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Abstract

Clogging frequently occurs during underground excavation using tunnel boring machines
(TBMs) andcan cause severe schedule delays and cost overruns on projects. However, an index
to quantitatively describe clogging potential has not been standardizedhdsigpresents a

new index W/A: (the weight of soiktuckto the drill bit per unit areajp indicate clogging

potential based on the results of a mixing test,as&hsitivity analysisias also been conducted

to understand the effect of different types and weights of soil and differesibbmsll bit on the

variability of the index.

To improve understanding of factors associated with clogging potential, a comprehensive review
of previous clogging assessments approaches has been conducted. The advantages and
disadvantages of previous clogging assessments have been compared and clogging
classfications madeby W/A: (weight of soil stick to beater per unit aneay verified by data

obtained from previous literature. Besidbis, the mixing test resultserealso compared with

previous mixing testto ensure the accuracy thie resultsof this study

Theproposedndexwas also compared with the stickiness ratio based on standard deviation of
the weight of soiktick tothe drill bit overW/A: andthestickiness ratio, respectively, to show the
advantage of using thproposedndex. The results show that although the mass of soil that sticks
to the mixing tool varies, assessing clogging potential using the new iWdé&x,can give more
repeatable results, since it eliminates the impact of drilib& and mass of soil. In addition, the
clogging potential of different types of soil can be differentiated u8iffg, and the average
standard deviation of the test using different drill bit sizes and masses isfssodller using the

indexW/A; compared to using the stickiness ratio. Mgk provides a reliable and



straightforward index to assess clogging potential easily and simply based on the results of a

mixing test.

Thiswork alsoinvestigats the sensitivity obeater shapen clogging ptential by conducting
mixing tess and Atterberg limit test The soil samples includire mixtures with varying
bentonite and kaolinontent Two indices were employed to analyze itngact of beater shape
in themixing test the weight of soil stck tothe drill bit per unit areaW/A:) and the weight of
soil stuck to thebeater(Gg). In the mixing test five samples witlwater contergdistributed
evenly betweetheplastic limit and liquid limit were used for each mixture. Three different
shapes obeatersvere employed in test. The original drill bit is tb@ gt beater for thelobart
mixer, and the metal bar was cut out to physicsimulate different shapes ofiibits. Besides
this, the ratio betweethe open area athe beate(A’) andthe entiresurface area &
corresponding beat&rith no open areaX) was employed to quantify the impactbefater shape
The results showhatW/A: increass with increagng bentonite content, also increasdth A'/A.
The maximum/A: increase from 51.5 kg/m to 123.4 kg/mwhenA'/A increase from 0.52 to
0.7 for five clay mixturesshowingan increase iW/A: by 140%.Thisindicaesthat a larger
open area will causehighervalue ofW/A.. However, there is no clear tretichtcan be
observed for differertteater shapas Gg. The variation of maximur®g is within 0.5kg when
A'/Aincreassfrom 0.52 to 0.7 for five clay mixtureshowing a differaceof 12%.It is

concluded thatV/A: is a good indicator to detect the impacbefter shape



Preface
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Chapter 1: INTRODUCTION

1.1.Background

The unnel boring machine (TBM) is one of the most comiyaised machines to excavate
tunnels. During excavatiamsing aTBM, clogging problems are commonly occurtestause
cohesive clay tends to cling to thetoug head or the conveyor belt of the TEMberto-
Hernandez et al. 201Kang et al. 2019)leading to severe problems, such as schedule delay,
andbudget overrurfHollmann and Thewes 2013; Spagnoli et al. 2@8erto-Hernandezt al.
2018).Drilling fluid is often usedn underground excavatiotg transportcuttings cool down

the drill bit, etc.Some chemical additivesill be employed to decrease clogging potential.

Most cloggingproblemsstem fromthe adhesiorof soil to metal Spagnoliet al.2011). Itis
important to study the reasobghindclogging sincethisis avery basic way to mitigate the
clogging potentiaby addressing theource. Howeverlogging problemslo not only depending
on the soitype, butalsoother drilling paraneters, such as penetration rate, applied torque, etc.

(Feinendegen et al. 201Kang et al. 2018).

Cohesive soibecomegxtremely sticky when encounireg water,creating a mixturavhich

easily sticlsto the foreign metal due to adhesionil 8lings to the surface of metavhenthe
adhesion betwedhe metal surfacandthesoil is larger thatheapplied shear stresKdoistra

et al1998).Two scenarios need to be considered which might cause clodisig when the
internal shear strengtf the sai is larger than the applied stress, the bulthefclay sticksto the
metal. The second case involves shear failure within the soil sample, which occurs when the

internal shear strength is less than the applied shear stress. In thvghtieshe bulk of the soil



sample does not stick, some soil clings to the metal suEaberof these twascenarios &n

cause clogging during excavation using a tunnel boring machine.

1.2.Research Objectives

The main objectives of this thesis are listedoiswing.

Objective 1: Condudi literature review omprevious clogging assessments and compare the

advantages and disadvantages of eggroach.

Objective 2:Provide repeatablmixing test results based on a new indéXA: (weight of sall
stick to drll bit per unit areg andquantifiively assesthe clogging potential of clay mixtuse
based on mixing tesBesideghis, to assess clogging potential easilysite a clogging
classification has been introdudeased on the new indéw/A.. The accuray of this approach

has been verifiedsing theuniversal diagram (Hollmann and Thewes 2013).

Objective 3: he third objective isa better understand the factors associated with clogging
potential. A sensitivityanalysishas been conducted feoil mass, size of drill bit and soil tgpo

analyze how the new indeW/A., varies with those factors.

