in Clough et al. (1981) for naturally cemented sands. In all tests, peak stress
was increased, moving from 200 kPa to 400 kPa, excefbtivgections’ 0.50 M

CaCkb case. But, it is possibly due to the lesser content of Gasi@e the specimen
has10.3%CaCQ, yet other specimens (100 and 200 kPa) has 14.5 and 13.2%.
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Table11 CaCQ contents (%) at the top, boiip and rest of the specimens

CaCQ - cqat  Whole  Peak
. , atthe ) deviatoric
Specimen s'z (kPa) the ottom specimen
top %) %) stress
(%) (kPa)
100 10.4 3.8 5.7 4695
O'Z?n!\gcﬁg‘%'s 200 10.4 45 5.4 721.9
) 400 11.6 4.0 5.6 1180.1
100 13.8 9.1 9.1 1412.9
0'1%5"':{'6%30%5‘ 200 13.6 8.9 87 14320
) 400 12.9 6.4 7.6 1384.0
100 11.7 5.6 8.2 1596.4
100 Repeat1 - - 8.7 1288.2
100 Repeat 2 - ; 7.7 1140.9
O'g?n"\gc?iiﬁi - 200 105 6.0 82 14214
J 200 Repeat - - 78  1309.9
400 10.6 6.9 75 1721.5
400 Repeat - - 9.3 1845.9
|2 100 175 9.9 145  2614.7
0.50 M CaCl2 200 16.9 10.6 132 22164
16 Injections
400 16.4 8.7 103  2358.3

Repeat test data are available in Appendix A.

Figure 51 shows the exponentialation (0 ¢XQ between peak deviatoric stress

and calcium carbonate content for each stress level. A better fit would be obtained
by having more data given that the lowest calcium carbonate content starts from
5.4%. The disadvantage of not haviragalat this cementation range is that the curve
should start flat at the lower contents instead of steep since lightly cemented sands
have similar peak deviatoric stress compared to untreated sand (Feng & Montoya
2016). Additionally, exponential relationas also observed in van Paassen (2009),
Cui et al. (2017), and Terzis & Laloui (2018).
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Figure51 Peak deviatoric stress vs. Cagxntent at each effective confining
pressure

Figure 52indicates the honhomogeneous distribution of calcium carbonate within
the specimens. The least precipitation occurred at the bottom for all specimens.
Previously, deformed shapes were linked with the nonhomogeneous distribution, but
the acid washing tecique showed the phenomenon quantitively, even though the

distribution profiles are available for repeat tests of 8 injectidh§0 M CaCi case.

Nonhomogeneous distribution affects the mechanical response of treated sands, as
seen irFigure 53 Repeat Bnd Repeat 2 tests have similar CaCantents, 8.7 and

7.7%, respectively. Yet their response is somewhat different. Repeat 1 test shows a
stiffer response compared to Repeat test 2 and reaches peak deviatoric stress at the
earlier axial strain. Therefaréhe behavior transforms from contractive to dilative
faster for the Repeat 1 test. This might be due to the fact that Repeat 2 test specimen

has 5.0% calcium carbonate at section 4, which shows that it is weaker at the bottom.
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