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ABSTRACT

Several earth fill wateNB G AyAy 3 RIYa GKIG 6SNBE 02y adNHzOGSF

operating at hydroelectric power generating stations. Stability of these structures is critical in maintaining
their serviceability as well as the safety of reunding areas. One of the dams in Canada, which was
performing satisfactorily for over 50 years, exhibited significant deformation in the upstream side.
Investigation revealed that the loss of soil shear strength was brought by creep movement occugering ov
the service life of the dam. Howeveanalysis from an earlier studyas unable to simulate the strain
softening of the soil coupled with timgependent creep movementThe Timedependent Model for
Structured soils (TMS) developed by Kalos (2014) was proposed to baauseldiress thislt is an
incremental plasticity timalependent constitutive model based on the Modified Cam Clay made|
Perzyn&@ Overstress Theonft incorporates the principles of critical state soil plasticity which can
systematically emulate the primary, secondary and tertiary creep phases under increasing stress levels
both in drained and undrained conditions.

Necessary laboratory works and calibrations were done to determine all the parameters required
in TMS Analytical models o€BBD2 and CBB4re calibrated based on the observed deformaticats
the site using TMS to simulate the soil behavidihe results of the calibratiofllustrated the strain
softening of the clay material, as well as the accumulatiosighificantstrainswhich defined the slip
surfacesTwo slip surfaces were observed to form, both on the upstream and downstreofthe clay
core at the interface with the rockfilResults of a separate earlier stugignerally agree with the existence
of the shallowupstream slip surface in the structur€he development of the secondary slip surface at
the downstreamnside of the clay corprovides new knowledge on the creeping behavior ofrteterial

Assessment of CBBD4 indicated that there is potentially signifirasence of sheastrains at

the clay coreat the present timewhich could lead to instability of the structure. Field measurements are



needed to be conducted to validate the findings, and if needed, mitigating measures must be done to
preventexcessiveanovementof the dam.
The results of the analyses demonstrated th&lSis capableof simulating thecreepbehavior
over long periods of timé-lowever, the postailure deformations were not reproducesell in the model
which indicates the limitations of the constitutive model. Even so, the results were able to shed light on

the clay material behavior, in terms of strain accumulation, leading wgbojoe instability
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Chapter JINTRODUCTION

This research work is a continuation of the previstigdy conducted by Ubay (202@n seven earth fill
water-retaining dams irCanadaas part of her dissertatiorOne of the structureshat was part of the
studyexperienced excessive displacements on the upstream side after operating for margQtlyaars.

It was surmised frorthe analysis thatreeping of the clay material seemed to be the likelgsonof the
instability. Ubay performed aite-dependent creep deformation analysis usiBgft Soil Creep (SSC)
model withclay strengthparametersbetween the posfpeak and residual shear strengthBhe results
were able toreproduce the observed deformationghich provedthe validity of the hypothesief Ubay
However,it was noted thatSSC lacks the capability of a fully coupled #iate-dependent analysis.
Moreover, creep parameters were obtained from oedometer tests. This paper aims toliose
dependent Model for Structured soil6TMS) in simulating the soil behavior to make up for the
shortcoming of the SSC constitutive model and obtain soil strength parameters using ate&bdatup

which might be more appropriate for creepduced deformation.

1.1 Brief Description of the Research Area

The gven (7) earth fill wateretainingdamsfrom the work of Ubay (2020yill be referred to asVD,
EF, MFLEDIMFRED, CBMD, CBBD2, and CBBDder request by the dam operators and owné&rs
maintain the confidentiality of these facilitie€BBD2 exhibited significant deformations in the upstream
sideafter operating satisfactorily for more than 50 yeammediate investigation on the potential cause
of the slope movement and remedial measures were doDetailed description o the different
characteristicof the dams can be found in theork of Ubay (2020)For this research, only CBBD2 and

CBBD4vere analyzed.



1.2 Brief Description of the Constitutive Model
TheTimedependent Model for Structured soi{3MS)was developed b¥alos (2014) as part of his
dissertation.The constitutive model wasased on the Modified Cam Clay moddierein it incorporates
the principlesof critical state soil plasticity teimulate the incremental timelependent plasticitypehavior
of the soil. TMS can systematically emulate the primary, secondary, and tertiary creep phases under

increasing stress levels both in drained and undrained conditions.

1.3 Research Hypothesis

The observed delayed instability in CBBD2 could have been triggered by the material strength
degraddion resulting from creep shear straingarticularly in the clay coreand blanket The
implementation of TMS in numerical modellitegsimulate the soil behavior woulgtovidecrucialinsight

to the mechanisms leading weepinduced deformation of the dam.

1.4 Research Objectives
To verify the hypothesis of this researehnumerical model based dorMS shall bénplementedto
simulate the soil behavior leading to the delay®#dpe movementf CBBD2The results would aldoe
used to verify the stability cEBBD4To attain these objectives, the study has been separated into two
(2) main phasedaboratory testing and numerical modelling. Specifically, the research aims to:
1 Determinenecessary soil parametedescribing the strength and deformati@haracteristics
of the collected sosamples byerforminglaboratorytriaxial testing
9 Calibrate a numerical modeising the commercially availablinite element computer
software ABAQUS based dhe observed deformation irCBBD2and the parameters

determined from the laboratoryest; and,



1 Evaluate the stability o€EBBD4, which is the next critical structure basedhenresults of

Ubay(2020)

1.5 Significant Contribution

Understanding on the creeinduced deformation®f aging earth fill dams can be obtained from this
researchg considering that there are several dfetsethroughout CanadaTlhe behavior of the selected
damscould provide significant insighthich would allow the developmemf preventiveprocedures for
new constructions, ancemedial measures for existing earth fill dams thatlongersatisfythe long-term
dam safety requirements.

Typically,creep analysis of earth dams via finite element methodificult to perform due tothe
limitations of theavailable constitutive models icommercially available software. The results of this
study could verify the applicability of TMS in simulating the creep behavior obaodarth fill dams
Accurate prediction would alle proper planningand implementatiorof in-situ monitoring as well ashe

creation ofcontingency measures, if necessary.

1.6 Organization of Thesis

Following this introductory chapter, Chaptem@esentsthe review of related literature. Chapter 3
discusseghe laboratory test result®n the collected specimens. Chaptercdntainsthe results of the
calibrationof the destructuring variablegnd Chapter 5 presents theumerical modelling to assess the
agingearthfill dams discussed in this research. Chaptdiscusseshe researcHindings ancconclusions
as well asecommendations for future work. Appendices conttie supplementary information for this

research.



Chapter 2LITERATURE REVIEW

Related studiesare presented in this chaptewhich aid in theconception of the framework of this
research The work of Ubay (202@resentscrucialunderstandingn the potential causes of the delayed
slopeinstability observed in CBBDEhestudies on other constitutive models, as well aswerk of Kalos

(2014) would provide the necessatyackground in understanding the TM&ich would be used in the

simulation of the creep behavior of the soil.

2.1 Previous Geotechnical Investigation Work
As mentioned in the previous chapter, this is a continuation of wloek of Ubay (2020).Three
potential causes of the delayed instabilityere noted in the researcim CBBD2, which are:
1 The repeated freezinthawing and wettingdrying over the years could have deteriorated the
dam materials to the point dhstability;
1 The leaching ohaturally occurring cementing agent (gypsufrgm the claymaterial due to
water flowcompromised the stability dhe danm and lastly,
1 The clay used for the core and blanket of the dast its structural integrity due toreeping
The results of her work would lggenerallydiscussed in the succeeding sections of this chapterovide
a backgroundon the potential cause of the delayed instability observed in CBBBtailed information

of her findingsis available in hework (Ubay, 202Q)

2.1.1 Environmental Loading
Repeated environmental loadimmyer timewould result to the development of fissures within the

soil. Thesefissureswould serve as weak poisbf the structureleading to the inevitableleformation of



the dam(Vitone et al., 2009Applied load on fissure planes would prodydished surfaces which would

indicate the sliding of soil masses on top of each other.

Inspection of the soil specimen from CBBB@icated thatfissures and polished surfaces were
present atdifferent locationswhich has varying sizes and orientatidfitbay, 202Q)However, these
polished surfaces were observed riotbe interconnected, thereby, unable to generate a failure surface.
It is possible that the drrowed soil was alreadyheavily fissuredbefore being usedn the site. The
compaction during construction could have produced the localifiedensides along thesissures which
created the polished surfacédbay, 202Q)Another possible explanation to this finding wouldtbat the
water trapped within the fissureseforebeing used at the sitesmoothened the contact surface over
time. Ubay (2020) noted thaurther compaction of the borrowed material and creep movemeatuld
possibly increase the intensitf polishing of theunconnected slickenside¥he findings made it seem
unlikely that the repeated environmental loading through the years wasrhim cause of thanstability

in CBBD2

2.1.2 Gypsum Leaching

In a study byGaringer et al.,2004), it was found that soil specimens with depleted gypsum
content experienced straisoftening at less than 5%train. Whereas gypsumich soil specimens
underwent strainsofteningafter 13% straiMan et al., 2011)Based on these, it would seem thaie

absence of gypsum in clay woulkbult tothe increased brittleness of the material

Thesoil specimes extracted from CBBD2 lack any gypsum nod(Udsay, 202Q)Analysis by an
electron microscopeevealed no traces of gypsum from the recovered sample. Instpzatiz, feldspar,

and dolomite werepresentwhich are typically found in silThis finding indicated that thgypsum was



not present in the claynaterialto begin with and that its leaching was not the cause of tfithe delayed

deformation in CBBD2.

2.1.3 Creep Dérmation

Soilsexperiencingconstantoverburden pressure ostructuralload for long periods of timéend

to settle or consolidate This timedependent settlement can be categorized imidmary consolidation

and secondary compression or cre@imary consolidatioiis the settlement resulting from the gradual

dissipation of excess pore water pressure that was generdtethg the placement of the load on the

soil. Creep (secondary compressiafgformation occursat a constant effective stressither after the

completion of the primary consolidation, or simultaneoudiying the primary consolidation.

Creep can béroken downinto three stages namely, primary, secondary, and tertiary qoee

During primary creepr reducedcreep,the rate of deformation reduces over timghich results to a

slowing of theaccumulation of creefinduced straingAltenbach and Naumenko, 200Becondary creep

or stationary creetartsafter this stagewith sufficient loadingvherein the creep rate stays constant for

a significant amount of timélertiary creep or accelerated creépachieved if the stress on the material

is enough to induce itThe rate of accumulation of strains increases this stagewhich leads to the

eventual failure of the so{lAltenbach and Naumenko, 200Bhown inFigure2.1 is anillustration of the

different stages of creep.
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Figure2.1. Creep Curve; ¢ Primary Creep, It Secondary Creep, If Tertiary Creep(Altenbach and

Naumenko, 2007)

Necessaryaboratory testsvere donein the work ofUbay (202Dto determinethe shear strength
parameters ofthe clay materials ifCBBD2. These results were then used as input in the numerical
modellingwhich makes use of the Soft Soil Creep (SSC) constitutive model to simulate the reaction of the
soil materialunder load Results indicated that usirige averageshear strength valudsetween thepost-
peak and residual state of the swaibuld reproduce the observed deformaticand stability conditiorin
CBBDZUbay, 2020)Using this calibrated model, Ubay was able to assess the stability of the other earth
fill dams considered in her researdhl of the remaining damsxcept CBBD#ad a factor of safety (FS)
larger thanl1.0 but less than 1.5 which is the minimum value requifedlongterm stability of these
facilities considering creefaccording to the Canadian Dam Association (CDA¢ analysisn CBBD4

yielded an FS value of Mich indicatean impending instabilitpf the structure

Thenumericalanaly®s of the damshowedfavorableresults, howeverit wasnoted thatthiswas

limited due to the sequentiassessment wherein thidegradation of the shear strength of the saile to

creep was only inducepirior to the calculation of the F& the state of the structurat the time(Ubay,
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2020) This means thathe effect of creepvasnot taken into consideratiomver the service life of the
structure ¢ it may be possible that creegffects have developed earlier oAs suchusing the TMS
developed by Kalos (201&) a promising approach since itasnore rigorougully coupledconstitutive

model which couldsimulate strength degradatiodue to creep over timeThis constitutive model is

discussed in the following sectismf this paper.

2.2 Time-dependent Model for Structured Soils (TMS)

The shortcoming of the SSC constitutive model in analyzing creep effects over the service life of the
structure can be potentially addressed by TMS since it can perform a coupled analgyistéyatically
emulaing the different creep phases under increasing stress levels both in drained and undrained
conditions.TMS is based on the principles of Modified Cam QW@®C)and the overstress postulate
LINELI2ZAaSR o6& tSNieyl Ay KAa ¢2N)] AY mdco yR mMdocc®d
the time-dependent behavior of metals. The mathematical formulation of the thamgthe resemblance

of metal behavior to so#llowed its application to be extended to geomateridlee succeeding sections

of this chapter discusses thunderlying theory used ifMS.

