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ABSTRACT

Climate change i s having an i mpact on Canada,
precipitation, and evaporation, among other aspe
Al berta since agricultur eeciosnoani ma jdeeo/fefl otpeeemit b mi bt

For example, the r egiroend wi rfiamgwatda idtifisetycaalorsrsi nggartd o r

maj or reliance on reservoirs that inThesulrtdded:i @:
known as a drawdown, thoasextalceer pat enteixa sting | and
| andsiln dtelse region. The geology of the region cont
frequently contains | ayers of bentonite and coal

and can reduce the strenghti ¢$obumrbaceltse adsu ad n sitmrernga

groundwater | evels droet bHopmeiss obukdpwporsematin t h
effects of <climate change seemamadsbéedéentéensgi imainmg
techniques i s neacneds smaorme ttpa sisd eodtei flyandsl i.des, asse
The thesis intootdud€NSaA titeowawhnol ogy and met-hodol ocgc

effective tools foradamgomeamtg dmd dmdnnage marmstk i n r

change effects, even under conditions of Tlhiemirt ed 1
reliability, efficiency and applicability to dif!
Coulee Il andslide in somowvhegn!| Ahbed i a@e Thlaiss dslsowpt

1970 and has shown greater whitsepl adceamenndt s nvwh eera siersr.

The dGNSS technology described and adopted in thi

designed forcapabbeyiofg achieving millimeter accu
monitoring when additional c¢ompoAdednttsi oanrael |ays s & rbels
hidlhequency daftBvecroyl |,micnmnidompendence from internet
management, and have an approxi mate caudtadmicnsd o

for |l andsl ide montesteeamyleagddf pos é&sr mec hiokds ziomt a l an



vertdicapl acement s. The monitoring dat a showed t
manufacturer accur aneny hsopreicziofniteaaltv eomi®Eh & 8lsdy st em err
was wiattlkcieptable | imits to monitopandt htehel amasdlitdse s
compared witbhoametrbéendGNSI&arad d laibdet mochnbdoigygi nst ¢
in the | anTdhsd i daeg mirtelade of di splacement observed
| ower than that of the othéde Mmeohnolrogy, penri oaril

technologies exhibited similar displacement trend

This allows the conclusion that the SparkFun syste
enabling the management of a | arger number of mon
areas at a | ower cost.

Furthermore, a practical methodol ogy was introduce

Pl ains under current and future drawdown scenari o

responsible for | ahlles | mdehomamlaggyentdenti fies mat e
stability and the pore water pressure of the | an
reservoir water fluctuati ons, dr awdown r althes , hyd

met hodol ogy demonstmahetdbgotdiermapttdedy i a | shear stre
permeabilities with prior studies in the | andslic
surface was consistent with t heScoenneargdrodspase ¢ tiarbip
werienf ormed by current trenadnsaliyre edlr, awdocwn tti mgnd s
stability compar edunder Otbh0eeart e c,@a nadmd itomes | ands | i deé
wageduced Whenmnlé&onsi dering . dahegetrealbl tscxedamopost

pr accathii | ity and effectiveness of this methodology
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1 INTRODUCTI ON

Landsliindetshe Canadi anwhiniimecli ode Pp@aomisherastodrn Br |

Col ummoaaf Al bert a, centr al and southern Saskatch
(Biagini eatr ealwi de®GCi2dema dc aairsce e st i mat erda nagninnuga | f reoxnp
$281 million to $450 mi Fénisd rg mcekRroeabteet® ®@d c tlarkrees 2 01 9)

rel dtoed ockshopestolnd omigghway system in Al berta al or
2020)This aligns with the natwhinah I aBeimtepasusce
ofAl ber tvaulanreet @b llean dpsalritd ectsuhloasrel yne ar rivers, | akes
(Bobrowsky and Dominguez (2@h2sl|l Pdesemwhet ealt he2®d@
affected by fluctuations of.Tweseasifbardd stgya nioz atsih@mm g
in charge of maneghagcéaaddlindecvabetmeslkeodsanded i
ri sks (Macci Rtotda i ggtu eazl .2 02020 and optiamdzenittkegatiece
potenti al magnist udidheebdénartisbimpass vaudluhe stage
identification, anal ysi s, monit Amomg, tareder smeadi
prioritizing t he identidrndaal gai mg ttheaagrgoenrgmpgic tfls
emphasi zing the reduction in the cost of monitori

becomea tRomdr i guez 2021) .

