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ABSTRACT

Seawater intrusion (SWI) is an ongoing issue exacerbated internationally by the growing need
for freshwater along coastlines, which is affected by rising sea levels and changing climates,
challenging sustainable management. Rising sea levels exacerbate SWI, diminishing freshwater
availability, disrupting groundwater recharge, amplifying tidal influence, inducing land
subsidence, degrading agriculture, damaging coastal ecosystems, and complicating remediation
methods such as managed aquifer recharge and physical barrier installation. This research focuses
on finding intrusion behavior under the different layering and packing of formation material. The
more realistic and conventional remediation techniques are tested for their efficiency under the
influence of inclined ocean-aquifer boundary. A laboratory-scale glass box apparatus of
dimension 100x50x10 cm® was used to experiment with a 70° inclined interface. Individual
material with different permeability was used to form the stratified formations. High-resolution
images were taken at defined intervals and enhanced for clear intrusion visuals. The thesis
documents the importance of an inclined ocean aquifer boundary in stratified layers aquifer
formation with static sea level and sea level rise and accessed the efficiency of subsurface barrier
and mixed barrier. Additionally, a novel physical barrier has been tested for efficiency and proven

to be more effective than existing physical barriers.

The first phase started with determining the intrusion behavior within a sloping boundary
in a heterogeneous aquifer and assessing the efficiency of subsurface barriers. Comparing
the results of the heterogeneous base case and barrier installed condition, a huge quantity of about
38.93% of groundwater was conserved from contamination. Homogeneous media shows a faster
rate of intrusion with a progressive rate of contamination, while heterogeneous media, without
barriers, shows slower rates of intrusion due to reduced permeability. Analysis of the toe length
using sensitivity analysis in the heterogeneous case shows a range of 24.82 cm to 75 cm before

barrier installation and a range of 13.05 cm to 65.24 cm after installation of a barrier.
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For the second phase, stratified media was prepared, and the performance of a new kind
of novel under-surface barrier system for stratified layers with different permeability under the
influence of an inclined ocean-aquifer interface was tested. Results show that the under-surface
barrier is much more successful in stopping intrusion when materials with monotonically
increasing permeability are considered, as the toe length increases with increasing permeability.
For perpendicular stratification, using a conventional barrier is much less efficient than an under-
surface barrier as the ratio of toe length to height decreases. The height of intrusion after using
an under-surface barrier in different layers decreases subsequently as compared to without the
barrier. Results also exhibit that using an under-surface barrier starting from the point where the
equilibrium of water has reached and extending towards the impermeable strata is the most

efficient approach to follow.

For the third phase, the behavior of intrusion under layering of material in monotonic
increasing permeability of the material from bottom to top in parallel stratification and from fresh
groundwater side to ocean side. The intrusion was recorded in 2-layer, 3-layer, and 4-layer
formations. The height of the intrusion ranged from 28.3 to 32.2 cm. The intrusion was fast and
accurate due to the higher permeability of the material. It was concluded that the toe length-to-
height ratio varies from 0.43 to 7.0. This ratio is small for materials with lower permeability
because the intrusion is slow but steady in both directions; however, for materials with higher
permeability, this ratio corresponds to a higher value. The intrusion is restricted to the individual
layer until it encounters an impervious layer and follows a proportional pattern with an increasing

intrusion area as the opening area increases.

For the fourth phase, the efficiency of the mixed barrier was tested, and the extent of
intrusion was analyzed in stratified layers under the influence of an inclined ocean-aquifer
boundary with a mixed barrier as a remediation technique. The 77\H ratio in the base case
perpendicular stratification without barrier installation ranged from 0.2 to 0.9 for all four layers,
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while this ratio ranged from 0.67 to 1.164 in barrier installed condition for mixed barrier installed
condition. Both the lower and upper limits of the range increase and approach unity, indicating a
proportional intrusion in the vertical and horizontal directions. There was a 40-48% decrease in
the extent of toe length after installation. With a mixed barrier installed, the height of the intrusion
was reduced, resulting in an increase in the 77.\H and a decrease in the potential for toe length.
The intrusion was delayed by 86.67% in parallel stratification and 28.22% in perpendicular
stratification after comparing the time period for the base case and the mixed barrier installed
condition. A parabolic profile of intrusion was observed in the low-permeability layer, while a
convex-outward profile was observed in the higher-permeability layer. The results of this
investigation shed light on the mixed barrier’s suitability for use in realistically diverse coastal

aquifers.