2.2.1 Mechanical Behavior oGeomaterials

Geomaterals can be classified as either structured or structurelessed on the mechanical
behavior(Kalos, 2014)Structured soils ar@matural soils whicthas undergone cementation, aging, or
preconsolidationBelokas and Kavvadas, 20IMHe structure existing within th&oil matrix increases the
strength and sizef the stress domairin which the soil exhibits stiff behavigkeroueil and Vaughan,

1990) Stress history and bondingduces the creation of structure within the sdihe stress history ggs



0 KS &Y 6fthe padt bbads thathe soilexperiened, which in turngovernsits mechanical response.
Bondinginducesthe growth of interparticle resistancerhich makes the soil strongéKalos, 2014)The
structureless statds achieved Wwen a structured soil is subjected to sufficient straifieeroueil and
Vaughan, 1990)Therefore,constitutive modelling of structured soils requires the knowledge of the

structureless statavhich is the reference statef the material(Belokas and Kavvadas, 2011)

Soils in a structureless statan be describedby only using the current specific volume and
current effective stresgBelokas and Kavvadas, 201The strength of the soil in this state is solely
dependent on the interlocking of the soil particlefKalos, 2014)Burland (1990) described the
structureless state of the soil as intrinsuhichindicatesthat the material has ndonding,andall of the
stress history memory is removethe intrinsic state of the soil can be achieved by reconstituting the soil
sample at a water content betweenand 1.5w, where w.is the liquid limit, and then consolidateshder
one-dimensional conditiorat a largevertical effective stres¢> 1 MPa)Belokasand Kavvadas, 2011

Burland, 199Q)

The locus of the structureless statespresents a limiting statef the structured sod (i.e.,
minimum point to which the soil strengthcan decrease)which provides significant insight itihe

constitutive modelling of structured soi(Belokas and Kavvadas, 2011)

2.2.2 Characteristic Surfaces
Thefollowing characteristicsurfaces are incorporated in the formulation of TkdSlescribe the

strength degradatiorof the material

1 Intrinsic Strength Envelope (ISE)
9 Structure Strength Envelope (SSE)

1 Plastic Yield Envelope (PYE)



These surfaces are defined in theean effective stresss{,) and deviatoric stress tensor (S)
hypemplaneto givea generalized frameworwhich eliminates thébackand-forth rotation of the stress
and strain tensors to the principal stress spgkalos, 2014)lllustrated inFigure2.2 is the graphical
representation of these surfaces in thgs-s spacewhich are described by the followingensorial

expressions

2.1)

i a , Jo (2.2)

Figure2.2. Graphical Representation of the Characteristic Surfa@€alos, 2014)

2.2.2.1 Intrinsic Strength Envelope

The Intrinsic Strength Envelope (ISBnhtains all the structureless states of the safter
substantial strains have accumulatéalos, 2014}t is used in the constitutive modak a reference for
the destructuring mechanism of the soithe following equatiorbelow descrbes the characteristic

surface:

6, RS  =ad @) & T (2.3)
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Wherea* is the halfsize if ISE along the hydrostatic ggig) andc denotes theinclination of the
Critical StateCone(C%) as showrin Figure2.3which is the represetation of the Critical State Line in the
stress hyper planeThe anisotropy is considered to be naxistentwithin this spacedue to the chaotic
distribution and orientation of the soil particlest the start of failureg(Kalos, 2014)The ISE is allowed to

undergo isotropihardering byrelatinga* with the changes in the void ratio and stress st@alos, 2014)

S 4

Figure2.3. Graphical Representation of the Intrinsic Strength Enveldgalos, 2014)

2.2.2.2 StructureStrength Envelope

The Structure Strength Envelope (SSH)strated in Figure 2.4, is also oriented along the
hydrostatic axis and contairibe avalable strength of the soil due to bonding formatidn. this sense,
the SSE serves as the upper limit of the matestingth andis allowed to degrade until thESE surface
only, as this represents the lower limit of the material propefigalos, 2014)The shape of SSE is
considered to be similato ISE and itscenter is allowedto translate along the hydrostaticaxis by
magnituded which accounts for the effect of cementation and thixotropic bondthging isotropic

compression(Kalos, 2014)Only the secondary anisotropy whle accounted for in this spaaghich is

11



defined by the position of the plastic yiekhvelope within SSEbond anisotropyis not considered)
Assuminghat primary anisotropyor the offset of the SSE center from the isotropic #Kiavvadas and
Amorosi, 2000)s neglectedexpression2.4) describes the SSE surfa@eherea is the halfsize of the

SSE)

0, Rt (%do[ . ®» Q W T (2.4)
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Figure2.4. Graphical Representation of the Structure Strength Envel@idalos, 2014)

2.2.2.3 Plastic Yield Envelope

The Plastic Yield Envelope (R¥YdBpwn inFigure2.5, encloses alpurely elastic stress states
including viscoelastic stress fieldithin the SSEIt@ size is a fraction of SSEually 0.01 to 0.06f SSE
and tQ center §,) is controlled by a kinematic hardening law which portréys recent stress history
through the secondary anisotropy tens(ifalos, 2014)The following expressiobelow describes the

surface of PYE (wheve A& GKS NIGA2 2F {{9 (42 t 9

5

S, Ko Loi i di i . v T (2.5)
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Figure2.5. Graphical Representation of the Plastic Yield Envel@galos, 2014)
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t SNJ éwrktresitheory (19631966)is a combinatiomf the elastoplasticitytheory and time
dependent behavior ahetals.Astaticyieldsurface is assumed in tledfective stress spada this theory
and the stress state is allowed to cross this bounddtying a loading increment which resulte the
accumulation of deformationgPerzyna, 19631966). The space within thgield surface is the elastic
regionwhich is coincidental to the elastic field in elastoplasticithereinthe deformations are purely
StraidA0 FyR OFy 0S8 RSTAYSFgurde) Bagdd tHSho@darther T SR
elastoviscoplastic region is defin@dwhich Perzyna assumeidat the strain rate tensocan bedivided

into elastic(- ) andviscoplastig- )componens:

A (2.6)

- r 0 OQ?I 2.7

13



Elastoviscoplastic
Region
Equipotential

Static Yield N Surface ())

Elastic Region \

S, €

Figure26d® DNJ LKA OF f wSLINB a S(alps, 8048 y t SNI eyl Qa ¢ KS2NE

Whereisl the fluidity parameter influenced by the material viscosity, O is the viscous nucies
which controls the timedependent behavior of the materiaF is the overstress functiomwhich is the
distance between the stress state and static surfag@presents the viscoplastic potential functitmat
controls the direction of and incremental strainsands is the stress tensolit should be noted that
the staticyield surfacecan change itshape and positionue to the accumulation of viscoplastic strains
(hardening) This hardeningnay be defined byhe deviatoricviscoplastic strainas shown in equation
(2.8) or by the viscoplastic worik expression(2.9). Perzyna (1966uggestedhat the hardeningcan be

describedby equation(2.10).

- -0'Q dQ ;wheree"is the deviatoric viscoplastic strain tensor (2.8)

) ¢ Ot (2.9)
. q,

Q. — p (2.10)
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It is also worth noting thathere are severatonstitutive modelsdeveloped whichextends
t SNI @yl Qa 2 ddshiEnmatddalgnat can kefoanNdh literature A brief description of these

models are provided below

T ' R OKA | YR ©Afdch @ah@@kana, A4S f
0 This modekimedto describe thdime-dependent behavior of claysuch as creep,
stress relaxation, andtrain rate, ySEG SYRAY 3 w23025Q48 ONRGAO!
(Roscoe and Burland, 1968yough the use othe overstress theoryo define the
rate sensitivity of the soilHowever,the authors noted that the formulation was
unsuccessful ifully describing the static deformatioprocess of cha
T ' R OKA | y R (AdacHi @déOka, 29082 f
o t SNJ &y | @as camkiSeawitBthe classical Cam Clay model through an
elastoviscoplastic formulatiotin this model The Cam Clay criterion wased to
account for the static yield functiomvhich resulted to the use of a strain
hardening parameter insteadf a work hardening parameter described in
equation (2.9). As a shortcomingthe modelfails to describe theaundrained
accelerating creep componends well as the plastic component of the soil.
T %A Sy ASg ADehkdvicz et 8.R1IST4975
0 This model provides insigta the elastoviscoplastic formulaticemd preliminary
gualitative observations on the viscous behavior since this framework was among
the first to A Yy O2 NLJ2 NI S t SNJ & yis nable GoKaScrt@llyd | 2 5 S
simulate the plastic and timdependent behavior of sbiue to its inability to

define the plastic component.

15



1 YI { 2NModelXKatona, 1984)
0 A timedependentplasticity model for rocks and soils was developed based on
t SNJ @ y lafddhe gigatNily yield function in the inviscid cap mo@sndler
et al., 1976).The result was a viscoplastic formulation which capresent the
time-dependent behavior of geomaterials, such as creep and ground s&ultk.
the model wasunable to accurately represent the tertiary creep componers
well as the accumulation of viscotension deformation.
f YI N& ( dzy S (K@siunen 2tRISZ013)
0 The overstress theoryas incorporatedalong with an elliptical yield surfagand
2 KSSt SNDa NRGLF G N&hgdlet et K. 20888 iHisynibdelflth &
addresses the timelependentbehavior of anisotropic claghrough accounting
for the secondary compression (creepheshortcoming of tlis model is thatit
fails to simulate the rapid increase of the viscoplastic strain rate at high stresses
near failure(tertiary creep). It is alsanable toconsiderfailure due to yielding
without accumulation osubstantial creep deformations
T 5A tNAAO2 | yR (DYRridandlinpodntath, 1998)R S f
o This model describes the elastoviscoplastic behaviograhular materialsdy
using the overstress theory of Perzynahich was motivated by the observed
delayed strain response on dry, loose sdndhis formulation, the plastic strains
were notinstantaneous,and the microstructure arrangement was allowed to
evolve over time. Thexperimental results were in good agreemenith the

prediction of the developed modébr granular soils.
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2.2.4 Soil MaterialBehavior

The material behavior during loading is bounded within the characteristic surfaces described in
Section2.2.2 The space within the PY&occupied by the viscoelasfield where the strains described
by the incrementalelasticstrain (& ) and incrementalviscousstrain (k. ) componentsas shown in
expression(2.11). The viscoelastoplastiegion whereinthe incrementalplasticstrain (Ck ) is present in
addition to the elastic and viscoeemponentsn equation(2.12), exists within the SSBat is outside the
ISE and PYdad on theboundaryof the characteristic surfacggigure2.7). Note thatthe formulasdenote

the change instrain overtime in expression(2.11) and(2.12).

o 2.11)
(¢ TG TG TN 3 x - Mo (2.12
> 4‘ ] A i H
PYE B VlscoeIaStlc
oo, Field
. i, - V_lscoelastoplasnc
RN Field
= -—————— \
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'~ ] ) Sm
X = - - :
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\ Y
N -
h N - J
B S ssE

Figure2.7. Graphical Representation of the Strain Field within the Characteristic Surfé€aks, 2014)
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2.2.4.1 Elastic Component

The elastic component is defined by associating the incremental stress tédpmith the

incremental elastic strain tenso€¥ ) as given by expressi¢a13).

A F D (2.13)

WhereC in (2.13) is the elasticstiffness tensor defined by poroelasticityhich isbased on the
stressstrain pathsof soil subjected to isotropic and uniaxial loaglimnloading,and reloading The
governing egation of poroelasticityis expressed iequation(2.14) by relating the elastic bulk modulus
(K®) to the recompression slop@l ) and specific volume (v). The formulends to predict norzero values
along a full loading cycle which makes it a conservative apprddehelastic shear modulus%&an be

relatedto the elasticbulk modulus @ t 2A 3432y Qa MkpiegsBrish AYRAOIFIGSR Ay

0 —a (2.14)

(2.15)

2.2.4.2 Plastic Component

The plastic component of the strain is defined by fhastic flowrule andis described trough
expressior(2.16), wherePis the plastic potential tensor which contrdle size of the plastic stratensor
and'Q Qs thescalar quantity expressing the magnitudithe plastic strain tensawhich will be further
discussed in SectioB.2.6 ParameterP can be described by the volumetr{®) and deviatoric { XQ

componentsof equation(2.17).

x  Q} (2.16)
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I 2dok e 2.17)

Q

An associated flow rule implemented in the formulation whereiRis set equal to thgradient
of the PYE(Q). The gradient can be decomposed indd the volumetric (Q) and deviatoric(v R

components similar toP, as shown irexpression(2.18) to (2.20).

L Py oL lkee (2.18)
o
. E
. E
b SFok o 200 (2.20)

2.2.4.3 Viscous Component

The viscous strain is composedvofumetric and deviatoric deformationghich can beobserved
in standard oedometer and triaxial tests, respectivéiscousolumetric straing- ) tend to increase the
strength of soil by developintpe pre-consolidation conditiorfKavvadas and Kalos, 2018pwever this
causesstructure degradation in highly expansigeils andsome weak rocksThe evolutionof - is

described by the semogarithmic creep formulasing the specific volume (v) asdcondary compression
coefficient [  —— as illustrated inequation (2.21). The formula is valid for t &, whereto is the

reference time for the start of creeplMS also assumes that accumulates at all stress fieldyy

simultaneously laying on the SSE and {Kélbs, 2014)

[ o)
- EA @D = (2.21)
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Theviscous deviatoric component () on the other handtend to degrade the material structure
similar to the deformations caused by plastic stramviscid structured soilKavvadas and Kalos, 2019)
Deviatoric strainsaccumulate until creep failure is achievedce high shear stress levels are applied to
the soil specimeriKalos, 2014)The primary and secondary deviatoric creep ssaire described by the
SinghMitchell formulain expression§2.22) and(2.23). SinghMitchell parameterA controls the measure
of the viscous deviatoric strainsiportrays the stress intensity effect on creep rate, andlefines the
speed of strain rate increase with timBarameterD is the stress ratio which measures the overstress
distance as defined iaquation(2.24) and Figure2.8. The parameter is a material constargmployed to

achievefaster creep shear strain rates at high shear stress IlékealevadasndKalos, 2019)

c6 OE 168 B o
D& - — (2.22)
P COETE
c6 OE B ]
- 5 P (2.23)
A @B .
COOEIlBE

p (2.24)
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Figure2.8. Graphical Representation of the Stress StatesiyiKalos, 2014)

2.2.5 StructureHardening Rules

The position and shape &SE and PY&dontrolled by hardening rulg&alos, 2014)isotropic
hardening law is applied to define the size of SSE, and subsequentlyPYiBesize through the
proportionality ratiov Knematic hardening ruledefine the position of these characteristic surfacas

well as the sloped of theCritical State Conia the stress hyperplangalos, 2014)

2.2.5.1 Isotropic Hardening

Thehalf-sizea of the SSIs treated as a hardening parameter which evolves with the accumulation
of plastic and viscous straifiKalos, 2014)The SSE is only allowed to degrade until theakStentioned
in Section2.2.2.2 As such,he halfsize of SS€an berelated to the halfsize of the ISEa*) through the
structureratio Basshown inexpression(2.25). The parametemBis similar to the overonsolidation ratio

in this sens€Kavvadas and Kalos, 2019)

® 633 (2.25)
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The structure ratiaundergoesgradual degradtion from an initial value &) to a residual value
(Bes) When the material is subjected to large strains, resultinght® complete destructuring fathe soil
(Kalos, 2014B.scan be set to a value of 1 which indicates that Is8Edegraded to the ISar it can have
a value of slightly above 1 to accoufar any chemical, biological, or thixotropic bondirg. TMS,
parameterBmovesbetweenB, andBesfollowing a CanClayevolution patternat largeirreversible strains
(Kavvadas and Kalos, 2018his is achieved msing the plasti€ )and viscougQ} ) strain increments

to define the size of SSE shown in the following expressioaiter KavvadaandKalos (2019)

oo W T 2.26
Qb —d2 —do (2.26)
— 0 63:)—" Y 6 O Y-2rs - O (2.27)
kg vy & 00 — 50y & 2.28
—do ==2Y 8 Qo FAOY 6 0 (2.28)
Y 6 6 A@DP - s - O- (2.29)
0 O 1ai,
i go&@a : (2.30)

Where— and - controls thevolumetric and deviatoric structure degradation, respectively.
Expression2.27) depicts the effectof primary consolidatiorand the resulting plastic strains from the
process, andequation (2.28) representsthe effect of viscous volumetric strains due to secondary
compressioror creep(Kavvadasnd Kalos, 2019)The half-size of the ISEaf) can be described by the
specific volume and the mean stréasa similar way to the Modified Cam Clay modéle parametet

in equation(2.30) is the specific volume corresponding domean stress of 1 kRaong the Intrinsic
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Isotropic Compression LingCL)in the v ¢ In(sm) space(Figure2.9). The ICldefines the behavior of

structurelesssoil under loadingBurland, 199Q)

Sn= 1kPa In(s,y

Figure2.9. Intrinsic Isotropic Compression Lir{galos, 2014)

2.2.5.2 Kinematic Hardening

The Critical State of the s@lreached when the specimen undergoes large stiaading to the
structureless state of the materidDue to its uniqueness, it is amportant parameter in the constitutive
model. TMSoredicts unique critical states nsuring that the soil statéalls onto a unique CSh the
v ¢ In(sm) plotwhich corresponds to Eritical State Cone (CSn the s¢ sm plane (Kavvadasnd Kalos,
2019) Kinematic hardening ruleare implemented to achieve th whichdefine thetranslation of SSE
along the hydrostatic axis, evolution of the location of the PYE, andltpe of theC& in the stress

hyperplanewhichsubsequenthaffects the eccentricity of SSE
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2.2.5.2.1 CSEvolution

Theslope ofthe CE, which is proportional to the MCC parameteradlgiven by equatiof2.32),
of a given soil material is allowedtt@nsitionbetween an initial and final value. Thatial- CSCQepresents
high-speed strain ratesvhile the LimitCSC correspond tguaststatic strain rates with an order of ¥0
(Kalos, 2014) Failure of the specimen is achieved when the CSC passes throughEmointhe PYE
wherein the stress state &t to constan{Figure2.10). The slope of the CSC at failure does not necessarily
coincide LimHCSCwhich allows the material to fail even before reaching its weakest state
degradation of the CSC inclination simulates the tertiary cfedpre under drained conditions note
that undrained conditionis irrelevant when considerinlpng term creep failurgKalos and Kavvadas,
2018) The evolution of the slope of CSC from an initial vaddet0 a lower valuedim) is described by an
exponential decay function making use of the deviatoric pla&ic)and viscous strairff) - ) increments
asshownin expressiorf2.33), where the material constants- andw control the degradation rates with
plastic and viscous shear strains, respectiji€gvvadas and Kalos, 201alos (2014) noted that— and
@ should not be used at the same tintethe calculation sincé is assumed thabnly one between the

plastic and viscous shear strains is acting in the deterioratigauameterc.