Objective4: To study the effects dfeater shapim clogging potential, different shapes of drill
bits have been employed in mixing teehis allows aetter understanding tfieimpact ofthe

open area of drill biten the results of the mixing test

1.3. Methodology

A comprehensive literatarreview of previous clogging assessments has been conducted to gain
better knowledge about advantages and disadvantages of each approach. The mixing test

proposed by umsteg and Puzri2012 was employed in this thesis to assess clogging potential



by appying a new indexW/A.. Bentonite and kaolin were mixed according to certain
percentageto obtain different mixture For each mixture, five samples witlater contergt
distributed evenly betweehe plastic limit and liquid limit were used sensitiviyy analysis was
conducted to compai®/A: with thestickiness ratio. Besides, to provide a general assessment

procedure, a clogging classification maengW/A: has been proposed in this thesis.

The impact obeater shapeasstudied byemploying three different shapes of drill bits in
mixing test. Two indicesV/A.andGg (weight of soil stick to drill bitwere applied to analyze
the impacts of shapes of drill bits. Additionally, the raAdA) betweerthe open area athedrill
bit (A") andthe surface area dhewhole drill bit withno open areaX) was employed to analyze

the correlation betweeft/A andthetwo indices.

1.4.Outline of Thesis

This thesis has the following structure:

Chapter 1: Introduction

A background of the@esearch topic, the objectives and methodaglagyvell as the structure of the

thesis were introduced.

Chapter 2: Literature review

This chapter introduces the history of tunnel boring machines and present different types of TBMs.
Different clogging assements, indices used in quantify clogging potential as well as clogging

classifications have been introduced in this chapter.

Chapter3: A new index to quantitatively assess clogging potential based on mixing test results



This chapter has been submittedhe Tunneling Underground Space Technology and is under
review.A new index to quantitatively assess clogging potehaalbeen proposed. The test
resultshavebeencompared talata gathered from previous researchers. Mixtures with different
bentonite ad kaolin content were used in mixing test to represent different types & soil.
sensitivityanalysis has been conducted to analyze the impacts of soibnasge of drill bit as
well assoil type Previous clogging assessments and different clogdasgifications have been

discussed from multiple aspects.

Chapterd: The impacts of different beater shapes in mixing test

The impact obeater shapes discussedn this chapter. Three differebeater shapesere
employed inthemixing test. Test resultsased on measurementsWfA: using themixing test
were compared witthe universal diagranHollmann and Thewes, 2013)heimpact ofthe
open area dhe beatersvas analyzedsing the indice8V/A. andGwr. The mechanism of

cloggingis discussed. The open area was founcbiatributeto partial clogging.

Chapters: Summary and conclusions

This chapter presents the conclusions of this vaowk further research that ne¢d be done to

study clogging potential.



Chapter 2: LITERATURE REVIEW

2.1. Introduction

2.1.1.History of Tunnel Boring Machines
Rapiddevelopment inransportation has increastne need for tunngl The unnel boring

machine (TBM) is the most common equipment used in tunnel construction.

The firstsuccessful tunneling shieldas developed bylarc Isambard Bruneh 1825. In this
case, onlyashield was employed in construction, while excavation waagstill accomplished
by manuallabor. Although the shield concepbrked the project sufferetiooding several
times. The firsboring machine is believed tmvebeendesigned in 184%nd consistedf over

100 cutters mounted in the fronttbe machine.

In the UnitedStatesthe first machine was built in 185&7d couldonly excavate 10 feetf rock.
In the 20" century, Robbins built a machine that could excavate 160 feet in 24(Houich et

al. 2009.

2.1.2.Different types of tunnel boring machine

2.1.2.1.Slurry machine

The slurry machine ia closednachine andised for excavating mixed soil wittarying
hardnessThe slurrymachinepumpsslurry into the excavated materiahich mixeswith it to
balance soil and water pressuretioatunnel faceBesideghis, the excavated material will be
transported outsididne cutting areal’ his machine is most commonly used in sandy or gravely

geotechnical conditions to stabilizee tunnel facgZurich et al. 200



2.1.2.2 Earth pressure balance machine

TheEarth PressurBalance (EPB) machine a typical type of TBM usually employed in soft
groundand cohesive geotechnical conditions. EPB machines can turn the excavated goil into
soil pastewhich actsas support pressure to stabilthetunnel face $pagnoli et al. 200).
Therefore, clogging problems often occuthe cutter head or conveyor belt of earth pressure
balancemachinespecause the excavated material is stickier and more cohBsibe=arth
pressure balance machgsndslurry machines employclosed shielg and areoperated like

single shield TBMs. For closed shield types of machine, frontal and lateral sapguxivided.

2.1.2.3.Rock machine

The iock machinas alsoknown as main beam TBM, whiéhused to dig through hard rock.
The machinemploys a circular shieldo protect workers inside the tunnel boring machine.
Whenthe machine mowsforward, a rotating cutting hedldruststhrough the rock. Rock

machins employ aropen shield, which only provide lateral suppg@rich et al. 2009

2.2.Clogging problemsduring excavationusing TBM

Clogging isacommon phenomenon thatcursduring excavatiomsingEPB machinesbecause
EPBmachinesareoften employed in cohesive geotechnical conditions. $80K tends to cling

to the cutting head and conveyor belt, leading to many problems, such as project schedille delay
andbudget overrunHollmann and Thewes 2018}berto-Hernandezt al. 2017). When

cohesive soil encountea certain amount of water,becomesticky and tends to stick to the

cutting head. The plasticity index of cohesive silormally large because tife high liquid



limit. A higherplasticity index indicatea higher potential to cause cloggiragcording tadhe

universal diagramHollmann and Thewes 2013).