Fai |l ur e meicrhatnh e mA|l lmeret aa sBloaii retnd s ovgiretohy, oighgdr aul i ¢
proper tasnedis | b eadods khear sPagthagtthal e vehnet sr esgciuolnp tse dg eto |
| eawierak sedi mentary bedrock interblkdyesthoail & & ,asnidl t
bentonite (Bi afgcicnoir deitn ga lt.o(22809222¢)li landi t eert  dafWteexnhn ibti &

|l ow shear strength ardiugghe i pr grme etea pflounrstrelu g toi amy d
posslidadghing their riesiitdmaddsimsdgpr as.Etoe ngaxda mpl e, t he
Coul ee | andsl i de, situated at itrhd nnolratbleern Abbekt a

2021) , is identified as a retrogressive compound



(Biagini et al . 2022). ™Monougohewompmamntahsveensal éad |

demand for reservoir waters, tdhier rl caghalpsH a ddamsm tas1 d s

intefRotlyi guez €Ehe atlecrr®da24d¢ .in water |l evel s, comm
and identtfigdemnrnisndasf aottorexcl usive to the Chin (
potentially affect other sl opes iAgrtihceulpteurieneitsera
economic activity in the region, and as a result
rise in dependency on reseryvodri wahebyforandgigam
a decrease Forrainstahlkce, the most recent report fi
Canada (ECCC) predicts a temperature increase of
Al berta (Busvuhatmnaald. e2019;. 2020; Berru et al. 202:
t h@hirreservoir water |l evels, it was noted that the

t hat mdlgertitahni dss Inisd @Beérer u etGiaden 2t0Ret )i.mmi nent i mpa
change in the region, the increasing use of reseryv
near reéBobobpowsky and Dibmisgecexaih@dhe)t ef fects of ¢

changeecifically the domwddwswhi d& seabilWVbtys This u

devel opment of a practical methodol ogy to esti mat e
all owing organizations to manage | andslides more
Furtheromirtoring is essential for understanding ar
of | anddlsiid&s malyh be deradcor wdti enche mplcéoaingieng t he in

of having an appefofpedtait\ee annygdstceonstf or the region

monitoring along <corriddmudg bwmbdb| mdey ORgOfr hguand

Traditssobhahdsloindd oring tool s, |l i ke inclinometers
costl vy, restrictisnigt etsheoirr auslei miot esdp encuinfibiecr of moni
al. ,Rotilviguez ,Berantu.ebB2btes?@23) ve alternative fo
di spl asement he Gl obal Navigation Sat elhlkee-abem&yst er



kinemati c ( RTwh)i ctheacfhondngwcer, k ak do wr eaenti al GNSS (d
technology has gained popularity due to its frequ:
the progressively decreasing cothdGNSSecamtenyleamnac
t ha&ccur atchye onfemtowoirtkor i hg pea@ahemel s in the vertical

ars (Takasu and Yasuda 2009).

The&eocusdyst,ema proven dGNSS for monitoring | andsl
l andslides in West erennc@amada.s Hovaderngeist due to
winter and the remote | ocations where these | and
requires uploading monitoring data to a cloud, wh

phone signal s sarenphastzesThthe ongoing-enéedtitwe e

monitoring options and eval uathe ttrluememtp mpa etcii sa loint,

and reliability in tThhe s@amrddioan semvfifrranmeardtu.abl e o
l andslide monitoring, especially anticipating an
climate change in the region.