For the fifth phase, the focus of the research shifted to the understanding of studying the
influence of sea level rise on the layered formation with inclined ocean-aquifer boundary. The
toe length to height ratio corresponds to a value of 0.8 to 3.5 and 1.02 to 1.83, assuming a top
horizontal surface, which changes to 0.42 to 4.7 and 0.84 to 1.62 after implementing inclined top
ground for parallel and perpendicular stratification, respectively. The results imply that the
migration of toe length in parallel stratification is much faster than that in perpendicular
stratification. A comparison of increasing intrusion area ranged from 8.3% to 206% for all
layering cases, with less time needed to reach the vertical boundary. It was concluded that for the
smaller openings, the interaction opening governs the intrusion and not the available head of
saltwater above the point. The induced intrusion from the top surface dominates the process for

a larger interaction opening.

The results derived from the research may be applied to real-life scenarios for estimating
the effectiveness of coastal protection structures such as cutoff walls, under-surface barriers, and
subsurface barriers. Applicability of results is subjected to upscaling (Froude’s similitude),
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temporal dynamics, heterogeneity, and the understanding of boundary conditions under case-
specific scenarios having heterogeneous formations, such as the eastern coastline and western
coastline of India. Finally, the outcomes attained could be helpful for better understanding the

behavior of seawater wedges and in providing remediation techniques to save coastal aquifers.
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AR

TS O ! gHUS U FReR HET § off dearsfl & Iy dre U &t dgdt Savaddl &
BRI SHARIP TR R 96 BT &, 9 Y% & TR H 9519 R Fdarg | gaard I gHIfdd
2, S W ge Bl gHId) & @1 81 T SR, I b &R § Ui gfg, 3R gt 3R,
Tpfad Yoid QRO & wft, Uit 1 777 | gf, 3R STerarg uikadH, et 5id &1 gaus
DI TR PR AHd g | TAYd THETd R AR 3feqg= ST SuanT yeeq fermew
91 & forg foram SITaT 8, daurdT Yae=iadl R &9 higd $Rd g | 8Tdife, $& fFshyu
fufaal & dga, HH TRTRIAr STeref 3R TGl UaTe "I & 1 HNiferes TRaAT BT
fafae 81 Tl © it uRe=Ro SR @R uRdeH o B! yHTfdd Hd €1 I8 WMy fafd o=
3R TaT Al &1 OfdhTT o IRewdl & dgd guUe o SIdgR & WivH IR dhiad g | 31w
FYTfaTdl 3R URURS YR dehrileh] I FebTd dTel HERINR-STeid HHT & YHTT H I
G/l o foTT TRT&rT fosaT SITelT & | I81, 70° b §U ST b IIY TART 3 & TaTT 100 x 50
x 10 P ST & T YARRIS-UH & TN i SUHRUT BT JudNT fosan a7 |
TRIPd SRS DI S & RTT S-S T TR aTelt St T ST &1 SUART faa
T T | Fe-Reeiieg arel ofadt o ol siarTer 1R foran 7ram ot 3R Wy gqis =l

& fore Sgran T UT|

UgA =RUT Ueh favHq STayd H U sa ST & Wik gate oraeR &1 Huffed wa
3R IUHAE TS Bt G BT BT DR &b 1Y [ AT fauH SR A SR q1en
1o fRufa & gl &t g1 dRd g, TTHIT 38.93% HSId i Udh Sot U1 1 givd g1H
& ST T AT G WS Gguur Bt wfeiie aX % WY gaise B ael & e §,
e fawm difsan, fom faf a1en &, F0 R & SR guus &t e o) T B
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favw A A Yae=itadr Ay &1 ST #RP 7, B! TS BT faRATr S1eT RITYAT I
Ugd 24.82 JHT T 75 T b1 TAT 3R I1YT bt RITYAT b 1S 13.05 JHT T 65.24 JHT BT AT
fearar gl

I TR1 & fo1g Tt Hifsan dar foar mar o1 3iR de & 19 74 3/aR1Y Pt gern
T TRI&0T fo5aT 7T AT | RO §dTd § [ T8 & Td &1 a1e1 g8Us &I b+ | agd Siiid
B Bldl 8 i AiFIel-e ¥ I dgd! TR aral it R 3R fear srar g, wife
gedl YRRl & TTY 7, BI ddTs 9¢ Sldl g dadd TRIBIU & o, TRUNS 3{aR1Y &l
JUTRT T8 & A & 3faR1Y Bl Ja-1 H §gd HH HI § i WR DI 7, 3R HaTs Bl
3UTd HH 81 5raT g | faftrs Rl # Tag & i Pt 17 BT ITAN hRA P 9IS gYUS B
SdTs STYT & foT &1 g1 & a1 § & g1 ol ¢ | IRomd I8 ot g=ifd € o ag & i &t
YT BT ITANT 39 fofg T = BT & ST&T Ut 7 e Ugd 71 8 3R 39T TR B 3R
T IR0 HRA & ol T HId DI B |