Some researchers believe that cloggtemsirom adhesion. Adhesion is tlagraction between

soil andand aforeign metabbject andncludestangential adhesion and normal adhesion.



2.3.Clogging assessment

2.3.1.Analytical approach

To date, there are many clogging assessments. Basically, three approaches @temmost
employed to assess clogging potentiahblytical approaciiKooistra et al(1998, semt
empirical approacfHollmann and Thewes 2018% well as physical simulation approach

(Feinendegen et al. 2010; Zumsteg and Puzrin 2Béika et al. 20168Kang et al. 2018).

In theanalytical approachhenormal adhesion and cohesion of soil are compared with the
applied shear stress. Normal adbass generallyneasuredising thecone pulout test
(Feinendegen et al. (20)L8nd cohesion is measuredthg vane shear tesAccording to
Kooistra et al. (1998 thereare two scenarios to considenen assessing clogging using a
physical simulation @proach First, when the internal shear strengtlthe soilis larger than the
applied stress, the bulk tfe samplesticksto the metal. The secorstenarianvolves shear
failure within the soil sample, which occurs when the internal shear strerngss than the
applied shear stress. In this cashile the bulk of the soil sample does not stick, some soil
clings to the metal surfacEitherof these twscenarios ancause clogging during excavation

using a tunnel boring machine.

2.3.2.Semiempirical approach

Hollmann and Thewes developed a universal diagram based on empirical obse(28ati8n
This universal diagrarfHollmann and Thewes 201B)based osimple soil prpertiesthe
plastic limit andiquid limit. It is knownthatwhen the water content of soilgkserto the liquid
limit, the sample acts more likdiquid. When the water content of soilabserto the plastic

limit, the sample acts more like a solid



Theuniversaldiagram(Hollmann and Thewes 201@jas divided into five different zones based
on consistency index of soil: fines dispersing zone, little clogging zone, strong clogging zone,
medium clogging zone and lumps zombefive correspondingonrsistenciesre liquid, very

soft, medium, stiff and very stiff’he plasticity index is defined as the difference betwben

liquid limit and plastic limit. When the plasticity index incregdee line crossg though the
clogging zone becomes wider aodiog tothe universal diagranfHollmann and Thewes 20},3

indicating there is higher chanoéclogging (Hollmann and Thewes 2013).

Jancsecz et a]1999)verified tunneling project data and stathdtthe clogging potential could
be based otheplasticity indexandplastic limit as well as liquid limitThereforethe semt
empirical approacks the most common methagsedto assess clogging potential. Howeube
universal diagranfHollmann and Thewe2013 is only based on soil properties, which does not

involve any physical parameters, suchireesshapes of drill bits, rotational velocity.

2.3.3.Physical simulation approach

Physical simulation approaesinclude indirect simulation and direct simulatidmdirect
simulation approaasusea physical approach to assess clogging potentiallduabtinvolve
simulatingthe drilling process during the test. Direct simulation appresiaivolve simulating

thephysical drilling process.

2.3.3.1.Cone pull-out test

Feinendegen et g2010) proposed cone pullout st to measure normal adhesibnthis test,
acavity was made by a coremdthe sample material walsencompactedising a Proctor
compaction device. A steel cone was inserted into theniled conewith anapplied load

ranging from 2.3 kN/rhand 50 kN/m for 10 minutes. The applied force then wlasn removed,



and the cone was pulled out at rate of 5 mm/min. The required tensile force and displacements

were recorded.

Feinendegen et g2010)usedsix different types of soil samples and five cones with different
inclinations(10, 31, 45, 58 and 72.6). Additionally, Feinendegen et g2010)used

adherencéo quantify clogging potentialyhich referredo the amount of sodtuckto the cone.

A classification scheme was developeddginendegen et g010, with different clogging

zones defined based on adherence. From the classification scheme, it is noted that the adherence
increases witlincreasingconsistency index, then decreases a#tachingthe peak, which agreed

with the universal diagram (Hollmann and Thewes 2018¢. cloggingpotential increases until

reaching geak then decreases withcreasingconsistency.

However,thecone pullout test measures thensile force, which does nalign withthe
practical drilling process. Therefore, usimgone pulout test to assess clogging potential is not

exacty precise.

2.3.3.2.Mixing test

Zumsteg and Puzrin (201@joposeda mixing test to assess clging potential based on a simple
Hobart mixer.The schematic is shown in Figurd 2FFour parts were included theHobart

mixer, themotor, connector, beater and container. The motor converts electricitheaoving
force. The connector connects #oplipment with the beater. The beater is used to mix soil with
apredetermined water conteiitie soil was added intbe 20-L containerandthe
predetermine@mount ofwater content was added into the soil samplbeatelis rotatedin the
sample for three minutes at 100 rpm udimgmixer. After mixing for three minutes, the soill

samples assumed to beomogenous. The weight of setlick tothe beatelis recordedThe

10



mixing test is one of the conventional geotechnical testindpoast The test procedure is time
saving ands easily performedOliveiraet al.(2018) proposed combined test, including mixing
test and free fall tesThe beater was dropped from a certain height after mixing teswédight
of soil stuckto thebeaterwasrecorded aftethefree fall Also, Oliveiraet al.(2018) pointedout

thatthecombined approacmight be limited for somenixed samples witlow clay content

Velocity

Rotational |
Controller |

Connector

The Beater
covered by soil

Container

Figure 21. Schematic of mixing test equipment

Zumsteg and Puzrin (201Rjtroducedhe stickiness ratiod) to quantify clogging potential. The
stickiness ratio is defined as the ratio between weight o$saikto the beatefGg) and weight
of total soil used ithetest(Gr). In addition a clogging classification was matlyZumsteg and