1. Problem Statement

The potenti al for |l andsd ulda si ntne ntshief iiendt ebryi otrh ep | eaf
change, which is altering temperature, precipitati
ri sk to diverse structures such as highways, rail:
ensur e maei nrt esnialnicence f or these structures, asses

hazards and developing new monitoring tools are v

Drawdown is a climate change event -stchaalte hsaosi It hnea ¢
di spl acegenerating or exacerbating t.hel thaiznacrodr ppoorse
mul tiple aspects, including shear strength, mat er

water | evel, and estimates of present and future o



the proceducensiheimert , asystematoi ¢ nmetshod aite mod de g

future drawdowns induced by climate change's effe
Exploring alternatsiivers momi toadngi omalt ruments i s
numerous current and future |l andslide cases, all o
mechani s m, and reducAmgi ncrsoasatied rFras#dsli-de acti
effective monitoring strategies to allow adequat e

resoudGBSS networks are a promising option for mo
to their high cobhtéewvelygnhigbgaecayacyel and decr ea
faces challenges related to deployment in the renm

This highlights the needftectdoret idrGadNeSde sy lsd rwiatsg n g o ¢

i mpl ementation costs, instrument precision, accur
This is eopentmiabogoces, addressing drawbacks, i
enhancing its robustness.

1. Research Objectives

The objective of this theseé$festivedevel epfpracimp
ri sk management, especially in response to the in
plains due to <climate changeafi fmprathdlsl. €olrti ngi mso otl
managing different scenarios and a methodology f

| andslide instabilities.
The specific objectives of this research are:

i . Assembtust cammidz ee)e b hwiad boiHciotgyf f e dGN8E technol ogy
asurface |l andslide monitoring aissetssamaegnt si hi kah
accuracy, sDmpbtcooensfg ,goEmalt dephioyex.Comadsdasnst

monitdatwadh another provedepdGg&dthec lsmaneodyand



si.tel dentddtyergmodentiinalt ati ons to addfessrehes

depl oy.ment s

i i .Proeiad met hodoelxoagiyinlfoonr ¢t her ent amd widwotwinr escenar i
caused by cl ii mptaehtec hlaanngdes,yii md et sete a®arnddi an Pl ai

the methodol oglyappl gcngveéenhews a. |l andslide case

1. Dverview of Methodol ogy
Thepecobjiect iavehsi eareed by apprleyaln genaashebm tCanadi an p

serving as a basismetbtodesxtendimgl| ahed anhlles | s aleesc t e
l andslide for this BsBbobutipamnk sl bopateod an rtelervoir
i mpacting a highway0s; ncesttesar idGh & pstBe iamn.dp rdesent

summary of the methodology used is as foll ows:

1.3l atroddGNANgt wor k
The met hodolaoco mpsleidsttbospetci véeconkeliowdeacmotbeddet

met hodol ogy is presented in Chapter 3.

1. Assembl img esnd nguddNSSOre deploymempptoprabsatess
componemahgafactur er 'asc caua paohiddlsi,dii g , st andbe capa

abilityntdo ma@amm&MNBS wor k

2.Depl otyhidaGANSuSn iatts a | andsl i de site assess their c
net wor k, the robustness of the equipment t o

Canada, and to collect monitoring data.

3.Processing and analyzing monitoring data to i

di spl asemeadaéenti fying variationgdiispl| adasmemdame nt

4 . Comparing the monitoring damnhat wion st aatnlod thee rs iptre

to confdGNSS hmaeetxwoirbki tdi spimad¢ emeants .



5.Evaluate the ca@PN$SAIl neatnwld rikifent hdy chall enges w

to i mprove in subsequent depl oyments.

1. 3M2t hodol ogy Itaon daslaid d¢yggdeausi bl e CSciemmaatrei oGh an
Thi s sdckedsdraimbee sappr oach ttatke ns pdd iafoitudmbee, tawanor e
detailed methodol ogy 4,isn cplruedsienngt edeailhy i fadpfivaer e u s e

and materi al parameters

1. Reviewing backgrotihléanadadslojivdma tcihon siict e diesvestiga
reports, monitori,ngidmdtl amentt oe paontdeessteirnvgp irrep

water .l evel s

2.Defining the representative section and const.i

failure mearaarreirsethlessnidour .