@OE e
o OE} (2:31)
ot o C 232
® 0902 (232
(0)
. FA TA . -
Qh —d2 —do ® © 2 —00- » 0Q- (2.33
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Figure2.10. Graphical Representation of the Tertiary Creg@falos, 2014)

2.2.5.2.2 SSE Translation

The effect of bnding of soil particles due to isotroptmmpression which is the buildup of
tensile strengthjs represented by parametet as illustrated inFigure2.4 (Kalos, 2014)This parameter
degrades exponentially from an initial stath,) to a value of zero at critical stateeducing the SSB the
MCC bounding surfaggkavvadas and Kalos, 201Bxpression(2.34) illustratesthe hardening rule on

parameterd, after KavvadaandKalos (2019)
™ ™
Q0 —d@ —d Q07 0Q- w 0Q- (2.39)

Parametef andd controls the degradation ofl with regards to plastic and viscous shear
strains, respectivelyin the model, it is desirable th#éte tensile strength of the soil degrades faster than

the slope of the CSC (Secti@r2.5.2.). To achieve thi$, and® is set to bel.5 to 2 times higher than

— and® in equation(2.33).
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2.2.5.2.3 PYE Location

Further loadingon a stress state thdtas reachedhe surface of the PYE would cause PYE to
movealong the path of evolution of the stress stgte€avvadas and Kalos, 2018) TMSwhen stress
state (M) lying on PYE subjected to additional stress, PYE moves towards the conjugate blind ( 2 y
the SSEAs such, the center point) of PYEnoves according to the kinematic hardenegmguation(2.35)
proposed by Kavvadasnd Amorosi (2015)The movement of PYE accounts for the anisotropy of the
soil element.The hardening ruleefines theevolution andmovement of PYE by expressi@B6). The
first componentof equation (2.36) describes the translation along the pa@L (Figure2.11) which
accounts for thechange in size of the S&8&d PYEComponentQ * On represents the translation along
path MMQwhich is controlled by the scalar quant®/ described irexpressiong2.38) to (2.40). In the
case wherein the stress state alreaghachesthe boundary of SSie., PYE is in contact with S8E

point M), then the center of the PYE can be determined by equdfiati).

11 Lo, g gt d (2.35)
Q@
[o.af EG" Q‘On (2.36)
o 4@ a (2.37)
oY 0 0
2.38
, W "p— l l Ci " N N O 0 ( )
W
Q® Qo
0 —E-)— vV vqdQv —v . ow Q. =, (2.39
(V] l |
" p P, =
0 = Vv vgdgyvy v O0=Qw (2.40)
W (0V)

26



Q p ,4a ,00 QOk (2.41)

v

SSE

Figure2.11. Graphical Representation of PYE Moveméialos, 2014)

2.2.6 Plastic Hardening Modulus

ParameterQ (§Sectior2.2.4.9 is calculated using a scalar plastic modull)sihich ensures that
the strain increments between the plastic and elastic paths from a point on the PYE is conéinshiosvn
in equation(2.42) whichis achieved by requiring stress paths tangent to PYE to produce zero plastic strain
increments(Kavvadasind Kalos, 2019)The factorH is determinedby an interpolation formulg2.43)
from an initial infinite value at the start of loadir(§igure2.11) to Ha con the surface ofSSBEvherein
interpolation parameters andy controlthe transition rate of the plastic moduly&avvadasnd Kalos,

2019)

rded! - T- ;_ﬁ*w I TT_<§L(DG° (2.42)

QQ -
O [rdpmgt
(bﬁ Poidi P,
O 0 1 |dmdf O 5 (2.43)
o biodid .
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2.2.7 Creep Inducedlopelnstability

The accumulation of viscous strains, which represents the primary and secondary creep, is treated
as the driving force for the development of the outline of the slip surface of the soil structure. The plastic
deviatoricor shearstrains build up along this outline which would ultimately result to the delayed failure,

hence, achieving tertiary creep.

Theconstitutive model waspplied to a hypotheticabotropicslopeto illustrateits capabilities in
simulating the soil behavior under creep loadifidne work ofKalos (2014) investigatedhypothetical
modelthat has aslopeof mild inclination which was constructed througindrainedexcavation(Figure
2.12). The analysis showetat TMS could perform well in predicting delayed failbyetriggering tertiary
creep The failure of the slope model wambilizedby aretrogressive mechanismvhichis illustrated by

the development of deviatoric plastic straiffagure2.13).
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Theslip surface started at the toand propagated upwardShen sometimeafter, another slip
surface formed at the crest andqgpagated downwardsntil it connectedwith the slip surface originating

from the toe The modelling analysis tiscussed in detaih the dissertationof Kalos (2014)

2.3 Summary and Justification of Research

Thedelayed instability in CBBD2 was attributed to the ciagpf the clay core and blankat
indicated by the analyses by Ubay (202Dhe Soft Soil Cree{SSCronsttutive model was usedo
simulate creep behavior which yielded promising resiiswever,the analysisvas limited due to the
sequential assessment wherein the degradation of the shear strength of the soil due to creep was only
induced prior to the calculation of thiactor of safety £S of the state of the structure at the timdn
other words,SSC lacks the capacity to analyze the progressiaing of clayAs such, a more rigorous

solution is needed taddress the shortcoming of the SSC model.

TMSis a constitutive model based on the theories of Modified Cam Clapesdtressheory by
Perzyna (1963L966).1t uses characteristic surfaces (SSE, BvE|SEdefined in the stress hyperplane
to simulate the material degradatiomnder loadingTMS uses 21 parameteirsits formulation wherein
9 can be set empirically and the remaining factoas be determined in the laborator¥hese parameters

are summarized ifable2.1 and Table2.2.

Table2.1. TMS Parameters to be Determined in the Laboratdiavvadas and Kalos, 2019)

Parameter Laboratory Test
C Slope of CSC in tiséress hyperplane Triaxial Test
" Deviatoric destructuring variable Drained Triaxial Test

(software calibration)
Oedometer Test

WP Volumetric destructuring variable (software calibration)
Niso* Intrinsic specific volume at p=1kPa
¢ Cam clay parameter; slope of recompression line Oedometer Test
< Cam clay parameter; slope of compression line
Standard logarithm of creep rate Creep Oedometer Test
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Parameter Laboratory Test
b Deviatoric destructuring variable ferdue to plastic strain Drained Creep Triaxial
a accumulation Test
ar” Deviatoric destructuring variable fardue to creep (software calibration)
A SinghMitchell parameter; strain rate at reference time (t)
when deviator stress is zero
& SinghMitchell parameter; slope of linear segment in the UndrainedCreep Tests
logarithmic strain rate; shear stress plot Triaxial
SinghMitchell parameter; slope of linear segment in the
m logarithmic of strain rate and time plot
Table2.2. Empirical TMS Paramete(Kavvadas and Kalos, 2019)
Parameter Typical Value
A t2Aa4a2yQa NI (A2 1/3
to Reference time at start of creep Arbitrary
v Ratio of SSE and PYE ellipsoidal shapes 0.01¢ 0.05
Bres Ratio of residual structure 1
r Deviatoricldestructuring variable fardue to plastic strain 1.5¢ 2 times of ¢
accumulation
a’ Deviatoric destructuring variable fardue to creep 1.5¢ 2 times ofay’
. Constant employed in thimterpolation for the PYE plastic 3c7
modulus
Exponent employed in the interpolation for the PYE plasti 1
y modulus
r SinghMitchell parameter; modification exponent 1

The research oKalos (2014) evaluated the capabilities of the model through the analysis of a
hypothetical slopewherein the TM®roduced promising resulis simulating the tertiary creep leading
to failure (Figure2.12 andFigure2.13). The slope failure had a retrogressive slip surface originating at the
toe and crest, and then connecting somewhere in the middle of the mtdeas notedthat further study
is needed regarding the realorld performanceof the model. As such, a unique opportunsyavailable
to implement TMS in analyzing the delayed instability observed in CBBI32esearch will assess the
longterm slope stability of wateretaining structures and help in developing remedial measures for

existing earth fill dams that do not satisfy loteym slope stability dam safety requirements.
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Figure2.12. Schematic Representation of the Hypothetical Mod&lalos, 2014)
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Chapter 3LABORATORY TESTING

Laboratory testsvere conducted onCBBD2amples to determine theecessanparameters that will be
used in themodellingand calibration of the softwareDue to time constraintshe only sampledested
asidefrom CBBD®2vere CBBD4amples since this dam has a critical safetyor value of 1 as determined
by Ubay(2020) Summarized imable3.1 are the boreholes that were usddr testingto represent the

soilprofile at various portions of the dams.

Table3.1. Boreholes Used to Represent the Soil Profile

Dam Location Borehole
. CBBD2 BH5
Foundation CBBD2 BH6
CBBD2 P&14
CBBD2 Blanket CBBD2 P&13
Core A A CBBD2 BH 1
Core ;B CBBD2 BH 7
. CBBD4 BH4A
CBED Foundation CBBD4 BH3
Core CBBD4 BK 1
CBBD4 BH2

3.1 Deformation Behavior

Thecompression{G) and recompressiofG) indices as well as the creep rat€€) of the claymaterial
of the earth fill dams were already determined by Ubay (20Z8gse values can be relatedttee Cam
clay parameters$ , k and- by the natural logf 10, respectively Summarized iffable3.2 are theindices
of the earth dams considered in the study.

Table3.2. Summary of Deformation PropertigdJbay, 2020)

Dam Location I k .
Foundation 0.12707 0.03045 0.00453
CBBD? Blanket 0.13630 0.03810 0.00504
Core AC A 0.11933 0.03332 0.00495
Core B;B 0.09272 0.03346 0.0028
CBBD4 Foundation 0.11794 0.03864 0.00345
Core 0.10907 0.02494 0.00427
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3.2 Intrinsic Characteristic

As mentioned in Sectioh2.], the intrinsic state of the soil can be achieved by reconstituting the soil
sample at a water conterit.0 ¢ 1.5 timesW, (liquid limit), and then consolidated ondimensiondly at a
large vertical effective streshisstate is a prerequisite to determine the parameteridlthat will be

used in the analysis.

The soil specimens were reconstitutedy drying an ample amount and thgulverizingit until a
powder-like consistency is achievedhichwould allow thorough mixingf distilled water The resulting
slurry was too liquidike to form a mold and then cut to sifer the consolidation ringln this casethe
oedometer apparatus was first sap and thenthe slurry was scooped into the consolidation ringfil
the designated height marked inside thimg. The sides were lightly tapped using a rubber mallet to
minimize the air bubbles in the samplehefilter paper and porous stoneas placed on top of the sample
after that. The apparatus was then filled with distilled wagerd thenplaced in a vacuum chamber for 24
hours to allownhomogenization of the sample. The top cap was also placed on the oedometer apparatus

to prevent the soil from escaping the consolidation ring during thd@dr vacuum.

Theloading schedule for theamples were?.5, 15, 30, 60, 115, 230, and 46@t\the highest load
factor of the oedometer setupvhich roughly corresponds t85, 50, 100, 200, 400, 800, and 1600 kPa,
respectivelyEach of the loading step were applied for 24 hours accordimbtygradual load application
was doneto prevent the samples from escaping out at theesif the consolidation ringAlthough,small

amountsstill escaped during the initial load application. Multiple trials were done to addres®thor.