Puzrin (2012)see Table 2.1)Whenthestickiness ratio is smaller than OtRis isdefined as

11



little clogging. Wherthe stickiness ratio ranges from 0.2 to QMisis definecas medium

clogging. Wherthestickiness ratio isarger than 0.4this isdefined as strong clogging

12



Table 2.1. Clogging classification made by stickiness ratio

Stickiness ratio

Low clogging 0-0.2
Mid clogging 0.20.4
High clogging >0.4

Later, Zhou (2020¢ollected data from different researchers who conducted mixirgfdest

verify this classification. The results showed the application of this clogging classification made
by stickiness ratio is limitedesideshis, Zhou (2020) proposed a new ind&/A: (the weight

of soil stuckto thebeatemper unit area), to quantitively assess clogging potentiakdfound
thatW/A: is less sensitive to the total mass of soil and sibeafes compared wittihe

stickinesgatio. Besides, the clogging potentidldifferent types of soil is easier to distinguish

usingW/A.

2.3.3.3.Dynamic lateral adhesion test

The dynamic lateral adhesion tesis proposed by Pelia et al. (2018) flat metallic dis¢120

mm in diameter and 10 mm thiokas employed to shear conditioned soil in a tdmko jacks

provide a contant presure to maheflat disc downard to shear conditioned soil samples with a
rotation speedf 90 rpm.The torque required to rotate the disc is recorBetia et al. (2016)

also proposed static lateral adhesion test to asgbsstickiness of conditioned soil. The soll
samplesverecompacted to a certain degree, then put on a inclined plate. The inclined angle was

recorded once the sample slid down from the plate.

2.3.3.4.Drilling test
Kang et al(2018 proposedadrilling test shown in Figure 2. The test apparatus consisteof

motor, rulerandcontroller as well asadrill bit. The diameter othedrill bit is 76.2 mm andts
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height is 24.2 mmThe ruleris used taontrol penetration depth atite controllermanageshe
penetration rate. The moisifilled with the soil sample aftebeing compacted thréenesand
positionedunderneathhedrill bit. The rotational velocity ahedrill bit is 30 rpm andhe
penetration rate is 1 mm/s. Tdell bit was removed from apparatus afteaching genetration
depthof 1cm. The weight o$oil stuckto thedrill bit was measuredndrecorded a§V. The ratio
betweerW andthe surfacerea ofthedrill bit was determined, defined ¥WSDB(weight of soil
stick to thedrill bit per unit areapy Kang et al. (2018)A sensitivity analysis then was
conductedor rotational velocity, penetration depth, penetration speed and giz#l bit and
mold. The drilling test proposed by Kang et al. (2018ai®latively comprehensive test since
many physical parameters are involved iitcording toKang et al. (2018WSDBis sensitive
to penetration speed and rotational veladitpwever, the test duration is relat long andhe
proceduresre complexinvolving a Proctocompaction test and clogging test. Besitihés the

test apparatus is not portable, thus the test cannot be conductesl on sit

Rotational
Velocity
Controller

Ruler _—

The drill bit EE——

Figure 22. Schematic of drilling test apparatgadapted from Kang et al. 2018)
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Chapter 3: ANEW INDEX TO QUANTITATIVELY ASSESS CLOGGING
POTENTIAL BASED ON MIXING TEST RESULTS!

3.1.Introduction

Earth pressure balance and slurry shield tunnel boring machines (TBMs) are frequently used in
soft ground conditions. Typically, different machine types are chosen depending on the soil type,
water pressure and inflow, as wedl ather factors (Langmaack 2002; Spagnoli et al. 2011).
Clogging is the most common problem during excavation using a TBM, especially in the case of
cohesive soils with a certain moisture content. In this casegfaia soilbecomextremely

sticky andadheres to the cutter head and transportation belt, thus the project must be stopped,
and tunneling operatiortan only beesumed after cleaning is complete (Kang et al. 2016;
Alberto-Hernandez et al. 2017). Project costs rise rapidly as time is logh dleaning. Thus, it

is extremely important to determine the clogging potential for tunnplioigcts as well as other
underground projectso that corresponding mitigation measures can be taken to control

potential clogging problems.

To date, theredve been many methods presented in the literature to measure clogging potential.
Researchers have classified clogging potensaigdifferent categories, each with their own

method The empirical universal diagram presented by Hollmann and Thewes (22&8brizes
clogging potential based on plastic limit and liquid lirfikinendegen et al. (2010) develoed
clogging classificatiotrased orthe use ohdherence to quantify the amount of soil stuck on the
cone after a cone putlut test. Zumsteg and Ruz (2012), on the other hand, use the stickiness

ratio to categorize clogging potential.

1 This chapter has been submittedhe Tunneling Underground Space Technology and is under review.
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Three approaches often used to assess clogging pottdm@halytical approach (Kooistra et al.
1998),the semiempirical approach (Hollmann and Thewes 2013) dnaipal simulation

(Feinendegen et al. 2010; Zumsteg and Puzrin 2Béika et al. 2016Kang et al. 2018).

In analytical approads the clogging potential is assessed by comparing the cohesion the
soil and adhesion betweére soil andanexternal object, witla shear stress applied on the soll
(Kooistra et al. 1998). Cohesion can be obtaungdg thevane shear test and adhesion can be

tested by a modified direct shear apparatus (Albdgmandez et al. 2017).

In empirical approaats clogging is assessed according a universal diagram proposed by
Hollmann and Thewes (2013). The plastic limit and liquid liestwell as water conteat the

soil, are used taeterminghe corresponding clogging potential. From tésultingdiagram, it

can benoted that the possibility of clogging is high fails witha high plasticity index. Some
researchers have also stated that higher clogging potential can occur with higher liquid limit and
plasticity index due to the swelling potential. The empiritagram(Hollmann and Thewes

2013)qualitatively shows the clogging potential.