3.Selecting the most representat i voef ptrhoepdesritiidees

based on background information and compl ement

4. Calculating drawdown rates that represent the

currsagmtbi l ity of the | andslide based on the re:c

5.Conducting a permeabialRDt pthadcki agabusks aamadysi

| ands |l i deanhdy dsrhaeualri cst rength properties.

6 . Estimating future drawdown rates and conducti n:

these estimated drawdown rates to cal.cul ate th

1. A hesis Structure

The thesis comprises five chapters. A brief overv]

A Chaponetescrtihbeesi nt r oduotehrdesre,araciht @bjhetch o delsogy.



A Chaptwer provides a |l estabhtusk theiewntexintbudesb

explanation of how dGNSS networks wor Kk, prior
internationally and in Canada, discussions on t|
and case studies on | andsl i de Adndsittaiboinailtlyy,r etshuel
explores available methods for evaluating draw
literature review is provided in the first and

respectivel y).

A Chapter three i(sMamruessearitpad #ilnbasddrtmh o ad pawpsera
dGNSS technology annudi t ads d dad ¢gmo niittsor i ng opti on
di spl asemént details its deployment, c emopnarhe nt s,
monitoring period at a | andslide in southern AlEL

A Chapter four {(Mheaspréepen#eld i-mased otrtine ©d 5iabpmpe
a methodology to analyze utndeustrarbd | potyerotfi aal Ifa
drawdown ssrceesrudrtiiong f r oml hcd i arpapreo acchha nigse exami ned
study that compares its stability to the curre
considered.

A Chapter five includesommangand| doirod udamude resea:



2 LI TERATURE REVI EW

This section provides a summary of r ¢heivfainer emmnica|
Gl obal Navigation Sapeotposed Gagcdtemog @@ABBE) or l and:
di spl asemenitmpact of <c¢limate change on reservoir d
stabAl deyail ed account of the features, i nstrume

research can be found in the r eGhpeepsttadivé. chapters

2. DGNSTSechnol ogy

GNSS wuwnsiegtas a from at | east four satellites (Bei Dou
QZSS) t o dehtegierong napohciact i on (BearPhedthi al is achiev
calcutbaeimngme it takes for signals from these sat
the distances, and thenermiarGlS&St ungtt bemotati on
Rodriguez et al. 20@NS S Bwemrimtasveet a gall e, 2d0wa3l),. or mul
capabilities, whertedg htehd reqmieearcyofindigaal s recei
(Septentrio 2023). -Thequereecdoutsedsu agginidri crawmltt ipor ti on
del ay caused by( Qehpet einotnroisbphhizexr2e33 betavgembavi nf§ a
frequeandioewsss for a more accurate measurement of at
time of arrival (Déande fRe @dxdec wrigmnyl ef GNSS units
sevearsaplectisncl uding the performancepaodi ttihen GNfSSs atee
andurroufnddathgres such as buil dings, ({t Reelrcguerz, ea
al . 202Under ideal camdiani acdh,i eaeGHBESaccuranty of a
(Ardusi mpl ®dedfg3cewemosadngi neeri ng ramuliir@ateiveemms mo

exact meas(uDecameen.t2s0 2 0)

Redli me kinematic i(sRTK) ttiealinifeppue i mproving accur a
standahimhet hroedguar misni mwmn GINSSomueniass t he wihBase iwni t

instiahl adfoicaeaddnhrasal cul ated coaochedtheatas, tardiRove



whose | moabtedenher nfiBeaed u et dlhe D@3 egsauneiltl i te® si gna

esti mat e iatngd Eosnpvairtes tidtset ipmaea erdd ith@ad € eéhsosw  mu ¢ h

rricsraused by environmental <condi tRmoddrsi qainedz ad tmoalp.h

Berru et, aBer r2d02e8tP)raenbds est i mate the corrections n

net wubhksequtehnet Iryover unit reckeromst héebaseprwkeictho

havera aatcecru r(RRicyB.0)eUs i ngt & hih ptheeu e ocvaenr achi eve cent i

|l evel accuracy in both horizont al and vertical di
Berru et al . 2023) . The base and rover units for
System (dNBNSIS)mMOore rover units are required, t hey