The resulting void ratio at600 kPa was used to determinbket specific volumgV = 1+eht the
correspondingoad assuming full saturation of the specimeFhen,this pressure and the slope of the

compression line as shown Trable3.2 were used tdbackcalculatethe specific volumeat 1 kPgFigure
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3.1) which corresponds tthe intrinsic property Ni. Shown inTable3.3 is the range of liquid limit of the

samples tested by Ubay (2020) as well as the summary of the valuegsafdtérmined in the test

Table3.3. Summary of Intrinsic Specific Volume

Dam Location Gs W, (%) Reconstituted W (%) N*iso
Foundation 2.71 80¢ 100 88¢ 94 2.77571
CBBD?2 Blanket 2.68 71¢93 90¢ 93 2.86116
Core A 2.74 79¢ 89 92¢ 93 2.68459
Core BB 2.71 79¢ 92 84¢92 2.47048
CBBD4 Foundation 2.72 101¢ 104 102¢ 103 2.74390
Core 2.70 90¢ 92 92¢ 95 2.49306
vt
Niso* A

p=1kPa o= 1600kPa NP

Figure3.1. Determination of N*;

3.3 SinghMitchell Parameters

The SingiMitchell parameters were determined by undrained triaxial creep test following the
procedure proposed by Mitchell et al. (1968) wherigienticalsamples were isotropically consolidated at
a stress of 200 kPa and then subjectedatoonstant deviator stressf 30% and 60% of the axial lgad
respectively The 200 kPa stress was selected to simulate a normally consolidated state based on the
RSOSNYAYSR LINBO2yazt ARFGAZY & (@B28)3Ba coasdlidating he & LIS O A
specinens to this pressure took less time as compared to consolidation at a higher stress value which fit
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the schedule of testing for this researcfhe deviator streseasheld constant for at least 1000 minutes
whichwould allowfor the observation ofSinghMitchell parameter mwhich is the slope of the axial strain
rate with respect to time. It could be observed frdfigure3.2 to Figure3.7 that the trend of the graph
decreases over time. This is duehe undrained conditiorf the test where there igo path for the pore
pressure to escapehich makeghe sample reach a state wherein the deformation decreakeshould

be noted that the soil behavior would be different under drained conditions.
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Figure3.2. CBBD2 Foundation Parameter m
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Figure3.7. CBBD4 Core Parameter m

Parameter A anddwere obtained through theesulting trendlineconsidering different deviator
stressesas shown irFigure3.8 to Figure3.13. It should be noted that some of the samples in the test

were remolded due to theleteriorated state of the specimampon extraction fronthe Shelby tube.
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Remolding was donby adding distilled water tgulverizedsoil specimerup to the existing water
contentof the samplehat was determined priorThe material was allowed to horgenize for a period
of at least 16 hoursvhile being sealed in a containerhen, groctor moldtogether with the collawas
usedsince the dimensions would allow tibtain a sample with &engthto-diameter ratioof 2:1for a
3-inch diameter pecimen The sample was compacted in 4 lagith acompaction effort equivalenor
close to 200 kPaAfter extraction from the mold the excess volume was trimmedtil the desired

dimensions were achieve&ummarized i able3.4 are the SingiMitchell parameterscalculated

Table3.4. Summary of SingiMitchell Parameters
A

Dam Location (%lday) + m
Foundation 0.0395 0.027273 0.644350
CBBD2 Blanket 0.0398 0.031375 0.762952
Core A A* 0.0447 0.022050 0.678383
Core B(B 0.0202 0.030146 0.749451
CBBD4 Foundation 0.0265 0.038003 0.635200
Core** 0.0339 0.041623 0.747740

* 1 sample remolded?* both sampésremolded

3.4 Destructuring Variables

Thepostpeakand residuaktate angle(f Qwere determined througltonsolidated undrained triaxial
test of the specimensonducted by Ubay (202®hereinthe postpeak valuesvere evaluatedat 14%-
16% axial straifThepost-peak valug correspondo the initial slope of CSC in the stress hyperplahie
the residualstrengths represent the limiting vales at which the CSC degrad@hevalues of slopec of
the CSC in the stress hyperplamere calculatedisingequations (2.31) and(2.32) andare summarized in
Table3.5 and Table3.6.

The volumetric(' %) destructuring variable for the characteristic surfasas determined through

oedometertestd Yy R G KS NBadzZ G6a INBE I@FAftlofS Ay ! ol &Qa

¢ 150 as indicated by Kalos (2014) and are determined through <ittivg using ABAQUS which are

further discussed i€hapter 4
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Table3.5. Summary of CSC SlopeRastPeak ValuegUndrained Triaxial Test)

Dam Location PostPeakf ' M Cin
Foundation 19 0.7304 0.5964
Blanket 21 0.8140 0.6646
CBBD2 Core ACA 19 0.7304 0.5964
Core B; B 18 0.6890 0.5626
Foundation 18 0.6890 0.5626
CBBD4 Core 18 0.6890 0.5626
Table3.6. Summary of CS8lope at Residual Values
Dam Location Torsional Ring Shear Test Direct Shear Test
Residuaf'cs| M Ciim Residualf 'cs M Ciim
Foundation 10 0.3686| 0.3010 8 0.2919 0.2383
CBBD?2 Blanket 11 0.4075| 0.3328 9 0.3301 0.2695
Core ACA 12 0.4468| 0.3648 8 0.2919 0.2383
Core B;B 12 0.4468| 0.3648 8 0.2919 0.2383
CBBD4 Foundation 10 0.3686| 0.3010 5 0.1795 0.1466
Core 11 0.4075| 0.3328 7 0.2541 0.2074

TheR S @A I Prduskr@turiag variablevas determined through drained triaxial testhetests

were performed on undisturbed samplesder an effective stress of 400 kPa to account for the sample

disturbance due to extensive storagdierein ittook around4 weeks to reach full saturatiomhe strain

rate was adjusted such that it followvilse recommendation oASTM D7181Presentedn Figure3.14 to

Figure3.19are theplots for theaxial strairagainstthe applied deviatoric stres$he deviatoric stress was

adjusted consideringthe changes on the crosection of the specimer{radial expansion due to

compression)lt could be observed from the graphs that failure was achieved around 7% to 9% axial strain

across all the specimemdgth the peak deviatoric stress reachigjskPa to 370 kPa.ikewise, the values

of the destructuringparameterranges between 50 and 15The results of the curvétting using the

analysis software are further discussehapter 4
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Drained creep triaxial tests were employed in the determination of the deviatariablea;” used for
the slopedestructuring of CSC due to viscous strains witypicalrange ofl0 ¢ 1000(Kalos, 2014)The
degradation of CSC due to plastic straing)(shall not be exploredince it shall be assumed that the
deterioration would be solely due to viscous straiBgmilarly this parameter igletermined through
curvefitting using ABAQUS which will be further discusse&chapter 4Remolded samplesimilar to the
ones described in Section 38ere used in the creep tesDue to thelong duration of the test, only
samples representing CBB@dre A¢ A and B¢ B were tested.Constantforce staged loading was
implemented in the test wherein the area of application of the load was held at a constant value similar
to the work of Ubay2020) The specimens were isotropically consolidatedmateffective stress @200
kPato achieve a normally consolidated state. Since the slope of the critical state line is knowstaghd
loadingwas adjustedo prevent prematureor undrainedfailure ofthe specimenThe target deviatoric
stressfor the creeping of the specimen waé0 kPa or at least close to the Critical State tarmainimize
the time it would ke for tertiary creeping to occuin the formulation of TMS, it could be recalled that
the tertiary creep is represented by the degradation of the Critical State @othe stress hyperplane

and correspondingly, the degradation Gfitical State Lina the q¢ p space

Load was added to the apparatus after there isreoordedchange in volume for at least 24 hours
considering the previous loaduring the staged loadingThis was doneot ensurethe dissipation of
porewater pressurdor each loadingTheloading scheme andoil behaviorin terms of axial straimare

presented inTable3.7 and Figure3.20to Figure3.23, respectively

Table3.7. Drained Creep Test Loading Scheme

BHc 2 (AcA) BH¢ 7 (B¢ B)
Stage Cumulative Load (kPg Stage Cumulative Load (kPa
1 60 1 60
2 100 2 100
3 130 3 140
4 150 4 165
5 160 5 180
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Figure3.20. CBBD2 Core @A Staged Loading

BHc 2 (AcA) BH¢ 7 (B¢ B)
Stage Cumulative Load (kPg Stage Cumulative Load (kPa
6 170 6 190
7 180 7 200
8 185 - -
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Figure3.22. CBBD2 Core @A Creep Behavior at Final Deviator Load of 185 kPa
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Figure3.23. CBBD2 Core @B Creep Behavior at Final Deviator Load of 200 kPa

3.5 Summary

Theconsolidation parameters determined ihe research ofJbay (2020) weréranslatedinto Cam
Clayparametersto be used irthe analysisThe posipeak and residual values the friction angle of the
specimenwere likewise transformed into Cam Clay parameéterand then related to the slope of the

Critical State Cone in the stress hyperspace of the formulation

The intrinsicstate of the samplesvasachieved through reconstitutionf the soil specimemising
water content that is 1.0¢ 1.5 times the liquid limit of the soils. Thmtrinsic property wasthen
determinedthroughbackcalculaton ofthe specific voluméhat corresponds to 1 kRaherein the values

are summarized ifable3.3.

The SingiMitchel parameters were determinebly utilizing 2 identical specimens that were loaded

at different constantdeviator stressefor at least 1000 minutes after being isotropically consolidated at
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the same stress leveThe resulting graphs from the testimjowed the determination of the necessary

factors.

Oedometerand drained triaxial tests were utilized to tlexaminethe behavior of the specimen
under loadwhich would allowfor the determination of he volumetric anddeviatoric destructuring
variables respectivelyDrained creep test was employed to observe the creep behavior of the soil samples
which wouldbe usedfor the calculation of the destructuring variable of the Critical State Coiséould
be noted that due to time constraints and limited supply of specimen, only a select number of samples
were tested, and some were remoldethe aforementioned destructuring variables were determibgd
curvedfitting using ABAQU®Brough simulation of theespective testsThe resultof the calibrationare

further discused in the following section.
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Chapter ADESTRUCTURING VARIABLE CALIBRATION

The formulation of the Timeependent Model for Structured Soils (TMS) is written in Fortran by Kalos
(2014) It was then incorporated to theommercial finite element software SIMULIA ABAQUS through the
use of the User Material (UMAT) subroutine. The model geometry and necessary parameters were also

defined in the program.

The destructuring variables required to describe the creeping behavior of the soil were determined
through curvefitting of the numerical model against the recorded data during the laboratory testing
described in SectioB.4. With the majority of the model parameters determined and held at constant
values, the destructuring variables can be adjusted to determine what values would provide the best fit

to the plot.

4.1 Volumetric Destructuring Variable

The volumetric(' ) destructuring variables were obtained from thesults of the standard
oedometer tests conducted by Ub&8020) The specimen was modelled in@isymmetric space and
the appropriate boundary conditions were implemented to simulate the oedometer test in the program.
At this stage, the deviatoric destructuring variablg?) can be set to a value of zero, as well as the CSC
slope destructuring variable{) since the material is not expected to reach tertiary creep. Summarized
in Table4.1to Table4.6 are the TMS parameters that were used and held constant in the simulation.
Moreover, the hydraulic conductivity of the material was determined to be a function of void ratio, as
shown in expressioi4.1) (Das, 201Q)since the void ratio changes with increasing stress levels. The
hydraulic conductivity provided by the dam owner is in good agreement with the resulting values using

the equation(4.1).
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4.1)

Table4.1. CBBD2 Foundation TMS Parameters'fgrCalibration (Oedometer Simulation)

2G/K | k Cin Ciim BO
0.75 0.12707 0.03045 0.5964 0.5964 1
Bres yqp ‘ qp qp to A
1 0 0 0 1 0.00453
A + m a 2" v
0.000395 0.027273 0.644350 0 0 0.02
1 4 OCR Niso* din r
5 1 34.443 2.77571 0 1
Table4.2. CBBD2 Blanket TMS Parameters ‘fgtCalibration (Oedometer Simulation)
2G/K | k Cin Ciim BO
0.75 0.1363 0.0381 0.6646 0.6646 1
Bres qu ‘ qp qp to A
1 0 0 0 1 0.00504
A + m a 2 v
0.000398 0.031375 0.762952 0 0 0.02
1 J OCR Niso* din r
5 1 40.313 2.86116 0 1
Table4.3. CBBD2 Core AA TMS Parameters for,° Calibration (Oedometer Simulation)
ZG/K | k Cin Ciim BO
0.75 0.11933 0.03332 0.5964 0.5964 1
Bres yqp ‘ qp qp to N
1 0 0 0 1 0.00495
A + m a’ a’ v
0.000447 0.022050 0.678383 0 0 0.02
1 . OCR Niso* din r
5 1 38.353 2.68459 0 1
Table4.4. CBBD2 Core 8B TMS Parameters for,° Calibration (Oedometer Simulation)
2G/K I k Cin Clim Bo
0.75 0.09272 0.03346 0.5626 0.5626 1
Bres YgP ‘ ¢ o to )\
1 0 0 0 1 0.0028
A =|= m a’ a’ v
0.000202 0.030146 0.749451 0 0 0.02
1 1 OCR Niso* din r
5 1 25.685 2.47048 0 1
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Table4.5. CBBD4 Foundation TMS Parameters 'fghCalibration (Oedometer Simulation)

2G/K I k Cin Giim Bo
0.75 0.11794 0.03864 0.5626 0.5626 1
Bres yqp ‘ qp qp to )\
1 0 0 0 1 0.00345
A =|= m ay” a’ v
0.000265 0.038003 0.635200 0 0 0.02
1 4 OCR Niso* din r
5 1 16.491 2.74390 0 1

Table4.6. CBBD4 Core TMS Parameters'fgrCalibration (Oedometer Simulation)

2G/K | k Cin Ciim BO
0.75 0.10907 0.02494 0.5626 0.5626 1
Bres yqp ‘ qp qp to N
1 0 0 0 1 0.00427
A =|= m ar’ a’ Y,
0.000339 0.041623 0.747740 0 0 0.02
1 A OCR Niso* din r
5 1 368.324 2.49306 0 1

Simulation of CBBD2 Sectiorg B sample was prioritized since this material experieneeckssive
shearingn the field. The simulatiorH{gured.1) revealed that the material is insensitive to different values
of ' \? since there was little to no difference in the graphical behavior. As such, a value of 1QUstwall
be used for the other simulations of the remaining specim@h& oedometer simulation was in good
agreement with the recorded data, although there is a slight difference in the trend which could be
attributed to external factors during testing (e.g., loading difference, insufficient lubricant, etc.), or
difference instrength parameter®f the actual sample tested since the parameters were idealized based
on several testdt could be inferredrom the trendthat the tested specimen may have been more slightly
compressible as indicated by the steeper curve. Adjusting the slope of the recompressid{) lioea (
higher value seems to provide a better fit to the consolidation curve for CBBD2 Segi@s Blustrated
in Figured.2. On the other hand, significantly adjusting thealue to a lower value would result to a trend

which deviates from the recorded data. Thesalues were adjusted for the other samples to obtain a
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better fit, except for CBBD4 Foundation, as showRigure4.3 to Figure4.7 A slight adjustment to the
compression line slopé Y was done to CBBDZ2 Blanket specimen to obtain a good fit of the dtigeed
4.4). It should be noted that a steeper slope of the compression and recompression line in the oedometer

test would indicate a more compressible soil since less stessdts tohigher changes in the void ratio.
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Figure4.1. CBBD2 Core 8B Volumetric Destructuring Variable {) Calibration
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4.2 Deviatoric Destructuring Variable

The deviatoriq’' °) destructuring variables were determined through drained triaxial test simulation
in ABAQUS wherein the soil model was defined igai3ymmetric space and the appropriate boundary
conditions were applied. Also, only the ttyalf of the triaxial sample wasiodelled since it would be
assumed that the behavior would be symmetrical with the bottbhalf. The determined values b’ in
the prior analyses will be used in conjunction with the other parameters describédhie4.1 to Table
4.6. Likewise, the CSC slope destructuring variaafe Will be set to 0 since the material is not expected
to reach tertiary creep at this stage other words, the material is not expected to undergo shear strength

deterioration in the test.

Similar from Sectiod.1, CBBD2 SectiorgB soil sample was first analyzed to determine the effects
of the deviatoric destructuring variable. Based on the simulations, it could be observed that the soil is also
insensitive to the variablé’ as illustrated inFigure4.8. As such, a value of 100 shall be used for the
remaining simulations for the drained triaxial test for the remaining samplesan be recalled from
Expression(2.27) in Section2.2.5.1that '\ and ' ;> are fadors that influence the plastic strain
accumulation of the materialt could be inferredfrom the resultsthat the strain increment is small
enough to minimize the effect of the plastic destructuring variatifesm the discussion in Secti@r2.4.2
and Sectior?.2.6 the strain increment is dependent on the state of stress in the maddthe stiffness
of the material.The applied stress on the specimen is considered as a boundary conditibe model
which would indicate that the large confining stress resulted to the production of small strain increments

during loading.