In physical simulation approael clogging potential is assesdgylsimulatingthe physical

drilling processAccording to Kooistra et al.pdl clingsto thesurface of metlwhenthe

adhesion betweeametal surfacandthesoil is larger thatheapplied shear stress (1998). There
are two scenarios to considenen assessing clogging using a physical simulation approach
First, when the internal shear strengthhe soilis larger than the applied stress, the bulkhef
samplesticksto the metal. The second case involves shear failure within the soil sample, which

occurs when the internal shear strength is less than the applied shear stress. In tidedse,
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bulk of the soil sample does not stick, some soil clings to the metal sugitver.of these two

scenarios ancause clogging during excavation using a tunnel boring machine.

Physical simulation approaches can be broken dowrdirgotdrilling simulatiors andindirect
simulatiors. The cone pulbut test isanindirect simulation approach, proposed by Feinendegen
et al. (2010), who developeshapparatus to measure the tensile fdrewveen the soil and the
metal surface using@ne. The tensile force is thern@l adhesion betweeghe soil sample and

the cone. Various soil samples with different consistency indices have been used to evaluate the
correlation between adherence and consistency index. Adherence refers to the amount of saill
stuck on the cone.dldetermine adherence, a sedmple is mixed with water to achieve the
desired water content, then stored for 48 hours to allow for the water to be distributed evenly.
The sample is then compacted using a standard proctor device. A force of a matgpdant

on the consistency index is applied so that the cone is inserted istlteampleat a rate of

0.23 mm/min. The load is then removed, and another force is applied to pull the cone out at a
rate of 5 mm/min. The foraeequired to pull out the cong recorded, and the amount of soil

stuck on the cone after the cone has been pulled out s&thglecompletely is measure@he

cone puHlout test measurdabke tensile force required to pull the cone out of the soil sample and
the amount of soil sticto the coneHowever sone researchetselieved that clogging stems

from tangential adhesigispagnoliet al.2011)rather than normal adhesion; thus, it may not be

accurate to measure clogging potential based on normal adhesion.

A mixing test to assessagging was proposed Bumsteg and Puzrin (20L2n order to
guantitatively evaluate the clogging potential, Zumsteg and Puzrin (2012) introduced the
stickiness ratiog; which isthe ratio of the weight of soil stuck to theaterGg) and the total

weight of soil Grot). The soil is added to a Alker basin,and abeatelis rotatedin the sample
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for three minutes at 100 rpm using a Hobart miRdéter mixing for three minutes, the soll

samples assumed to beomogenous. The weight of setlick tothe beatelis recorded The
advantages of using a mixing test to determine clogging potential is that it is straightforward and
time-saving. Furthermorehe apparatus is portable, which makes it possible to measure

clogging potential of soil samples orsitHHowever, the results the mixing tesare not

repeatablgethat is,the stickiness ratideterminedisingthe testtouldvary forthe same sample

Peila et al. (2016) proposédo tests, alynamic adhesion test andtatic adhesion test. the
dynamic adhesion test, a metallic di$20 mm in diameter and 10 mm thick}atingat 90 rpm
is positioned on top ad soil sampleTheforce appliedo the rotatinglisc tocauseat to move
downward at a constanbntrolledrateis thenmeasured. Ithe static adhesion tes, force of10
N was appliedo soil samplausing the upper plane ofnaetalic wedge The lower planef the
wedge is themilted until the soil sample sles @wn the lowelplane andtheangle at whictihe
sample begins to slidsrecorded. According tthe author(Peila et al. 201 the presence of

water oranadditive could effectively changke cohesive potential dhe soil.

Kang et al. (2018) introduced a drilling apparatus to asdegging using theamount of soil
stuckon adrill bit per unit area to quantify clogging potential. Sincedhk bit used in the test

is rotating, tangential adhesion is measured. The test apparatus is composed of foulnghrts, a
bit, a power sugdg, a motor and a penetration controller. The penetration controller is used to
regulate the penetration rate, and a ruler is used to determine the penetration depth. In the
procedure developed by Kaergal. (2018), a steel mold is filled with soil in €& separate

layers, with each layer compacted using 25 blows. Following compaction, the mold is placed
underneath thdrill bit, and thedrill bit is used to shear the soil sampigving downward at a

rate of 1. mm/sThedrill bit is thenremoved and welied to determine the total weight of the
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drill bit and soil stuck to itAfter this,the weight of soil stuck on thaill bit per unit area

(WSDB is determinedA higherWSDBindicates a higher clogging potentiglang et al. (2018)

conducted a sensittyi analysis to determine the correlation betwAEDB penetration depth,

penetration speed, sizedll bit, size ofsamplemould and rotational velocity. The results of

the sensitivity analysis indicate thRASDBIs sensitive tdothrotational velocity and penetration

speed. Tts drilling test for measurement of clogging potential developed by Kang et al. (2018)

is more comprehensive than other tesisceit considers the movementthie drill bit to

simulate the actual movementtbe cutter head during drilling using a TBM.

A summary of the available tests for measuring clogging potential, along with their advantages

and disadvantages, is given in TaBle.

