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Abstract

Geohazards such as landslides, erosion, sedimentation, liquefaction, ground subsidence,
ground collapse, and subsurface contamination are a global concern and cause loss of hu-
man lives and extensive economic and environmental damage. The increasing intensity
and frequency of these events, driven by factors such as climate change, rapid urbanisa-
tion, and population growth, highlight the significance and the pressing need for effective
geohazard mitigation strategies. Developing an engineering-based understanding of geo-
hazards is crucial for devising practical solutions to reduce risk, improve the resilience of

built infrastructure, and ensure the safety and sustainability of communities.

The present research focuses on developing an accurate and reliable numerical mod-
elling framework for analysing geohazards from a geotechnical engineering perspective.
Geohazards are complex, multiphysics phenomena, generally driven by interactions be-
tween geomaterials (such as soil, coal ash, mine tailings, Municipal Solid Waste (MSW),
etc.) and fluids like water, and often involve large material deformations. To effectively
model these characteristics, a numerical framework based on the Smoothed Particle Hy-
drodynamics (SPH) method for modelling geohazards as coupled hydromechanical pro-
cesses in multiphase systems is presented. Based on a state-of-the-art review of geohazard
modelling using SPH, the following challenging and practically significant problems were
identified for this research:

e Uncertainty-based stability analysis of MSW dumpsites: MSW dumpsites
are marginally stable structures constructed by non-engineered waste disposal in
several developing countries. Instability of MSW dumpsites is often triggered by
rainfall and high leachate levels. In addition to the lack of knowledge of in-situ
conditions at dumpsites, further uncertainty in the stability analysis is introduced
due to the highly heterogeneous nature of the material (MSW). As a result, a

probabilistic risk assessment approach is essential.

« Examination of the effect of internal erosion on coal ash ponds: Coal-
based power generation will continue to be the backbone of energy supply until
renewable energy sources become mainstream. Hence, the management of large
quantities of coal ash generated as a by-product is a global concern. Coal ash is
commonly disposed of in ash ponds and is prone to internal erosion because of its
low specific gravity. Thus, design and analysis techniques incorporating internal

erosion are essential for constructing resilient ash ponds.
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o Earthquake-induced liquefaction hazard assessment: Earthquake-induced
soil liquefaction poses significant risks to the stability of geotechnical structures
worldwide. A comprehensive liquefaction hazard assessment involves understanding
the critical conditions leading to the triggering of liquefaction, as well as the post-
failure large deformation behaviour. A numerical framework capable of handling

both aspects is necessary for the design of resilient infrastructure.

e Coupled flow-solute transport model for subsurface contamination: Sub-
surface contamination is often hazardous to human health and the environment.
Understanding the coupled process of flow of water and contaminant (solute) trans-
port in porous media is essential for assessing the extent, designing mitigation mea-

sures, and enhancing resilience against subsurface contamination.

The above-described geohazards are distinct in their mechanisms and effects, yet
governed by similar underlying hydromechanical interactions. In this research, the SPH-

based numerical framework is developed in alignment with this principle. Specifically,

» A two-phase Random SPH (RSPH) approach is developed for modelling large de-
formation MSW mass flows, incorporating spatial variability of material properties
and pore water pressure using the random field theory. The variability of MSW
properties is characterised for uncertainty modelling based on the analysis of 584
laboratory tests on MSW from 28 countries. The proposed approach is adopted
for risk assessment of three operational dumpsites, namely, (i) Ghazipur dumpsite,
Delhi, India; (ii) Koshe dumpsite, Addis Ababa, Ethiopia; and (iii) Hulene dump-
site, Maputo, Mozambique. Investigation of the uncontrolled and controlled surface
infiltration scenarios indicates that providing a cover system over the waste dump
is an effective risk minimisation technique, resulting in over 30% reduction in the
runout distance and over 40% in the maximum kinetic energy of the mass flow.
Further, deterministic analysis with homogeneous material properties is found to
underestimate the vulnerability to failure, highlighting the significance of proba-

bilistic approaches in identifying the high-risk zones around an MSW dumpsite.