Another observation was thahere is a large discrepancy between the test data and the results of
the simulation which indicates that a different soil parameter is significantly affecting an#iysisthe
effect of the Compressiofh ) and Recompressiofk) Lines were investigated since the stiffness response

of the simulations is lacking when compared to the test data. The test data illustrates that the CBBD2
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Section BB specimen exhibited a stiff behavior at the start of the loading wherein a significant deviator
stress was needed to achieve more than 2% axial strain viaigeré4.8). Using the improved value &f

from the oedometer simulationRigure4.2) it could be observed frorrigure4.9 that the trend of the
simulated behavior moved slightly closer to the recorded data. This adjustmé&ntatue seems to be
acceptable since the resulting behavior agrees well with the oedometer simulattégured.2. Adjusting

the value ofl to a lower value from 0.09272 to 0.07 seems to further bring the simulated trend close to
the recorded data. With these changes in the trend, it could be inferred that increasing the value of the
slope of the recompression link&)(and decreasing the value would result to a better fit of the graph.
However, significantly changinlg would result to a drastic change in the oedometer behavior as

illustrated inFigure4.2.
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Figure4.8. CBBD2 Core 8B Deviatoric Destructuring Variablé {°) Calibration
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Figure4.9. CBBD2 Core 8B Compression and Recompression Lihgk) Adjustmentc Triaxial

Next, the effect of Nsowas examined since it is likely that this parameter was significantly affected in
the test as described in Secti@®2. Also, looking agquation (2.30), it would seem that parameter i,
affects the stiffness of the soil material in the formulation. Fiéigure4.10, it would seem that increasing
the value of Nso would result to a stiffer behavior of the soil which would bring it closer to the trend of
the tested specimen. However, this would only be achieved after drastically incredsinghith would

be improbable considering tHevalue.
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Figure4.10. CBBD2 Core @B Nis, Adjustment

Lastly, thef value (subsequently the value) as well as thd value for the cohesion was explored
since it is possible that the material strength during testing was not at thegemst state. Using the peak
valueof24 yR O2KSaiAz2y 2F on {tl & kX203t cauldRSséed thaf A vy S R
there is a significant change in the result of the simulation which brings it closer to the recorded data as
shown inFigure4.11. A further increase of the friction angle to%#¥hile maintaining a cohesion of 34 kPa
would result to a better fit of the graph. Moreover, changing the friction angle and cohesion values does
not significantly affect the oedometer behavior as illustratedrigure4.12. As such, these properties

were adjusted accordingly for the remaining samples to see the effect on the trend of the curve.
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It could be observed frorRigure4.13to Figure4.17 that higher values of friction angle and cohesion
resulted to an increase in the stiffness of the material which brought it closer to the actual recorded data,
albeit still not a perfect fit. Additionally, the trend significantly changes consideringhtéieges in the
friction anglealoneas compared to changing the cohesion value only. It could be surmised from this

observation that the friction angld ) is a more critical factor in the simulation of the soil behavior.
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Figure4.13. CBBD2 Foundation Drained Triaxial Simulation
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It could be surmisedrom the results of the simulatiothat the initial friction angle of the tested
samples under normally consolidated conditions were higher than the critical state value. This would
mean that the samples were at, or at the very least, close to the peak strength values. However, it should
be noted that thesoil specimens were removed from cold storage for extended periods of time due to
the failure of the refrigeration unit. Also, because of the long storage of the samples inside Shelby tubes,
the soil adhered on the surface of the steeliogsvhich proved to be a challenge during sample extraction
wherein extensive force was used which could have affected the specimens. Nevertheless, this

information would be used to adjust the remaining calibration to be discussed in the following section.

4.3 CSC Destructuring Variable

Remolded samples were used in the drained creep test to maximize the extracted samples from
storage. Likewise, the triaxial specimen was modelled similar to the soil model in S&&iwith the
addition of a rigid material on top of the soil where the load would be applied at a constantBrea.
friction angle was adjusted between the peak and posék values to obtain the best of the curve
during staged loading. The results are presentdeiguire4.18to Figure4.19wherein it could be observed

that friction angle values of 2@&nd 22 were the best fit for Section 8Band Ag A, respectively.
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The destructuring variable,” was then determined through curfitting using ABAQUS. The
specimens ithe test were still experiencing secondary creep, wherein the axial strain rate is at a constant
value, after approximately 100 days. Nonetheless, the ranga'afan be determined to capture the
behavior of the recorded data. It should be noted that 200 days of creeping was allotted in the simulation
and eventhen, the results indicate that the sample would still be experiencing secondary Ciéep
behavior is attributed to thehigh initial isotropic condition in the test and simulation whigtduced
consolidation to the materiahistead of degradationPresented inFigure4.20 and Figure4.21 are the
results wherein it could be observed that Sectiog A and B; B havea;* values in the range of 59100
and 100¢ 250, respectively. The difference @i values can be attributed to the difference in the TMS
parameters of the specimenEven so, the results give an idea on #évalue to be used in thanalysis

of the earthfill dam
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Figure4.21. CBBD2 Section @A Creep Simulation

The plot of the stress path of the resulting simulation @yspace are presented figure4.22 to
Figure4.23 for the Section B, B sample andrigure4.24 to Figure4.25 for the Section A, A specimen
considering the different values of ;'alt could be observed that the addition of load in the test is
represented by the abrupt changes in the stress p&ibr Section B B, thesimulationrepresents the
porewater dissipabn by thedirection of thecurve going to the right ahe plot until the next loadingit
could be observed that at the last loaditige stress path shiftedirectionstowards the critical state line
(CSL) which can be interpreted as the creep behavior in the simulation. Also, it could be noticed that the
stress path dipped which indicates a decrease in both mean and deviatoric stress response of the sample.
In the simdation of Section A A, it could be seen that the stress path is more continuous in nature
compared to Section BBwhich is due to the difference in parameters of the samples. Moreover, there

is also no apparent changethe behavior of the stress path considering different values‘édaSection
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AcA, unlike in Section 8B where there is a slight changetfie trend. It could be inferred from this that

a;" has minimal effect on the results when the range of values for comparison is srgab@ or less).
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The behavior of the creep simulation was also plotteding s. It should be noted that this plot
AfftdzaGNI GSa GKS adaNBaa LI GK Ay {4 Plot ey ahawskhe £ & LI (
principal stresses of the specimdfigure4.26to Figure4.27 illustrates the behavior for SectiongB, and
Figure4.28 to Figure4.29 shows the trend from the simulation for SectiongA. The mean stressf,)
was determined from the stress tensor produced by the simulation. It was then plotted against the
different components of the deviatoric stress tensor. It could be seen that the behavior considering the
stress tensor in the-gpxis (s) is similar to that of the @ plot, although there is a slight difference in
magnitude of values due to the transformation between the two planes. Furthermore, the size of the SSE
has increased in the simulation rather than deteriorating. This behavior can be attributed to the
simplifications in the parameters, suchiaslicating that B = Bes, in the determination of they" value.

Also, theisotropicconfining stress applied in the model and in the tesiuld simulatdateral compression

in the sample which woulthduce strengthening In the earthfill dammodel, it is expected that the SSE
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would degrade with the accumulation of strains, ahé state of stresses would be different given the

geometry of the dam Also,B, would have a different value than<Bto indicate the initial strength of the

material.
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4.4 Summary

Thevolumetric and deviatoric destructuring variables had minimal influence on the behavior of the
soil specimen in the simulation. As such, an average value of 100 shall be usedimalisms of the
structure. The oedometer simulations generally agreed with the laboratory values with minor deviations
that can be attributed to external factors and smadiriabledifferences. On the other hand, the triaxial
simulations were way off from the recorded data. With thisvas determined that other variables were
possibly influencing the results of the simulation. Sensitivity apalygeredone, and it wagound that
the initial friction angle of the specimen had tlegest effect on the bedwior of the simulationVarying
the friction angle between the pogieak and peak values resulted to a better fit of the trend with the
actual recorded data for the triaxial test. Furthermore, this parameter would not affect the oedometer
simulations unlike the other parametetssted. This finding could be attributed to the disturbance of the

samples due to long durations of storage under unfavorable conditions.
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Remolded samples were used in determining the CSC destructuring vattalpi@ximize the
extracted material The results of the simulation indicated that is in the range of 5@ 100 and 10GQ;
250 for CBBD2 SectioncAA and Section B B, respectively. The simulatiavas allotted a time of 200
days wherein the behavior generallydicates that tertiary creep was not achieved within the defined
time frame. The constant confining stress applied in the model and in the diesulates an isotropic
condition wherein the principal stresses are applied in the horizontal and vertical planeffébted the

behavior of the sample since this condition woulduceconsolidationinstead of deterioration

Nevertheless, the results of the simulation gave an idea on what valug¥tofuse in theearthfill
damanalysis which will bdiscussed in the following chaptdt.is expected that the claghear strength
would deterioratedue to anisotropyconsidering the geometry of the mode&herein the clay core is tilted
by approximately 4%rom the horizontal It could be recalled from Sectic¢h2.2.2that the anisotropy of
the material is accounted for through the movement of the PYE within the SSE using a kinematic hardening
formula. Aside from thidgt should be noted thaanisotropy also affects the location of the SSE within the
tensorial hyperspaceHowever, this variable is neglected in the formulation of TMS as a simplification of

the model.
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Chapter 5EARTHFILL DAMUMERICAL MODELLING

A survey conducted in 2001 revealed that the crest of CBBD2 settled by 0.25m and continued to settle
until around2006.CBBD2 wastill in working condition during a site inspection2014and waseported

to have deformed by approximately 1.5the next day Unfortunately,there was no instrumentation
installed at the site to monitor the rate of displacementer that period Aninspectionin 1999 found

that the elevation of the top portion of the clay core of CBBD4 has settled by 0.25m as well, however, the
crest remained at the design level. With these dai#i,can be determined to replicate the observed
deformations of the damslThe TMS parameters to be used in thedelingare presented imable5.1 to
Table5.6. A simple Linear Elastic model was implemented for the other materials of the model, and all

other relevantparameters were obtained frorthe work of Ubay(2020)

Table5.1. CBBD2 Foundation TMS Parameterstfoe Earthfill Dam Model

ZG/K | k Cin Cim BO
0.75 0.12707 0.03045 0.5964 0.2383 8
Bres AT ' VP =Y P ‘P= P to A
1 100 5 0 1 0.00453
A =|= m a1’ a’ A
0.000395 0.027273 0.644350 250 0 0.02
1 J OCR Niso* din r
5 1 8.5 2.77571 0 1
Table5.2. CBBD2 Blanket TMS Parameters tloe Earthfill Dam Model
2G/K | k Cin Cim BO
0.75 0.1363 0.0381 0.6646 0.2695 12
Bres PTG 5 P = to A
1 100 5 0 1 0.00504
A + m 2 a’ v
0.000398 0.031375 0.762952 250 0 0.02
1 1 OCR Niso* din r
5 1 12.7 2.86116 0 1
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Table5.3. CBBD2 Core AA TMS Parameters fahe Earthfill Dam Model

2G/K | k Cin Cim BO
0.75 0.11933 0.03332 0.5964 0.2383 1.5
Bres "P r qp' VP = yqp ‘ qp = qp to A
1 100 5 0 1 0.00495
A =|= m a1’ a’ \4
0.000447 0.022050 0.678383 50-100 0 0.02
1 L OCR Niso* din r
5 1 1.6 2.68459 0 1
Table5.4. CBBD2 Core 8B TMS Parameters fahe Earthfill Dam Model
ZG/K | k Cin Ciim BO
0.75 0.09272 0.03346 0.5626 0.2383 3
Bres "WP r qp' P = yqp ‘ qp = qp to A
1 100 5 0 1 0.00280
A =|= m ar’ a’ \4
0.000202 0.030146 0.749451 100- 250 0 0.02
1 1 OCR Niso* din r
5 1 3.1 2.47048 0 1
Table5.5. CBBD4 Foundation TMS Parametersttoe Earthfill Dam Model
ZG/K | k Cin Clim BO
0.75 0.11794 0.03864 0.5626 0.1466 5
Bres "WP r ¢ VWP =YP ‘ F= & to A
1 100 5 0 1 0.00345
A =|= m a1’ a’ \%
0.000265 0.038003 0.635200 250 0 0.02
1 L OCR Niso* din r
5 1 54 2.74390 0 1
Table5.6. CBBD4 Core TMS Parameterstfoe Earthfill Dam Model
2G/K | k Cin Clim BO
0.75 0.10907 0.02494 0.5626 0.2074 3
Bres "WP r qp' P = yqp ‘ qp = qp fo A
1 100 5 0 1 0.00427
A =|= m a;’ a’ \4
0.000339 0.041623 0.747740 10-1000 0 0.02
1 . OCR Niso* din r
5 1 3 2.49306 0 1
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The ar¥ values for the clay foundatioand blanketwere arbitrarily set to 25@ observe the behavior of

the materialdue to the lack of creep testing for the other soil samgadfield data Moreover,it would

be assumed that most of the deformatioor instability is due to the movement of the clay core.
Furthermore the analysis would assume that creeping would occur at the start of the operation. In other
words, deformations resulting from staged construction would be excluded in the analysis. Simplifications

in the geometrywere also done to minimize mesh distortions that may affect the accuracy of the results.

An &node plain strain elements accounting for pore pressures (CPE8P) were implemented in the meshing
of the numerical model. The mesh shape was restricted to quadratic configuration due to the nature of

the TMS formulation. The following steps enumeralbetiow generally describes the analysis procedure:

1 Geostatic Steg this step is implemented to establish the equilibrium in the soil model. In this
stage, the soil stresses for different layers are applied by defining the initial effective stress values
at the Predefined Field option of the software. Tlheral pressure coefficient {Kis defined to
have a value of 1 for simplification. This stage should only use 1 step in the analysis and the time
period is set to 1 day. The entire model is assumed to be saturated for a conservative analysis.

1 Analysis Step the time period set for this stage is from the start of operation (1958) to the time
of failure (2014) which is approximately 56 years or 20,440 days. The minimum time step at this
stage was set toB6 days and the maximum was at 120 daj#th this,a detailed development

of the deformations can be captured while saving storage space.

5.1 Earthfill DamCBBD2 Section 8B
The 0.25m settlement of the crest was reported back in 2001 which was approximately after 43 years

of dam operationAt the time ofthe incident the upstream portion had a displacement of approximately
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1.5m. The numerical model for CBBD2 Sectioq B is presented ifrigure5.1. The material behavior

throughout the service life of the dam is presented in Apperdaxnd AppendiB.