Table 3.1. Summary of literature test methods designed to measure clogging potential, along with

proposed mixing text

Approach Tests Index Measured Advantage Disadvantage  References
Vane shear  Adhesion Comprehensive Comple, time  Kooistra et al.
Analytical tehst, direct cohesion shear repeatable consuming (1|g98);
approach shear test stress Alberto-
Hernandez et
al. (2017)
Semi Atterberg Plastic limit Straightforward Limited Hollmann and
. limit test liquid limit repeatable applications Thewes (2013)
empirical time
approach .
consuming
Cone pullout Normal adhesion Straightforward Inaccurate Feinendege et
test (indirect  adherence comprehensive al. (2010)
simulation)
Physical Drilling test Weight of soill Comprehensive Complex Kang et al.
stuck ondrill bit repeatable time- (2018)
simulation perunit area consuming
(WSDB
Dynamic Forcerequiredto  Straightforward Peila et al.
lateral rotatemetaldisc ~ comprehensive (2016)

adhesion test
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Previous Stickiness ratiogy Straightforward Not repeatable Zumsteg and

mixing test timesaving Puzrin (2012)
Current Weight of soill Straightforward
study stuck onbeater timesaving

per unit contact repeatable

area W/A)

Althoughmanytests have been proposed by previous researchers to assess clogging potential,
datea standardizeohdexto evaluate clogging potentidbes not exist. In this paper, a new index
that can be used to assess clogging potemial a mixing testis introduced based orthe

weight of soil stick onabeatemper unit contact ared\(/A) after mixing,rather than théhe

stickiness rati¢a). The clogging potential of different types of ssiassessedsingthe nav

index, W/A.. In addition clogging potenal classificationsisingW/A: and stickiness ratibave

been compared with theniversal diagrandeveloped by Hollmann and Thew@§13).Finally,
asensitivity analysi®ias been conductédadr soil masssizes obeaterandtype of soil.The

difference bewveen the new index and previous indices al#lobe investigated in this paper.

3.2.Methodology

3.2.1.Material

It is knownthatbentonite isanextremely sticky clay with a high plasticity index, while kaolin is
acommon clay witha low plasticity index, indicating low clogging potential (Liu et2019.
Bentonite and kaolin were thus chosen to be used for standardized samples in this research
Bentonite(AQUAGEL GOLD SEAL®) and kaolin(EPK) were mixedn predetermined ratids
order togive samples with a range pfasticity, as measured by the plasticity indeaboratory
mixing tests were conducted on five clay mixtungth different content®f bentonite and

kaolin, referred to in this work a8°, M3, M>°, M’°, andM®°, with the superscript used to
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indicate the percentage of bentonite content. TaRlshows the liquid limits and plastic limits

for pure bentoniteN*°%) and kaolin ¥1°), aswell as other properties measured in laboratory,
including the specific surface area (SSA), the methylene blue value (MBV), and the cation
exchange capacity (CEClhe major mineralogical component of kaolin and bentonite is

kaolinite andnontmorilloniterespectively. Besides the kaolinite and montmorillonite, small
amounts of quartz and gypsum also exist in the kaolin and bentonite (Kang et al. 2019). The
particle size of kaolinite is relatively small, around 0.2 um, whereas the particle size of bentonite

is approximately ten times greater, around 1.2 pm.

Table 3.2. Properties and basic parameterbefitonite and kaolimeasured in lab (adapted from Kang

et al.(2019)
MO MlOO
Bentonite content (%) 0 100
Kaolin content (%) 100 0

Plastic limit (PL) 33% 44%
Liquid limit (LL) 56% 392%
Plasticity index (PI) 23% 348%
SSA (nf/g) 82 988
MBYV (g/100g) 3.4 40.4
CEC (meq/1009) 11 126

3.2.2. Atterberg Limit Test

An Atterberglimit test was conductetd determineghe plastic limit(PL) and liquid limit(LL) of

each sampléelhe consistency indek;, calculated ag Equation [1], in a given range

corresponds to the clogging potential, which indicates the firmness of soil based on plastic limits
and liquid limits, as well as water content. The Atterberg limits of the soil samples to be tested

were determined according to ASTM D4318. Bentonite and kaolin powder were measured by
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weight, mixed, and then put in an oven at 1585C1L2 hours to ensure thine soil samples were
completely dry. After drying, the soil samples were then processed by passing them through a
425t m sieve(No. 40) The liquid limit was determined liie multipoint method. The soil was
rolled into 3.2 mm diameter threads untilall apart. The small pieces of soil were then

collected and put back in the oven. After drying, the plastic limit was determined.

lc=(LL-We)/(LL-PL) (1]

3.2.3.Mixing test

After determining the Atterberg limits, the mixing tesisconductedor each of the samples

Figure3.1 indicatesa schematic diagram of the equipmesédfor the mixing testThe

apparatus ha®@r key componentsa motor, a rotational velocity contiel, abeateranda

containerThe power provides mechanical force to the motor. The rotational velocity controller
regulates the rate of rotation of the beater. The beater is removable and is used to shear the soil to
simulate cutter head movement in aMBDifferent sizes of containers were employed to allow

for different sizes of beaters to be used®Rscan waperformedon thebeaterto generate a 3D

model for calculation of the surface area.

The soil samples were prepared for the mixing test asafslBentonite and kaolin powder were
weighed and put intthe mixing container. The dry powders were mixed usingoteterfor

three minutes to ensure even mixiAgporedetermined amount ofdtilled water was then added
to thesample untik certain constency was achieved in fir80 seconds while mixing (to avoid
lump formation. Following the addition of the watdhe soil was then mixed for another three

minutes, according to the method described by Zumsteg et al. (2016).
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The gickinessratio propsed byZumsteg and Puzrin (20),2as shown in Equation 2, will be
compared with the new indeW/A, in this paperThe weight of thdeatehefore and after

mixing were recorded a&: andW,, respectively. Aer mixing, acaliper was used to measure
the distance that the soil extended upltbaterfrom the top of the bit. This distance was entered
in Autodesk NetfablPremium 2019Using Netfabland a model developed from the 3D scan of
the beaterthe surface area of tipart of thebeatercovered by soil was determined and recorded
asAc. The clogging potential was then quantified ushagthe weight of soil stuck on tHeeater

per unit areaandW; andW-, as shown in Equatior8].