o The effect of internal erosion on the stability of ash ponds is investigated using
a five-phase SPH model. The approach is utilised to analyse an operational ash
pond from southeast India, where instability due to internal erosion was observed.
The results indicate that the amount of erodible fly ash significantly influences the
initiation of instability and the subsequent mass flow, with nearly 100% reduction
in mass flow as the fly ash content is reduced from 80% to 20% by weight. The

significance of appropriate coal ash slurry disposal practices and field monitoring for
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averting such failures is also highlighted. Further, replacing the erodible coal ash

with a non-erodible material is validated as a feasible failure mitigation measure.

o A novel SPH framework for earthquake-induced liquefaction hazard assessment of
geotechnical structures using SPH is developed. The coupled flow-deformation be-
haviour of soils subjected to cyclic loading is described using the PM4Sand model
implemented in a three-phase SPH model. A staggered discretisation scheme based
on the stress particle SPH approach is adopted to minimise numerical inaccura-
cies caused by zero-energy modes and tensile instability. Further, non-reflecting
boundary conditions for seismic analysis of semi-infinite soil domains using the
SPH method are developed. The numerical framework is employed for the anal-
ysis of the cyclic direct simple shear test, seismic analysis of a level ground site,
and liquefaction-induced failure of the Lower San Fernando Dam. Satisfactory
agreement for liquefaction triggering and post-failure behaviour demonstrates that
the framework can be utilised to assess the effect of seismic loading on field-scale

geotechnical structures.

o An SPH-based numerical framework is developed for modelling coupled flow-solute
transport in three-phase, non-deformable porous media. A generalised theoretical
model describing the coupled process is arrived at based on the continuum mixture
theory. The developed numerical framework is validated against closed-form solu-
tions of one- and two-dimensional solute transport in porous media, the analytical
solution of the Henry problem, and a laboratory-scale experiment of saltwater in-
trusion involving density-driven flow. Satisfactory agreement with the analytical,
numerical, and experimental results indicates that the proposed framework can be
adopted for the coupled analysis of flow of water and solute transport in porous

media for subsurface contamination studies.

The diverse range of complex, multiphysics, field-scale problems addressed in this
thesis highlights the versatility and robustness of the developed SPH-based numerical
framework. This study advances the state of knowledge of the SPH method for geohazard
modelling and is expected to serve as a basis for future developments and applications of
SPH in this field.
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TR

HEGA, 3G, WG, G0N, A U1, SFEele 3N ITHAE HGIUT 1A 87-37GT
T IRgew Rar &1 vy § 31k ga9% FRT AT Shaa & gfa 3R =ame 3 g
vl aifer gielt §1 STorarg aRade, e egdieor 3R Stewear gfe S e @ 9Ra
SoT T3 I del dierar 3R ITghy, Femer 8-319er FgeeuT WHENTaA & Aged 3R
HATERIHAT T FANR Hchl gl SI@H B A e, AT JAaer = & ododer &
FUR FA AR aeerat 1 gear 3R PR gARad e & fow sf-3maem3it r sshfaaRsr-
e TS AHRAT FAT Agea ol g

TAAT MY H-cTohoilehl SSTAANIT & TIOCHIOT F -3HIGT3 & [a2aiwor & fav v
Té& 3R Reawsha gearcAs Alsfo arar Refdd w@ W Hfad &1 -3mued e,
TgHlfAdT geart & S 3 dR WAl (SR AT, Fien I, T RIS,
SIRTIfereRT 31 3UfAse (THTESSEY), 31) 3R aell S8 ol Jerdi & & 9w foam
gaRT Fafad gl 8, 3R 3R s 83 ¥\ W aeel fawqer anfae g &1 s
%Qmaﬁa#qméwﬁﬁgamavﬁv,ag-mwmﬁgﬁmm@ﬁ%ﬁw
afshan3tt & ®9 7 $-3m9e13it & Al & foU TS dIidehe gEgIsSRAF (TadTa)
fafer o 3MeTRa v H&AIcHS e GEId AT a1 g1 TEUITY @l 3UNET il §-3T9ar
AlsfolaT #T FcaYfaeh FAGT & IUR W, 30 MY & v Pe=fai@d getdqer 3k
ARG &7 H AgcaquT AT HiT qgar i I$:

o UATHSSEY FAU ¥al 1 FfaRaaar-amuRa fFuar frawor: tATassey w=
TUd &% Aerasfia et 7 IR-gefaax 3mfse Fues gart Afda dFa & &
R §= §| UATHSSeY FERl Tl T HTERRAT 3 aw 3R 3=9 dRe
TR @ Y& @I g1 FoRT Tl R JURYH FAfAt & AT & Fll & 37ema,
WHA (TATHSSeY) H Afew faww gsfd & Fror Frar fagewor # 3k
HAREAAT 3T ST B FAcholced, Teh HHeT ANT@H Hediehel TTOCHIVT aTS g

o FHIYAT TW dATATEl W HdARF Fe@ & IHG I ATT: S doh AARONT Foil Al
ACIURT # A 3 I, a9 aF ST ARG Frelr 3eqes o 3mqfd # g
AT G| 3ATIT, 39-3c91G o & H 3cUool g5 ATHT H Il I FHl T Th
ARge Riar & vy &1 FIger T@ & IFAR W @ dremst F [Ager s §
3R Fd fARISE Iecq & HROT Ig HARS Ferd & Yfd Hdeer2ler gl §1 57 TR,
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ool I arerel & AT & AU 3aRe derd F AT A arelr Bemsa AR
fIRIVUT dhelleh 3TITH &

o FHI-IAfAT FAFIOT TAN HFeel: HHU-SITAd FHaT GaARIoT faRT TR T -cTeheiieh
T3 T [ ERar & v Agcaqot @A a1 Hidr §1 T A9 gdlenor Well
3Mehelal # GeIhIOT Y & el dlell Hcaqul FATHIT & HY-TY fAheldl & &G
& 99 fa9UT TR B FASE A g1 oediel A e & fSaser & fow
aleil Ygef3HT I THTIT H H&TH Teh HEITcHS G hl 3TaRTehell ¢

o 3YEAE WU F fAT AT yare-fdw wRaga Alsa: 3udaE HGWOT 3FER AT
TIELY 3R 9RO & fIT GeRelreh giam 81 Segerd AegAl & uel & gae AR
Heyeh (o) qRageT &I JTAd ishdm s FHSTAT, WA HT HTholel A, TeAhI]
3Tt A f3SITseT e 3R 3UHAET HNUT & T-h oTdieed dga & faw 3maeds
gl

I aftid of-3nvard el fRafafr 3R yemdl F fewr § Y o worer siafeifea
gISgIHF el 37 fRam3il ganrT eanfad gt 81 39 ofer &, vadivg-3maia §&areAs arar
g8 RAcurd & 3qwT faenfad foham amm g1 a9y &9 4,

o §3 TI®UUT dTel UATHSSEY, GeTANT WaTg & Histoldl & fov veh gfa-wror aefeos
Tdivg (3RTEdTa) TRchvr fAefad fhar = &, Sae aefos &7 Ry
&1 39T &k A T 3R B STo qarg i wuifas aRadeeierdr # anffer
feham 9T §1 28 SRt & THATHSSeY W U AT 584 wIETRMAT GEon & faversor
& IR W AfAREddr Alsfor & fav wATassey Ui i aRadANerar 1 auie
foham 9T &1 SEATiad €fSEhIOT @ Al Tl HERT TG, AT (i) AN HerT
Te, feeell, R, (i) P FHo T, 3G HeTa, SRR IR (iii) Folol FHa
T, AYel, AofFas & @A Hedihd & v v=mr = g1 sfaafa ik
fafa aag 3a:wbea aReedl & g & 9ar gaar § f& 3dfese 59 ) e
3TERUT YOI YeTel hiall Ueh GHTAT STEH sgeieniul derelieh &, fordesh aRumAEawT
@IHEE g # 30% & 31t 3R gegde varg 1 3ifthda afdst Felr 7 40% &
31f0reh 1 el T &1 ST 3TeTaT, HATCg AT 0N & AT FIATcHS faRelsor
fawherar T SeFar HT HA HhaT §I;T IMRT IAT §, ST THATHSSY, HAT TIA &
YT 3T SAEH dlel 8131 &l Ugdled il H FHST TIOCHIVI o Hged I Tehrel
TeldT gl