Clay Clay Core Rockfill
Blanket
Sandy Silt [
Hiﬁili S eassazansassNsEssssszaasaaay e e e e e e e : =
Sand- Gravel

Figure5.1. CBBD2 Section®B Numerical Model

5.1.1 Deformation

The result of the analysis shownkigure5.2 illustrates the vertical displacement that the clay
core experiencedt year 43 The dark areas represent the portions of the material which has a vertical
displacement of 0.25m or larger. Theformation can be obtained by using afY value of 220 t0265
whereinusing less value would not meet the recorded deformation at 43 years, while a lafgeowdd
cause instability in the modeThe results using a destructuring value of 265 are presented in this paper
as a conservative approach should be noted thathte model did not become unstable after 56 years in
the simulation rather, the strains kept gradually accumulating after the time of the incident
Nevertheless, the results of the simulatigerovided meaningful insighbn the evolution of the

deformation as well as the accumulation of strains.
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U, U2
+5.53%e-03
-1.5762-02 Node A
-3.705a-02
-5.835e-02
-7.964e-02
-1.009=-01
-1.222=-01
-1,435e-01
-1.648e-01
-1.861e-01
-2.074e-01
-2.287e-01
-2 500s-01

-4.031e-01

Figure5.2. CBBD2 Section®B Vertical Deformation at 43 Years

FromFigure5.2 it could be inferred that the majority of the deformation is isolated to the clay
core. However, this could be attributed to the different constitutive madeded for the rockfill (Linear
Elastic) and the clay core (TMS). In redtitpuld be assumed that the rockfill on top settled by as much
as the settlement of the clay core. THeformation developmenthroughout the service lifef the dam
is presented iM\ppendixA.1 wherein it could be observed that a vertical deformation at the clay core was
already present as early as 28 years, although localized in a relativelyase@alt year 56 half of the
clay core has deformation equal to or larger than 0.2%mppendixA.2 and AppendixA.3 presents the

horizontal and total displacements, respectively.

Figure5.3 presents the axial strain developmeat Node A fromFigure5.2 wherein it could be
observed that there are two slopes in the gra@ithough challenging to distinguish from one another
This node was selected since it is in the path of a slip surface in the clay core and produced the least
chaotic stress path in the modélhe first one, which is highlighted in red, is interpreted as the primary

creep strainthat occurred over approximatel§4 yearswhile the green one can be treated as the
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secondary creep straifhe resultdo not reflectthe typical behavior of creeping wherein the primary
creep slope is supposedly steeper compared to the secondary creep slope. However, the f&adtoa

A ¢ A generally agrees with this observation where the distinction between the primary and secondary
creep phases is around X416 yearsafter the start of operation(further detailswill be discussed in
Section5.2.1). The different behavior of the ploF{gure5.3) can be attributed to the calibration of the
destructuring parametea;’ to meet the reported field deformation in 2001t.should be noted that this
observation is limited to Node A. Varying times for primary and secondary creep was observed at different

nodes in the clay core.

60
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Figure5.3. CBBD2 Section®B Axial Strain Development at Node A

The tertiary creep strain, wherein there is a sudden increase in strain rate, was not simuolated
the model This indicates that the failuie the modelwas due to the accumulation of strains over long
periods of timeresulting to the presence of significant shear straifise reported displacement at the

site could besurmisedas the result of the material ultimately failing due to the presence of significant
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shearstrains. Unfortunately, there was no recorded data on the deformation of the crest before the
incident to validate the results of the analysis where an approximate vertical displacement of 0.55m was

produced AppendixA.1).

Shownin Figureb.4 is the stress path at Node A in the tensorial hyperplamere it could be
observed tlat the direction of the plot heads towards a value of null as time passexher words, the
mean stressqm) at Node A decreases over time. This observation can be compared to the behavior of a
triaxial specimen being tested wherein a decrease in the stresses can be seen once the sample fails or the
slip surface is already welkfined. This is due to the fact that the sample no longer resist the axial load
applied by the triaxial apparatus. The same phenomenon can be said to occureiarthill dammodel
in which the stress decreases as the slip surface develops or becomes more prominent. The difference
here is that the soil element in the model is under anisotropic condition which allows the stresses to reach
a null valueUnlike in a triaxial test where there i &sotropic confining pressure which prevents the

apparatusfrom obtaining a null valué the test

The size of SSE at this node is also seen to drastically reduce after approximately 360 days.
Coincidentally at this time, there is also significant straining at the node by approximately 6%idrme
5.3. The initial size of the ISE is also shown in the plot since the size of this envelope is dependent on the
userdefined parameterB, which was arbitrarily set to be approximately the same as the OCR input
variable. It can be recalled from Sectigr2.2.1that ISE is allowed to experience hardening due to the
changes in the state of the soil. The ISE then adjusts in the model to simulate the structureless state of
the node wherein the halgize of the envelope is approximately 0.006 kPa which is impratdigdot in

the graph.
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Figure5.4. CBBD2 Section®B Stress Path at Node A

Based on expressiof2.30), which defines the size of ISthe component I 3 1, would
approach darge negative valuas the stress approaches a value of nliflis would infinitely increase the
size of ISBased on the formulation. Howevethe void ratio (and consequently, the specific volume)
increasesas the slip surface becomes more defined at that locasioice the soil particles are no longer
bonded to one anotherTheincrease in void ratio compensates for the decrease in stress which degrades
the size of the ISE. However, due to the limitations of the model, what happens is that the soil element at
the interface of the rockfill and clay core elongates instead of cesging and shearing. Because of this,
the void ratio increases to a significantly large value which decreases the ISE size to a null value following
equation(2.30). This limitation of the model could also explain why the mean stress at Node A eventually

reaches a null value.
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The evolution of the slope of CSC is shown as well wherein it could be seen that there is minimal
change. The overall behavior of the different components of the graph indicates that no significant change

in the friction angle is needed for the accumulatiminconsiderable amounts atrain in the model.

5.1.2 Strength Degradation

It could be recalled that in the TMS formulation, the accumulation of viscous deviatcsiear
strainsresulting from primary and secondary creep is responsible for the development of a slip surface
within the structure. The plastic deviatoric strains would then accumulate in these areas which would
eventually lead to the failure of the soltigure5.5 illustrates the accumulated viscodsgviatoricstrains
at the timeof failure of the dam wherein the range of values were set between @%3%. Warmer colors
indicate larger strains ithis case, and the gray contour would indicate values larger than 0108%uld
be observed that these strains accumulated at the interface of the rockfill and clay core in the model.
Moreover,two distinct slip surfaces in the clay core can be sgbarein the direction is indicated by the
red arrows on the clay cor@igure5.5). The first ondSlip Surface 1% on the upstream sidef the clay
corewhich starts at the crest of the core and runs downwards along the outline of the rockfill. The second
slip(Slip Surface Zurface also starts at the crest the clay coréhen cuts through the upper portion of
the core until it meets the rockfill on the downstream side and runs along it which eventually terminates
that the bottom. It could also be observed that the clay blanket in contact with the clay core is
accumulatingviscousstrains ina way that indicates that it is being pushéalvards the leftside of the
model (lateral spreading) The accumulation of viscous deviatoric strains over time is presented in

AppendixA4.
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Figure5.5. CBBD2 Section®B Viscous Deviatoric Strains at 56 Years

Figure5.6 illustrates the viscous volumetric strains for the clay blanket and claywbege the
warmer contours indicate higher values of strain. It could be seen that the clay blanket experiences more
viscous volumetric strains which increases its strength compared to thearayt could be recalled that
viscous volumetric strains tend to increase the materidfregss The accumulation of these strains

through the yearss presented inAppendixA.5.
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Figure5.6. CBBD2 Section®B Viscous Volumetric Strains at 56 Years

Figureb.7 shows the accumulation of plastic deviatooicshearstrains at 56 years. The range of
values in the contour plot was set between 0%00%. Warmer colors indicate larger strains, and the
gray contour would indicate values larger than 100%. From the figure, it could be seen that excessive
strains have developed in locations where the viscous strains accumukitead5.5), which highlights
the two slip surfaces in the clay core. There is no significant accumulation of plastic deviatoric strains in
the clay blanket whicls incontrastwith the accumulation of viscous strains as showRigure5.5. This
discrepancycan be attributed to the difference in properties of the clay core and clay blaarkethe
accumulation of viscous volumetric straifsgure5.6). Since the clay blanket is a relatively stronger
material, the clay core beside it is beiogmpressed againstythich is evident from the development of
the plastic deviatoric strains shown Figure5.7. The plastic volumetric strains illustrated kigure5.8
develop in the same way as tlieviatoric strains which further highlights the development of the slip
surface in the structure. Presented AppendixA.6 and AppendixA.7 are accumulation of plastic strains
throughout the service life of the damwhere it could be seen that significant straining has already

accumulated by the time that the deformation at the crest was reported
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Figure5.7. CBBD2 Section®B Plastic Deviatoric Strains at 56 Years
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Figure5.8. CBBD2 Section®B Plastic Volumetric Strains at 56 Years

Figure5.9 shows the slope degradation of the Critical State Gartee modelwhich represents
the Critical State Line in the stress hyperspace of the TMS formulati@wise, the warmer contours in

the figure indicate higher values. The clay core value starts at 0.8626h translates to &iction angle
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of 18, and degrades to a general value of 0.55 or A7 Be path of the slip surfade the coredecreased
to a lower value of 036 or 172° The clay blanket generally decreased to a value of°20ith the
weakest near the interface with the clay core at around. 20could be observed that there is minimal
change in the friction angle dhe clay core considering that the initial value was at pguestk. The

summary of changes in the friction angle is showmableb.7.

sovzo Blankef oo CoOrg
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Figure5.9. CBBD2 Section®B Slope of Critical State Cone at 56 Years

Table5.7. Friction Angle Deterioratiorg Case 1

Dam Section Material PostPeak Value| Degraded Value Change
Core ACA 19 18.4 3.16 %

Core B;B 18 17.2 4.44 %

CBBD2 Foundation 19 16.7 12.10 %
Blanket 21 20.3 3.33 %

Core 18 17.6 2.22 %

CBBDA4 Foundation 18 15.5 13.89 %

Sensitivity analysiwas doneusing pealstrengthvalue for the clagore; however, the observed
field displacement was not replicated even if the maximum valua‘adf 1000was used in the model
The analysis indicated a vertical displacement of the crest of the clay core of about 0.10m in 2001 which

is significantly less than the reported displacement of 0.2Amsuch, the average between the peak and
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post-peak values was used. Tag valuethat recreated the site displacement was 540, which shows that

the deviatoric destructuring variable scales with the initial strength parameter of thelbailclay blanket
parameter was not adjusted since there are no field observations for the model to be calibrated with the
peak valueThe resulting decrease in the friction angiethe clay corewas larger compared to the
previous caseas shown inTable 5.8. Furthermore, the use of larger friction angle resulted to less
displacement and less accumulation of viscous strains. However, there was noticeably more accumulation
of plastic strains in the clay comhich is due to the formulation shown iequation (2.43) where
parameterHdecreases with increasing initial friction angle. This change would increase the scalar factor
‘Q Qas shown in expressid@.42). In turn, the plastic strain increment also increases as could be seen in
equation(2.16). Overall, the trend of the strain accumulation was similfor the two casesconsidering

different initial friction angle values.

Tableb5.8. Friction Angle Deterioratiorg Case 2

Dam Section Material Initial Value Degraded Value Change
Core ACA 21 20.14 4.10%

CBBD2 Core BB 21 19.11 9.00%
CBBD4 Core 25 23.76 4.96%

A simple limit equilibrium (LEM) analysis usfBgoStudio which incorporatethe weakened
parameters of clay would indicate a factor of safety (FS) less than unity when consideringiecotam
slip surface which would validate the instability in the model. A circular slip surface would yield an
acceptable=S value of 847 which shows a stable slo@sd meetsthe minimum value of 1.5et by the
Canadian Dam Associati@@DAYor longterm stability. Figure5.10 and Figure5.11 displays the resut
of the LEM analysefppendixA.8 and AppendixA.9 shows the evolution of the Critical State Cone for the
clay core and clay blankegspectively AppendixB shows the behavior of the dam considering a higher

initial strength parameter of the clay core.
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Figure5.10. CBBD2 Section®B LEM using MorgenstefrRrice Method(Circular)

Figure5.11. CBBD2 Section®B LEM using MorgensterRrice Method (NorCircular)
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5.2 Earthfill DamCBBD2 Section AA
Similar to Section B B, the destructuring variable shall be calibrated to match the observed
deformation at year 4&s well as the delayed instability at year. 36e numerical model for SectioncA

A'is presented ifrigure5.12. The accumulation of strains and deformations of SectigidMare presented

in AppendixCand AppendiD.
Clay Clay Core
Blanket
Rockfill
Sandy Silt
Bed Rock Clay
Foundation

Figure5.12. CBBD2 Section @A Numerical Model

5.2.1 Deformation

Figureb.13 shows the vertical deformation of the clay core wherdie tlark areas represent the
portions of the material which has a vertical displacement of 0.25m or layereep destructuring
variable value of 6%or the clay corevas used to achieve this. Also, instability in the model was achieved
after 56 yearsSimilar to Section B B, a small local area in the clay core of Section A already
experienced vertical deformatioof 0.25min year 28 as shown iippendixC1. By year 56, half of the
clay core also experienced vertical displacement of 0.25m or laAggyendixC2 and AppendixC3

illustrates the horizontal and total displacements, respectively.
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Figure5.13. CBBD2 Section @A Vertical Deformation at 43 Years

Figure5.14 shows the axial strain evolution of Node A fréfigure5.13 wherein the primary

creep can be clearly distinguished to last for abd&tto 16years which supports the observation in

Section B; B Figure5.3). From that point on, secondary creeping was observed until the end of service

life. The strain behavior reflects the more compressible characteristic afdrematerial due to a steeper

slope () of the compression lin€udden failure of the dam model was not recreated in this case, rather,

failure was achieved through solution instability in the modéle stress pathndstrength envelopes of

node A in this section are shown kigure5.15in which the behavior is similar to that of Sectiorg B.