&=Gg/Grot [2]

W/A=(W2-Wh)/Ac (3]

Rotational
Velocity
Controller

Connector

The Beater
covered by soil

Container

Figure 3.1 Schematic of Hobart mixer used for mixing tests
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The mixturedM®, M>°, andM*were chosen to evaluate how different types of soil affect
ratio W/A; as determined from the mixing test. These soil mixexe chosen as thepver a

range of clogging potential, from low to high clogging.

The procedureutlined abovavasalsoconducted with different massof dry soil mix (0.5 kg,
1 kg, 1.5 kg and 2 Rgpf a mixture of 50% bentonite and 50% kaolr?, to verify whethethe
mass of soil used for testing affet¥8A.. Different sizes obeates were also used to evaluate

the effect of size afhe beater

3.3.Results

3.3.1.Atterberg Limit Tests

Figure3.2 shows thdinearrelationshipfor bothliquid limit and plasticity indexvith increasing
bentonite contenfThe liquid limit was found to increase from% to 445%as the bentonite
content increaseavhereas thelastic limit was observed to vary only slightlyithin 5%. The
plasticity index increases drasticalt§th increasingoentonite content in the samples, indicating

a higher possibility of clogging based on the universal diagram (Hollmann and TR&48s
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Figure 3.2 Atterberg limit test results for mixtures with different bentonite contents (the
superscript Mx indicates the percentage by weight of bentonite in the mixture).

3.3.2.Mixing test

Five samples with different water content distributed evenly é&etihe PL andLL were used

for eachmixture For each type of soil, the weight of soil stuck on the beater at first increases,
then, after peaking, it decreases in accordance with the decréasehef same tendency can be

found in the correlation between height of soil extended up the beatkr and

Figure3.3shows the correlation between the surface area covered by soil and the hsaght of
on the beater as measufeam thebottomof the bit After measuring the height of the beater
covered by soil using a caliper, the surface area of beater covered by soilc@ndmated, as
shown in Figure3.3. Using this surface area, the param¥i#:. can be determined for different

types of soil saiples.

Figure3.4 shows thaN/A; of the mixtureM*®, M30, M>°, M7, M*° as determinedly themixing
test.The weight of soil per unit area of beatf/A., peaksat a consistency indek, rangng
from 0.5 to 0.6 for each type of sthlat isdefined as high clogging accordingthe universal
diagramproposed by Hollmann and Thew@813). Besidethis, the averag®V/A: for each type

of soil was calculated.

The areainder each curve was integmtand the averag&/A: can be obtainedt is noted that
the averag®V/A: increased with incesingbentonite conteniV/A: increased from 250lto
34.16kg/m? whenthe bentonite conterih the mixtureincreased from 10% to 90%. The standard

deviation indcatesthevariationin W/A..
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3.3.3.Verification of previous cloggingcategories using stickiness ratio

Table3.3 shows the clogging potential categorized into three different Z@uessteg et al.
2013),high clogging(e> 0.4), medium clogging (0.2 &< 0.4) and low clogginga< 0.2).The
author did not mention theason why the clogging potential was classified in this way. It is

assumed that the clogging classification was based on empirical observations.

Datasetsfrom Sebastiani (2016), Oliveira (2018) and Zumsteg (2@&2&combined to verify

the empirical clgging categories suggested by Zumskgure3.5shows the clogging
classification classified bl based on the universal diagram (Holmann and Thewes 2013).
Samples witH¢ rangng from 0 to 0.5aredefined as having low clogginffom 0.5 to 0.75 as

high clogging and larger than 0.75 as medium clogging. From the grapbkeen thathe

clogging potential cannot be distinguished by the stickiness ratio dineremdom distribution

of the datalt is noted that the range of the stickiness ratio gelan the low, high or medium
clogging categories. The stickiness ratio is expected to increase, then decrease after reaching a
peak wheric are in the range of 0 to 1. Howevarorrelation between stickiness ratio dand

cannot be founth the data depted in Figure8.5. The data points from this study, which are
marked in red in Figurd.5, are classified as low clogging based on universal diagram
(Hollmann and Thewes 2013). However, the stickiness ratio of these points ranges from 0.4 to
0.7, indicatng that the clogging potential cannot be classified in terms of the stickiness ratio

(Zumsteg and Puzrin (2012
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Stickiness ratio

Table 3.3. Clogging categories proposed by Zumsteg and Puzrin (2012).

Stickiness ratio

Low clogging 0-0.2
Mid clogging 0.20.4
High clogging >0.4
Low High Medium
1.0
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Consistency index

B This study

OKang (2018) - Medium
OOliveira (2018) - Meidum

Zumsteg (2012) - Low
Sebastiani (2017) - Low

Kang (2018) - High
Oliveira (2018) - High

AZumsteg (2012) - Medium

= Sebastiani (2017) - Medium
¢ Oliveira (2019) - Medium

Kang (2018) - Low
Oliveira (2018) - Low

Zumsteg (2012) - High
Sebastiani (2017) - High

Oliveira (2019) - High

Figure 3.5. Classification of ickiness ratio. The areshaded bluéndicates low cloggingotentid, the
areashaded orangadicates high clogging potential, and the asbkaded greemmdicates medium
clogging potential.