o G dTeal FHI BURAT W ATARS Feld & JHIT FHI ST Teh Iig-TR0T THITT Al
& 3TN ¥ I AT g1 3 TTOCHIVT 1 3YANT GfAIT-qd #ARA & U el T@
arele T fa2avor et & fow fohar SITdT &, S8l 31de #eid & dRoT AEURdr
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adY a1$ ofr| aRomH Fdrd § & srovcerelier wems Uer i AT HFERRAT i gesnd
3R 38F 91¢ & GIATH JaTg H Agcaqul ¥ & Ferfad &l 8, Fells VA &I AT
FT ToAT & BT & 80% T 20% doh H Fled W GeIAT Jdig H 93T 100%
Fr FAT HTAT &1 37 R T ARt & g9 F v 37T g @ g @uers
gAT3T IR & fRET & Aged 9X 8T Weher STalr 33T g1 $Heh 3olal, 3TagaTeiier
PRI T A IR- 37Tl I @ Scolar U aagy fA%edr a# 39T &
 H AT fhar m gl

o THUITH T U Fleh -cAehoileh] T & HehU-SATeld GAlehOT WA 3Teholel
& foT v a7 vadivg grar fAefaa har ar=m g1 gk Aifser & el @edr &
AT JaTg-laequT cFagR &l dled-TR0T THNTT HAisel # Hrf-dd PM4Sand Hlser
& 3TANT FXh afoTd AT 97 g1 eEa-3att A IR dod HRERAT & HROT 8ot
aTell AEAIcHS YCTAIT FT FF A & AU dodrg FHo1 Tgdive gfseahor & AR
R FAIHaROT ASAT 39S 35 g1 SHh Herrar, TaUIeT AT ST 39T Hteh 8-
3eia AT S & I faRevor & fov -wrads @ Rufaar fefaa @
IS §| TEITCHS oI T 3YIRT TehiT FcheT TFYUT TIET0T & faivur, Ueh FoAdel
AT TS & HHUT fAReIwor 3R B3R AT BAlsy aer hr gelleor-aRa fawerdr
& fau foFar Srar g1 gdieor & 3R 3R fawedr & g & gdgR & fav
HAIToleTeh FEATT G2l § 7F 38 S HT ITANRT &13-FaT H-ddhsileh] ALATHT T
T ST & ToT T ITholeT X & v fFar ST Fear g

o Ade-wRor, R-FFEvRier Ragerd AewH F AT yaE-Reg IRaga & A
F foT e vgdvg-3maRa d&acAs o fAsfaa far =ar &1 araca fsor
fAeuid & IR W JPAT Tfhar #7 qofed e arell T FHEAST s
Alser IR fhar o §1 Rl dearens o # Baged AegdAl 7 - 3R
gfa-3mare faorw aRded & Follos-BiH A, g FAEAT & faRelvulcAs
FATT 3R efca-aifed 9arE ¥ Jf$ @R Uil & 30T & Teh TARRTA-ERT
AT & faeey AT HaT 3137 g1 [aReIvoTeAs, &dicAs 3R grifees aiomAt &
Y HAlToleleh HEATA ST el & o GEfad o sl 3Uacel HeuUT 3eqTait
& fav Beged ArgAt & 96l & garg 3R ey aRaga & Jend fagawor &
o 379aTT ST TR gl

39 MY ga H TN S, sgaitfada, a7-vala gaeansi i fafaw 4ofr fawfaa
THHTT-JHTUTRT FCATCHS ST T TgAr Ffqe 3R A TR TRT STeichl &1 Tg 37eTT
#-3muer Fisfelr & fav vadiva R & e & Fafa @ 3w gerar § 3w e A
THdTE & sy & e 3R gyl & fAU MUR & ¥ 7 A W H 3FAG B
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partial density of the solid skeleton, erodible particles, and fluidised

particles, respectively
density of the multiphase mixture
density of water

density of water corresponding to minimum and maximum solute

concentration

mass transfer due to internal erosion
total stress tensor

effective stress tensor

intrinsic stress tensor of the air, water, and solid phases, respec-

tively

partial stress tensor of the air, water, and solid phases, respectively
vertical overburden stress

vertical effective stress at initial state

trial stress state assuming fully elastic material response

effective stress state at timestep n

shear stress

angle of shearing resistance
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Symbols

b0, O
(0

w

Wyro, Ws
Q
Vsz]
61sz

initial and residual values of angle of shearing resistance
dilation angle

spin tensor or solute mass fraction (mass of solute per unit mass of

water)

mass fraction corresponding to minimum and maximum solute con-

centration
domain region
kernel gradient with reference to particle ¢

corrected kernel gradient with reference to particle 4
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