dRR =1 & e AFRIAS # Il @1 IRd & d8d gUUS T HaegR JHFIR
W0 A I W FWR I 3R qeT Yol B 3R W TS B1 3R RN &t IRl 96 I8t
21 UG B 2-URd, 3-URd 3R 4-TRA & T3 & 1Y ol {61 71 UT| GHUS Bt ST 28.3
T 32,2 9 qF It | IRl @) S ORI & HRUT gAUS oot 3R Géiw | ag ey

fyepTaT T o 7, ®1 TS IR SdTs 1 U 0.43 ¥ 7.0 A% fNF Il 8| HH IR
aTeht ATl & o, T8 SruTd BYeT § i guts divd 8 Afds gt femmai & fRR §; greiifes,
I URITRIAT aTel it & forg, I8 Srurd 3= Jou ¥ Ad WA ¢ | gHUS &1 STHT-31THT
UR % S T3 ST & S Ao b I8 Th 3He IR BT UTHAT g1 Bl © IR oig-oid
3qHTe 89 dgdl & GUUS & dgd &7 & J1Y T Ue ol UTe Sl g |
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1Y TROT & fore TAfa S1er &t g ST uien fosan T 3R T IUAR ddHid &
U H U MAfYd a1u1 & 91 T Fobl g8 HeRITR-SIairg AT & GHId H wiidpd WRdl #
TIUS 1 T BT fa=awor foeam war| 7,17 Srgora quft wadia Rufadt ofR R1fid SuaR
o fe100.2 9 12.84 T 4TI RITGAT D 91 7, P1 iaTs H 40-48% P1 HHI 373 | Teb T SfaR1y
R 1 & 1Y, IS B SHdls HH 8l Ts 2N, fords aRumRasy 7,17 H 3G 88 iR 72
P aTS BT e B S 1S | 9 B9 SR il aren wifda Rufa & fore s <
qT B & TG FHMIAR TRIBI0 T GUUS T 86.67% 3R daad WRIHR0T | 28.22% 1
353 f | 1 IRITIT IR H Y08 o1 U IRAID R S8 TS, Safd 3o YRR
Wdl # T IAd-aTedl S0l ¢l T8 | Y Wiid & YRUTH JRdfde w0 ¥ fafdy adig
STyl & ITNT & forg 3 aren &t Sugaddl IR USRI STad & |

Ui TRUT & fo1T S-IT T &1 el 3T HERITR-UBWR AT o 1Y IRl TS
R % & TR T gig & YU BT 3T B Bt 90 IR RIEIART 81 7| SHaTs o forg
7, B QTS T ST 0.8 ¥ 3.5 3R 1.02 ¥ 1.83 & A I A WIdT §, T N &fds Idg Bl

HId U, ST hHRT: GHMHIAR 3R dadd TIHRUT & foTT b1 g MY S DY AR H=A &
TG 0.42 9 4.7 3R 0.8 4 9 1.62 H 9GSl & | GRUMH ST 6 § fob FHMIR wliebror A
R P I DI daT8 BT YA AGad TRIBRO B a1 | 9gd ol ¢ | SHeafeR T as
UgdH & foIu & 97y &t Saadar ara 9 dafer Al o o sed guts &3 & ga-r
8.3% ¥ 206% T Ut | T8 ey FenTarn o foh B¢ Igared & forg, sid:forar Igares guis
oI fAfd Fra1 § 7 o g & SR R ol & Iuas IS &1 | U 99 3id:fobar Igareq
& forg, < wae § O gtis Ufsha IR BT BN 1




MY YTt GROMET DT T YRET SIS B gUTaRTdl BT a1+ & oy
JRAfa® Sfiaq & aReal W ar] farar off Tl § o fo FHesii dlaR, ¥dg & e &t
YUY, 3R IUTas! I1UTE O b MU el (ThT3S Bt FHT) difdres Tifar=iterar, fawHedr,
3R fIvHd | faaR e & S1¢ HRd &I gdf dexan 3R afgt e oY fawe et
ara Aa-fafkiy afke=al & dga A Ryt &t yasaan sid o, v ooy 9gg! 9ia
Ofeal & HagR B 98k 71 Y THSH SR I STayd! ! S & [l SUAR dd-idb TaH
HA H HgF 3|
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