The difference is that the initial ISE is larger than the SSE at 360 days which is due to lower input value of

Bo. Based on the output values, the ISE is coincidental with the SSE at 360 days as it adjusts over time to

reach the actual structureless state of the node.
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Figure5.15. CBBD2 Section @A Stress Path at Node A
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5.2.2 Strength Degradation

Figureb5.16 shows the accumulated viscous deviatoric strains at year 56 wherein the contours
were limited to a range of 094.09%. Similar to Section¢BB, the strains accumulated at the interface of
the rockfill and clay coreandtwo distinct slip surfaces in the can be seen. The development of strains in
the clay blanketind foundationindicates thathere islateral movement on these @ations Figure5.17
shows the viscous volumetric strains wherein the clay core, blanket, and foundation have relatively similar
values.AppendixA.4 and AppendixA.5 illustrates the evolution of the viscous deviatoric and volumetric

strains, respectively.
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Figure5.16. CBBD2 Section @A Viscous Deviatoric Strains at 56 Years
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Figure5.17. CBBD2 Section @A Viscous Volumetric Strains at 56 Years

Figure5.18 shows the accumulation of plastic deviatoric strains at 56 yedmsre t could be
observed thatsignificant plastic strains have accumulated along the slip surface defirédure5.17.
The difference here is that the development%®ip Surface 2 started both at the top and bottom of the
clay coreat a later timewhich eventually connected as illustratedAppendixC6. This can be attributed
to the lower destructuring variable used in the analysis which slowed the progresst#iip&urface .2
Furthermore, significant plastic strains were also observed to have already accumulated by the time that
the 0.25m displacement of the crest was reportbtbreover, more strains are present in the clay blanket
which propagated from the interface with the clay core and pushed upstr8dms. is attributed to the
geometry of the model where the configuration of the clay core introduces shearing forces to the clay
blanket. The downstream portion of the clay foundation near the toe of the rdickfso showed
significant strain developmenthich indicates potential movement due to the load of the rockfill on top
of it. Unfortunately, there is no recorded data on the lateral movement at the base of the dam to validate
this finding.Figure5.19 and AppendixC7 shows the accumulation of plastic volumetric strains which

developed in a similgpattern as the plastic deviatoric strains.
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Figure5.18. CBBD2 Section @A Plastic Deviatoric Strains at 56 Years
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Figure5.19. CBBD2 Section @A Plastic Volumetric Strains at 56 Years

Figure5.20 illustrates the degradation of the slope of the Critical State Cone wherein the clay core

degraded to a value of 18.4nd16.7for the clayfoundationas illustrated in
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Table5.7. These values are found on the zones where significant viscous strains have accumulated.
Analysis using peak value for the initial strength paramefethe clay corerevealed the same trend
observed in Section B B. The change in friction angle is presentedTiable 5.8 and the behavior

considering this case is illustrated in Apperfdix

oo Blanket sove0 CoOre & Foundation

(Avg: 75%) (Ava: 765;{;)6 o1
+6. -

el
+6.572e-01 +3.900e-01
TeEsae o] +5.837e-01
64976 o1 +5.773e-01
o457 e +5.709¢-01
+6.460e-01 15 EABe-01
+6.423e-01 +5.582e-01
+6£.386e-01 +5.518e-01
+65.349e-01 +5.455e-01
+6.311e-01 +5.391e-01
+6.274e-01 +5.327e-01
+6.237e-01 +5.264e-01
+6.200e-01 +5.200e-01
+4.811e-01 +4.811e-01

Figure5.20. CBBD2 Section @A Slope of Critical State Cone 36 Years

The LEM analysis using the deteriorated paramefrens the postpeak valueshoweda critical
slope considering nonircular slip surface on the upstream sklace the FS value is almost at unitye
downstream analyses yielded an FS value greater than unity which would indicate a stable condition
although it fails taneetthe CDA requirementigureb.21to Figureb.24 presents the results of the slope
stability analysedllustrated inAppendixC.8 AppendixC9 are the deterioration of the Critical State Cone
of the different clay materials for Section¢®A. The results of the analysis indiceBection A¢ A could
have potentiallydestabilizedas well It just so happens that Section¢BB was the first one texcessive

displacementat the time of the incident.
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Figure5.21. CBBD2 Section @A Upstream LEM using MorgensteRrice Method (Circular)

Figure5.22. CBBD2 Section @A Upstream LEM using MorgensteRrice Method (NorCircular)
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Figure5.23. CBBD2 Section @A Downstream LEM using Morgenstefrice Method (Circular)

Figure5.24. CBBD2 Section @A Downstream LEM using Morgenstefrice Method (NorCircular)
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5.3 Earthfill DamCBBD4

The recorded settlement of 0.25m at the clay core in 1999 shall be used to calibrate the vajue of
for CBBD4. Also, the destructuring value should result to a model which is stable until the present time
since the structure at the site is still in operation. The numerical model for CBBD4 is sHeigur@éd.25
and the dam structure behavior through the years are illustrated in Appdaaind Appendi¥. The clay

blanket propertieghat were used in this case are similar to that of CBBD2.

Clay Rockfill
Blanket Clay Core

LR TR

Foundation Sand- Gravel

Figure5.25. CBBD4 Numerical Model

5.3.1 Deformation

An a;¥ value in the rangeof 20 to 50 was determined toproduce the reported vertical
displacement in 1999arger values would lead to an unstable model aftex 2014 incident in CBBD?2.
Formodelling purposeshe results using:¥ = 50 would be presented in thésudy. Figure5.26illustrates
the deformation at year 41 (1999) which shows localized regions that have experienced vertical
displacement larger than 0.25m. Unlike CBBD2, usirgaralue of 50 would lead to the development

of the vertical deformation of 0.25m as early as year 14 which is presentéggandixE1l. Moreover,
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deformations larger than 0.25m seems to be limited to the upper portion of the core up until the present

time in 2024 AppendixE2 and AppendixE3 presents the horizontal and total displacements of the dam,

respectively.
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614400
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-1,793e-01
-2,029-01
-2.264e-01
-2.500e-01
-3.664e-01

[

Figure5.26. CBBD4 Vertical Deformation at 41 Years

Figure5.27 illustrates the axial strain accumulation at Node A frieigure5.26 where it could be
observed that primary creeping lasted o to 17years before reaching secondary creep rate until the
present time in 2024Figure5.28illustrates the stress path and envelope behavior at node A for CBBDA.
Significant straining and strength deterioration is observed as early as 120G@eaysrally, lhe strain
behavior is similar to Section@® wherein the material is more compressible compared to SectioB.B
At the present, it is estimated that the crest of CBRID4t least the top portion of its clay cohas settled

by approximately @Om. Field measurements would be required to validate this finding.
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Figure5.27. CBBD4 Axial Strain Development at Node A
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Figure5.28. CBBD4 Stress Path at Node A
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5.3.2 Strength Degradation

Since CBBDA4 sill in operation, the results illustrate the present condition of the earthfill dam.
Shownin Figure5.29is the accumulated viscous deviatoric strains at year 66 (present) where it could be
seen that the pattern is similar to Sectiorg A. The outline of the two slip surfaces is similar to the results
in CBBD2. The left portion of the clay foundation imggiushed towards thapstreamof the structure
while the right area is being deformed towards the downstream of the daigure5.30 illustrates the
viscous volumetric strains wherein the clay core and blanket experiences relatively larger strains
compared to the clay foundatio®ppendixE4 and AppendixE5 shows the development of the viscous

deviatoric and volumetric strains, respectively.
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Figure5.29. CBBD4 Viscous Deviatoric Strains at 66 Years (Present)
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Figure5.30. CBBD4 Viscougolumetric Strains at 66 Years (Present)

Significant plastic deviatorior shea strains have also developed along the outline of the slip
surfaces as shown frigure5.31. In this case, the two slip surfaces are not connected at the bottbm
the coreunlike in CBBD2. AlsBlip Surface &tarted developing both at the top and lower portion of the
clay core until it connected at year 28 which is showAppendixE6. Additionally there is considerable
strain that have accumulated in the clay cdrg 1999 when the observations of displacement were
reported. Although, the magnitude is relatively lower compared to CBBBR&.plastic volumetric strains

of the dam developed in a similar fashion as illustrateBigure5.32 and AppendixE7.
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Figure5.31. CBBD4 Plastioeviatoric Strains at 66 Years (Present)
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Figure5.32. CBBD4 Plastic Volumetric Strains at 66 Years (Present)

The clay core friction angle decreased to a value of aroundft@ré an initial value of 18 while
the clay foundation friction angle regressed to a lowl 55 as presented ifrigure5.33 and summarized

in
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Table5.7. Utilizing peak strength valuler the clay corewould result to the same behavior as
observed in CBBDgherelarger change in the friction angleas observeds shown inTable5.8. Using
the deteriorated parameterdrom the postpeak statein limit equilibrium analysifor the upstream
portion of the dam the factor of safetyyielded a valueclose tounity for the noncircular case only
lllustrated inFigure5.34 to Figure5.37 are the results of the LEM analységppendixE8 shows the
regression of the Critical State Cone for the clay core and foundaippendixE9 presents the clay
blanket behavior wherein it could be seen ttthere are less drastic changes considering that it is only
supporting the fluid load through the yeasppendixFshows the behavior of the dam considering peak

strength parameter as the initial statd the clay core
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Figure5.33. CBBD4 Slope of Critical State Cone 66 Years (Present)
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Figure5.34. CBBD4 Upstream LEM using Morgenstemice Method (Circular)

Figure5.35. CBBD4 Upstream LEM using Morgenstemice Method (NorCircular)
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Figure5.36. CBBD4 Downstream LEM using Morgenstemice Method (Circular)

ETEEEEREE.D

1.322

Figure5.37. CBBD4 Downstream LEM using Morgenstemice Method (NorCircular)
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5.4 Summary

The reported field displacements in 1999 and 2001 were simulatedsidering pospeak initial
conditions.Thea;" valuesused in the simulations wer265, 65, and 50 for Section¢dB, Section & A,
and CBBD4, respectivelysing larger values for the destructuring factor would cause instability in the
modelat an earlier timeThe clay blanket and clay foundatiasY values were fixed to 25Que to lack of
laboratory testing as well as field measurememthich may not accurately represent the material
behavor in the field Nonetheless, using this fixed value provided an insight on the development of strains
in the material. Rapid &ilure deformation was not simulated in the model, rather, the failure was

interpreted as the solutiomon-convergencen the program

The destructuring variabley’) values used in thearthfill dammodel were in good agreement with
the range of values obtained from the calibratismmen considering the initial state to be at pgstak
The variable scales accordingly with increasing friction asfglee material CBBD2 Section@®B used a
significantly largen;'value compared to Section@A and CBBD4. This discrepancy can be attributed to
the difference in model geometry and parameteltsis evident fromTable5.3, Table5.4, andTable5.6
that the Cam clay parametér for CBBD2 Section @A and CBBD4 is larger than CBBD2 SectipB B
which would indicate a more compressible material. Aside from this, the standard logarithm of creep rate
(- ), intrinsic specific volumeNg, ), and SingtMitchell parameter A for CBBD2 Sectiog A and CBBD4
are all relatively larger than the same parameters for CBBD2 Sectj@ Bie combined effect of these

parameters resulted to the inverse scaling of the destructuring variable in the model.

Primary creeping at the clay core can be generally said to occur asignidicant amount ofime
followed bysecondary creepindt should be noted that varying times for primary and secondary creep
was observed at different locations of the clay cdrbis indicates that the eventugistability of the dam
can be attributed to the accumulation of significattearstrains over long periods of time rather than

rapid development under a short perio@he incidenton CBBD2vhere sudden slippagevas reported
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could be the result of the materiailtimately destabilizingdue to the accumulation of significant strains
The stress path and envelope behavior at an arbitrarily selected node in the model revealed that
significant accumulation of strain is the more likely cause of instability rather than significant strength

deterioration.

The analysis determined th#te crest of CBBD4 at the present, or at least the top portion of its clay
core, is estimated to have approximatelOn vertical displacement. Field measurements aeeded

to validate this finding.

Significant plastic strains developed in areas where viscous deviatoric strains have accumiihed
outlines the slip surface in the darfihe development of the slip surfadesimilar to all sections wherein
the first one develops on the upstream side of the clay core, while the second slip surface starts at the top
of the coreand cuts through the downstream siad the claycore both of which run along the rockfill
interface In CBBDZ2, the second slip surface connects to the first one at the bettufa,the CBBDA4 slip
surfaces are only connected at the tpprtion of the core. h all cases, the development of the second
slip surface on the downstream side of the core started at the top and bottom at different tme
eventually connected somewhere in the middhdso, significant strains were observed to have already
accumulated in the clay core of all the analyzed dams by the time that the field displacements were
reported. Moreover, the nature of propagation of the strains in the clay blanket and clay foundation is

indicative that there is potentidateral spreadingon both the upstream and downstream side of the dam.

The friction anglsof the materialshavedeteriorated over time and are summarizedTiable5.7 for
the initial postpeak conditionvhere it could be observed that the values decreased by 2% to 4% for the
clay core and blanket, and 12% to 13% for the foundafitvese weakened parameters were used in limit
equilibrium analyses and yielded factors of safietys than or close tanity when considering a nen

circular slipsurface This indicates a critical condition of impendimgstability or significant slope
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movement of the damTable5.8 shows the deterioration of the clay core considering stronger parameters
which resulted to larger change in friction angle. The use of larger strength parameters resulted to an
increase in the accumulation of plastic strains due to the formulation ofrtbdel, and the destructuring
variable @' scaledproportionallywith the increase in strength parameterhe deteriorated values of the
friction angle for both cases are generally larger compared to the previous analysis, albeit it is approaching

that values used by Ubay (2020).

CBBD4, which is still in operation, needs to be monitored closely since the LEM analysis yielded an
unfavorable value in the upstreasideof the dam similar to the findings of Ubalfavorablaesults were
obtained considering a circular slip surfdné generallydid not meet the required value by CDA which is
1.5. Nevertheless, the noaircular results provide a conservative estimate on the stability ofstbpe
after it has deteriorated which is unsatisfactomihe results of the LEM analyses are presentebainle

5.9.

Table5.9. Limit Equilibrium Analysis

Dam Upstream Downstream CDA Remarks
Circular| Non-Circular | Circular| Non-Circular| Requirement
CBBD2 .
Section A A 1.294 1.033 1.286 1.093 1.5 Fail
CBBD2 Failon Non
Section B; B 1.847 0.989 i i L5 Circular section
Pass only on
CBBD4 | 1.487 1.032 1.670 1.322 15 Circularsection
in downstream
analysis
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Chapter 6SUMMARY, CONCLUSIO&I8%] RECOMMENDATIONS

The parameters for the Time Dependent Model for Structured S@iS)were determined through
numerous laboratory testing and calibrated using the ABAQUS software. The results enabled the analysis
of the model for CBBD2 to assess the capability of TMS in predicting the soil behavior. The constitutive
model was also applied to the evaluation of CBBD4 to determinedhelition of the structureat the

present time.

TMS demonstrated its capability in simulating the material behavior that is under constant loading over
long periods of time which provided meaningful insight on the clay material behavior. The findings of the
analyses indicate that the interface betweehet rockfill and clay core are critical areas for the
development of slip surfaces. It could also be inferred that the configuration of the clay core plays a
significant role in the development of slip surfaces over time. In the case of CBBD2 and CBBl¥, the

core is inclined at a certain angle which potentially made it more susceptible to instability.

TMS uses several variables which are needed to be determined in several laboratoryaegtingerical
calibration.Any errorin the methodologyin one or more of tlke requiredtests would significantly affect
the model analysis, especially for sensitive cl&ygh this in mind, the Soft Soil Creep analysis of Ubay
considering strength parameters between pgsak and residual values would give conservative results
in the assessment of creeping earth structures. However, it is deemed that TMS would giviesigies
onthe material behaviowhich can be used for the evaluation of existing structures and improvement of

future construction of earth fill dams
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6.1 General Findingand Conclusion

Upon completion of laboratory testing and numerical modelling, the following findings were obtained:

1. The intrinsic specific volumes of the material were determined through modified oedometer
tests. However, the procedure was somewhat erroneous due to the loss of material during
loading. Nevertheless, multiple trials were conducted to make up for thig.dmmprovement in
the methodology can be done wherein the oedometer ring is sealed to prevent materials from
escaping.