3.3.4.Clogging potential classificationin W/Ac

Figure3.6(a) shows @roposecdlogging classificatiomsingW/A.. The classification was made

based on universal diagram (Hollmann and Thewes 2013hasthtistical distribution o¥V/A:
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shown in Figure3.6(b). Mixtures with a value diV/A rangng from 3 to 20 aredefined as
having low cloggingpotentia] and20 to 30 as medium clogging. Any valueVifA: greater than
30 indicates high cloggindf. W/A: is in the rangd.0 to 20 this isdefined as low cloggindor

20 to 3Q medium cloggingandgreater than 4high clogging.

The new indeXV/A: at first increases (as dok} then declines after reachiagpeak.Compared
to the classification proposed by Zumsteg and Puzrin (2€i&)ewly proposed category
corresponds more closely to the universal diagram (Hwollmand Thewe2013). Furthermore

more repeatable test results carob&inedusingW/A.

Considering the poindiscusse@bove the indexXW/A: is a more reliable means to quantify
clogging potential. It also has the advantage that it can be use@ ogirgie the mixing test
apparatus is portable. In addition, the test process proposed in this work is straightforward and
requires little time. Compared to the universal diagram (Hollmann and Thewes 2013), the
measurement aiV/A: is much easier than deteination of the Atterberg limit and water content

of a soil mixture.
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Figure 3.6 (a) Classification of clogging potential made on the basis of determiraftMiA:: Theblue
shaded area indicates low clogging, the orange shadenhdiesgtes medium clogging, and the green area
indicates high clogging. (b) Classification of clogging potential using a box chart.
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3.4. Sensitivity analysis

Thenew indexXW/A; has been proposéd assess clogging potential of different types of soil.
Undoubtedy, however, there will beaome other factors that influence the test ressitsh as
total mass of soil used itnetest,or the size of beater used, among othéraust be
demonstratethatW/A: is independent ofmass of soibr size ofbeaterto showthatthere is no
impactof mass of soibr size ofbeater onW/A:.. To evaluate howV/A. changesvith mass of soll

or size ofbeater used in the testsensitivity analysis was conducted.

3.4.1.Soil mass

A mixture of 50% bentonite and 50% kaolM*) by weight was used to condwsensitivity
analysis on the effect of the mass of sample in the mixinghests on each obfir different
mas®s(0.5 kg, 1 kg, 1.5 kg and 2 kg) of tM®° mixture were conductedith five different
water contents, cagsponding t@nlc range from 0 to 1. It was found that the test conducted
with 0.5 kg of theVi®® mixture resulted in one third of tieatetbeing covered by soil, whilie
test conductedith 2 kg of theM®® mixture resulted in thbeaterbeing completly coveredwith

soil.

The averag®V/A: was calculatedbr each consistencgndthen the absolute value thfe
difference betweeW!/A: for thefour soil masses and averag@/A. was calculated. The absolute
value ofthedifferencein percentage was thentdemined The average difference then was
calculated'shown as bar charts on secondary axiHguare 3.7) indicating the average variation
of W/A; these four different masses. The differeat®/A: is smallerthan the difference of

stickiness ratipindicatingthatthe index YW/A; or stickiness ratio) is less sensitiian stickiness
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ratioto the variation of mas&rom Figure3.7, it can be seen that, as expected, the iMi&Xcis

not sensitive to the mas$ soil used in the test.
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Figure 3.7 Mixing test results in (&)V/A: vs.Ic and (b) stickiness ratio vk, along with % difference.

3.4.2.Sizeof beater

Two different sizes dbeates were employeah testing The dimensionef both beaterare

shown inFigure 3.8, and these bits wergsed to verify whethe/A: is sensitive to the size of
thebeater The surface areas of theates are 834 cn? and 274.9 cr) repectively. For each

test, 500 grasof a 50% mixture of bentonite and kaolM) was usedResults are shown in
Figure3.9, with asecondary axis added to the graphs to show the difference in results for tests
conducted with the 20ter beaterand the Hiter beater The difference is dimed as absolute

value of the difference betwe®WA: for the 20liter beaterand 5liter beatey divided byW/A

for the 20liter beater Figures3.9 (a) and (b) show less difference betweesults fortwo
differentbeatesis observed fo¥W/A. comparedo the consistency indeRA smaller difference in

W/A: indicates that the indeX\(/A: or stickiness ratipis less sensitive to the sizelater

However, it should be noted that since only two diffelsrdtes were tested, usirigpates that
had different capacities, these results do not provide a solid conclusidW/thas independent
of the size of théeaterat this pointlt is necessary toonductmore tests using differebeates

(ideally with the sambeatey to verify this point.
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Figure 3.9 Graph of (R W/A: vs. I for 20-liter beater and-&iter beater, along with % difference
between tests conducted using the two beaters and (b) stickiness ratforv&0-liter beater
and 5liter beater, along with % difference.

3.4.3.Soil Types

The mixing test was performed for @ifent bentonite and kaolin contents to determine whether
W/A: can be used to differentiatiee clogging potential of different types of clay. The mixing test
was repeated for 2 kg M°, M>° andM®°, with results shown in Figui@10. Figure3.10(a)

shows thaWW/A: is highest foM®*°, peaking at 44.42 kgAwhenl.is around 0.58. Thealues of
W/A: determinedor M are obviously smaller thafior M*° andM*®°, indicating that*® (which
contains 10%bentonite) is the miurewith the least clogging potential. On top of tHagure
3.10(a) showghe same trend as the universal diagram (Hollmann and They&&l3). It is

also known thathe clogging potentiaincreasessbentonite content increasess can be seen in

Figure3.10(b), there is no obvious trend that can be found based on the stickiness$ ratio
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differentsoil types, therefore the stickiness rafails to differentiatewhich bentonite/kaolin mix

exhibits more clogging than otherixtures
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