2. Drained triaxial tests were performed to determine the material behavior under such conditions.
The resulting plot of the behavior was used as reference for the calibration of the deviatoric
destructuring variables. Undrained creep tests were also dondetermine the SingMitchell
parameters needed in TMS. Some samples were remolded using the proctor mold with the collar
to maximize the extracted samples. Adjusting the compaction effort and then subjecting the
trimmed samples to isotropic consolidationvgaacceptable results. However, comparison with
undisturbed sample behavior is required to validate the observation.

3. Parameter calibratios of the volumetric and deviatoridestructuring variablesn the model
revealed that the soil material was not sensitive to the variation of the values. As such, the average
value was used in thearthfill damanalyses.

4. Generally, TMS was able to recreate the soil behavior in the oedometer simulations with some
minor differences due to the discrepancy of the parameter values between the tested material
and simulated solilising idealized variable$he tested soils were obtained from differedépths
of the same location in whide small differences in the parameters resulted to thecrepancy
between the simulations and lalbbatory tests.

5. The triaxial simulations revealed that some other parameter is significantly affecting the soll

behaviorin the calibration Sensitivity analyses revealed that timitial friction angle value had
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the largest influence on the resulfBhis changeisoil property can be attributed to the improper
storage of the soil samples which made its extraction from Shelby Tubes challenging. Appropriate
adjustments on the friction angle were done which resulted to a bettesffthe curve with the
recorded data.

Drained creep test using remolded sampdé<BBD?2 clay coregere also conducted to calibrate

the creep destructuring variabl@.") which controls the degradation of the friction angle of the
material. The tested samples were still experiencing secondary creep straining even after
approximately 100 days of testing. Nonetheless, the captured data was enough to determine the
range of ceep destructuring variablthat canused in theearthfill dammodel.

Theay¥ for CBBD2 SectiondB is significantly larger compared to the other sections. This is mainly
attributed to the difference in parameters wherein the- < iso band SingtMitchell parameter

A for CBBD2 Section®A and CBBD4re relatively larger compared t6BBD2 Section &B.
Moreover, the use of peak friction angle resulted to higher values'ah the simulation. With

this, it is surmised that the destructuring parametefadjusts accordingly with theffects of the
values of the different parameters.

The earhfill dam analyses were done wherein the reported deformations were used as the
benchmark to determine the appropriate creep variableusein the model.The a," for the clay
blanket and foundation were set to a fixed value to determineltbbaviorat these areaslue to

the lack of testing for the other soil samplasd lack of field datarhe determined values were in
good agreement with the results of the calibration from the cregaxial testconsidering an

initial postpeak state and produced results which met the reported displacemexttthe site
Significant plastic strains accumulated in areas where viscous sa@insmulatedvhich is how

TMS works in thenodel All sections exhibited the development of two slip surfaces on the clay

core both of which are located at the interface of the rockfill and clay core in the upstream and
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10.

11.

12.

downstream side. Both of the slip surfaces started at the crest of the clay core and propagated
downwards. The slip surface on the downstream side of the ¢Blgp Surface 23tarted
developing at the bottonafter some timeand eventually connected with the upper portion in
the middle of the clay coré&lip Surface 2 also developed at a faster estgeen in the appendices
dueto the influence of more loaithgon thislocation of the dam.

The development of two slip surfaces in the clay @areldpotentially lead to one of the following
scenarios for themode ofinstability: a) a shallow slope movement could have occurred when
considering the upstream slip surface alq®ip Surface Eigure5.7), b) a relatively deegeated
slopeinstability could potentially occur if significant movement would have happened along the
downstreamside of the cordSlip Surface Eigure5.7), or ¢) the slope could haveovedwhile
movingalong two slip surface§he work of Ubay2020)supportsthe first scenario (a) since her
analysis indicated shallow slope failure at the upstream side of the dam.

Considerable plastic strains were observed to already have accumulated in the defined slip
surfaces in the clay core by the time that the vertical deformations were reported. These strains
continued to increase from that point on as illustrated in the ampgiees. As such, it could be
surmised that the 0.25m displacement is a good indicator that significant straiaivey already
accumulated in the clay core.

The trend of strain accumulation at the clay blanket and foundation indicated ttieae is
potential for lateral spreadingat the base of the dam. Field measurements on the lateral
movement at these locations are needed to calibrate the mobiethe case of CBBD4, there is
minimal strain accumulation in the clay blanket since it is only supporting the load of the water

reservoir on top of it.

13. Axial strain behavior at an arbitrarily selected node in the model revealed that the clay core

material underwent primary creeping fosignificant amounts of timebefore experiencing
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14.

15.

16.

17.

secondary creep until the end of life of CBBD2 and present time for CBBD4. This suggest that the
eventual instability of CBBD2 was due to the accumulatioshefirstrains over long periods of

time. Failure in the model was duenon-convergencef solution rather than rapid deformation.

The stress patin the tensorialspace of the selected node the modelshowsthat the direction

of the plot heads towards a value of null as time pas§bis observation is similar to the behavior

of a triaxial specimen wherein a decrease in the stresses can be seen as the sample fails under
loading. The anisotropy of the model potentially causes the mean stress value to reach a null value
for soil elemems along the slip surface in the clay core.

Strain accumulation is illustrated through the evolution of the SSE size in which it decreases over
time. The size of the ISE also adjusts in the mmaktcount for the changes in stress and void
ratio of the material. Due to the limitations of the model, the ISE decretsesvalue that is
almost nuliwhich may not accurately represetite structureless statef the material

The strength deterioration is simulated through the decrease in friction drmgie an initial value

The initial state at pospeak and peak values were investigated for Secti@nAof CBBD2 and
CBBD4. The paepeak and average value between peak and faestk strength parameter for
CBBD2 Section®B was analyzed. The results indicated that the destiring variable due to

creep scales with the initial state of the soil to a certain extent. Higher initial strength parameters
also resulted to larger @aamulation of plastic strains due to the formulation of the mo@terall,

the trend of accumulation of strains is similar to both cases.

The degraded valueonsidering the pospeak as the initial state of the materiakre used in a

limit equilibrium analysis to assess the stability of the dam. The results for all the dam sections
generally yielded values less than the minimum required by the CDA which makes it susceptible
to failure. The deteriorated valued the friction anglewere relatively larger compared to the

values usedn the work ofUbay(2020) The resultdurther support the observatioin this study
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that significant strength deterioration is not required for the accumulation of considerable
amounts of strain in the material.

18. With the current model, it is estimated that the crest of CBBia% experienced vertical
displacement around @0m. This value needs to be validated through field measurements at the

site.

6.2 Recommendations

The completed research can be used as reference in further study of ageing earth strticatzs
suspected to have undergone creepifidpe research also indicated that theaige potentially significant
amounts of strain, as well as displacement on CBBD4. Therefore, it is critical to conduct immediate field
measurements on the crest displacement of CBBD4 to validate the results of the analysis. Depending on
the findings, mitigatig measures on CBBD4 would be imperative to maintain its stability andrreve

excessive movemerf the structure.

Time constraints only allowed analysis for CBBD2 and CBBD4 as the different laboratory tests and
calibrations for the TMS parameters required significant amsoftime to accomplish. Analysis of the
of the remaining earth fill dams must be done to assess their current conditions. The evaluation of these
dams could provide additional understanding on the development of slip surfaces considering varying
configurations of the clay core. Supplementarydediory testing should also be done to refine some of
the parameters in TMSuch aghe SinghMitchell factorswhich affects the viscous strain accumulation
representing the effects of primary and secondary creep in the mddthe effects of staged construction

of the earthfill damshould also be investigated in future works.

Field measurements are critical in tagsessment of earfil damssince it is expected to operate over

long periods of timeThe resultobtained from this studysing TMS illustrated that theone near the
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interfaceof the rockfill and clay core are critical areas in the development of slip surfaces. The installation
of monitoring instruments at the crest, upstream, and downstreades of the clay corevould provide
invaluable information on the stability of the structure. Moreover, instrumentation at the clay blanket
and foundation both on the upstream and downstream sid¢he damis also recommendetb capture

the potential lateral spreading at the base of teucture.

The 0.25m reported displacement of the dams seem to be a good indicator of structure degradation
as significant amounts of strain was observed to haveadyaccumulated by this time in the model.
Future projects should consider this observation in their #targn plans. Necessary works, which include
increase in monitoring and immediaimplementationof mitigating measures, should @one if this

observation is made in the field.

The assessment using TMS illustrated the nature of the accumulation of strains in the material over
time. However, the model was unable &curatelysimulate the instabilityn which sudden significant
slope movementwas reported to have occurred in CBBD&reover, it was observed that using a
different constitutive model along with TMS producésaccurate behavior in the simulation.
Nevertheless, the results of the anadgscan be used to improve the formulation of TM&ernatively,
other constitutivemodels, such as the strain softening model developed by Urmi ¢2@24) can be
explored to simulate thexcessive movement dhe dam. The use of this constitutive model together
with the results of TMS coulylve a deeper understanding on the creep behavior of clay andxbessive

deformationof the material.
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A. CBBD2 SECTION BRESULTS
(POSTPEAK FRICTION ANGLE)
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U, Uz

+5.151e-03
-1.611e-02
-3.737e-02
-5.804e-02
-7.990e-02
-1.012e-01
-1.224e-01
-1.437e-01
-1.64%9e-01
-1.862e-01

At 14 Years

-2.075e-01
-2.287e-01
-2.500e-01

U, U2

+5.155e-03
-1611e-02
-3.737e-02
-5.863e-02
-7.990=-02
-1.012e-01
-1.224e-01
-1.437e-01
-1.649=-01
-1.862e-01
-2.075e-01

-2.287e-01
-2.500e-01
-2.900e-01

U u2

+6.174e-03
-1.517e-02
-3.652e-02
-5.787e-02
-7.922e-02
-1.006e-01
-1.219e-01
-1.433e-01
-1.646e-01
-1.860e-01
-2.073e-01

At 42 Years

-2.287e-01
-2.500e-01
-3.974e-01

U Uz

+1.139e-02
-1.03%e-02
-3.217e-02
-5.396e-02
-7.574e-02
-9.752e-02
-1.193e-01
-1.411e-01
-1.629e-01
-1.847e-01
-2.064e-01

-2.282e-01
-2.500e-01
-5.526e-01

AppendixA.1. CBBD2 Section 8B Vertical Displacement a¥arious Years
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U, Ut

+2.136e-02
-1.250e-03
-2.386e-02
-4.648e-02
-6.909e-02
-9.170e-02
-1.143e-01
-1.36%9e-01
-1.595e-01

At 14 Years

-1.822e-01
-2.048e-01
-2.274e-01
-2.500e-01

U, Ut

+3.297e-02
+9.390e-03
-1.419e-02
-3.777e-02
-6.135e-02
-8.493e-02
-1.085e-01
-1.321e-01
-1.557e-01

-1.793e-01
-2.028e-01
-2.264e-01
-2.500e-01

U, Ut

+7.363e-02
Ti5ese0s
T _
7.276e-03 At 42 Years
E.121e-02

-3.425e-02
-8.818e-02
-1.152e-01
-1.421e-01
-1.691e-01
-1.961e-01

5230601
2.500e-01 H

1 A A IIIII

U, Ut
+1,249e-01
+9.369e-02
+6,245e-02
+3.120e-02
-4,1396-05
-3.120e-02
-6.253e-02
-9.378¢-02
-1.250e-01
-1.563e-01
-1.875e-01
-2.188e-01
-2.500e-01
-4.289e-01

AppendixA.2. CBBD2 Section®B Horizontal Displacement at Various Years
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U, Magnitude

+2.500e-01
+2.292e-01
+2.083e-01
+1.875e-01
+1.667e-01
+1.458e-01
+1.250e-01
+1.042e-01
+8.333e-02

+6.250e-02
+4.1676-02
+2.083e-02
+0.000e+00

U, Magnitude

+3.087e-01
+2.500e-01
+2.292e-01
+2.083e-01
+1.875e-01
+1.667e-01
+1.458e-01
+1.250e-01
+1.042e-01
+8.333e-02

+6.250e-02
+4.167e-02
+2.083e-02
+0.000e+00

U, Magnitude

+4.337e-01
+2.500e-01
+2.292e-01
+2.083e-01
+1.875e-01
+1.667e-01
+1.458e-01
+1.250e-01
+1.042e-01
+8.333e-02

+6.250e-02
+4.167e-02
+2.083e-02
+0.000e+00

U, Magnitude

+6.208e-01
+2.500e-01
+2.292e-01
+2.083e-01
+1.875e-01
+1.667e-01
+1.458e-01
+1.250e-01
+1.042e-01
+8.333e-02

+4.167e-02
+2.0836-02
+0.000e+00

At 14 Years

At 42 Years

AppendixA.3. CBBD2 Section®B Total Displacement at Various Years
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shv7
(Awg: 75%)

+3.042e-04
+2.500e-04
+2,292e-04
+2.083e-04
+1.8735e-04
+1.667e-04
+1.458e-04
+1.250e-04
+1.042e-04
+8.333e-05

+6.250e-05
+4.167e-05
+2,083e-05
+0.000e+00
—9 408e-05

At 14 Years

SOWT
(Avg: 75%)

+3.785e-04
+2.500e-04
+2.292e-04
+2.083e-04
+1.875e-04
+1.667e-04
+1.458e-04
+1.250e-04
+1.042e-04
+8.333e-05

+6.250e-05
+4.167e-05
+2.083e-05
+O 000e+00

At 28 Years

SDW7
(fwg: 75%)

+4.311e-04
+2.500e-04
+2.292e-04
+2.083e-04
+1.875e-04
+1.667e-04
+1.458e-04
+1.250e-04
+1.042e-04
+8.333e-05

+6,250e-05
+4,167e-05
+2.083e-05
+O 00De+00

At 42 Years

SOVT
(Avg: 75%)

+4.667e-04
+2.500e-04
+2.292e-04
+2.0283e-04
+1.875e-04
+1.667e-04
+1.458e-04
+1.250e-04
+1.042e-04
+8.333e-05

+6.250e-05
+4.167e-05
+2.083e-05
+0.000e+00
-4.0732-05

AppendixA.4. CBBD2 Section®B Viscous Deviatoric Strain Development
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SOVG

(fwg: 75%)
+2.500e-02
+2.375e-02
L
+2. =5
+2.000e-02 At 14 Years
+1.875e-02
+1.750e-02
+1.625e-02
+1.500e-02
+1.375e-02
+1.250e-02
+1.125e-02
+1.000e-02

+8.611e-03

TTT

1T

|

11
||
1T
| {

mE

=
I
I

At 42 Years

AppendixA.5. CBBD2 Section®B Viscous Volumetric Strain Development
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