monitori BepounesThd .GRI3Mmanufacturer and the met

t

t

T

(

he errors determine the distance between the rov
hatr oovheer s and base should be able to Hdaie¢itomal day
cl ear | irneeq wifo esthignhitmiizse nrue stuilptainnbgp efbryoormIsj ect s, r

nolwyt these | ast t wo dduirsartubpetaincen LR®Me | gieZh ettt al

happl i odt idoGNSS technology for l andslide monitor
Berru etMallet (2e0t2@aIp.l oY &dNS& n eattwotrhkeS Swpereart hfl o
n Framcéieving millimeter accuracy. The GPS cons
he dGNSS t &haéanddliogwl a cneenaesnutr e d by tber dlGNtS&Sd wi
bservations from other monitoring technologies af
roviding 3D kinematics dathawdaf hat dubketotébkenal eag

nd difficulMahetesgesTddIliia2yion2i) .et G@NSS (RdOtOW9 r ku sveids

udlrequency capabilities and employed the GPS con
n Itahg estimated velocities matched records froc
nits, validating a methodol ogy for hazard mappin



Benoit et al. G20p5egukhcyesSiN@bStadestFemnch Al ps fo
surface | andslide displiaftemead sasnfeddmsyBlk epred sby
Ophelia .SelnhsGasrescube dGNSS units are equipped witdl
di fferenti al peesi TiGRENghiapd EMBAI oyi ngGda diceu bRRT Kt
dGNSS neuswad kb asepowritti onad st abdaor raercetav phoassd t i on s

(monitoring podmitlsl)i rmentde(Be#do evreea®¥Y 15a; Rodriguez ¢
The Geocube dGN*Snonstiwaudrdabl e outcomes attribut
depl oyment , |l ow power consWmpolian paegl)ri g gbnidy
frequedcydata col,tesetffecti ae@aerss enabling the inst

uniamd high accuracy iGeddhwebens |Idomtertiebutreadch gtea a mo

understanding of the |l andslide's kinematics, i ncl
Benoit et al. 2015a, Ge;ocRiddckr iugu &z eneer eMidle®dd Dly)edle ¢
i n British Col umbi a, Canmdmaat h amestuinndger ggemnit odan T
di spl asemgnthe Geocubes aligned with other monitol
millimeter mmchiorici enstnd ¥ eannd cal ), offering dense

high collectiaeniht ejouveehveeyr.,( 6tOChe system encounter e
to the power supply system due to extreme weat he
connectivity for daptlaoatdo ngheno@phelrii magcl oud server

caused by the .t eAsrai mrelsaundif,ortrme data had to be co

I n 2018, Geocube units were deployed at the Chin
fourteen monthldssploasneomeimtbri nvestigate additional
net wor k. Nine Geocube units were installed at the
stable area crossing the Chin nresnerov aihre. gHeoluincda | w
to mount the Geocubes, employing the same -power s

Mile | andslide. This poWerAGBOYaemernin®s sdedr a pwa 04l
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(Rodriguez et al. 2021). The GNSS achieved approp

the outcomes of Leica GPS measurement s, suggesti
technology for mdnhnspbasegehtandehisd@abl e cost, en:
coverage and frequencyRo(dRd dgruieggu 220 2¢lt) .al . 2021,

The SparkFun dGNSS wunit s, devel oped by SparkFun

purposdaeytheeGPS, GLONASS, Gal il eo, aenndp |Boeyi DXohue c
RTK technique to enhanamn damc urhac yh,o renozhoinet vail h ga nidd r 1t Oi
di mensions (BeWhulettak. Sp20RFuUun dGNSS units requi
such aBrdgaéncy antennas, power supply systems, al
the base tastiwerkoasra dJdGNEsSynepobweelgsedaoawnl,capabil
operate at a high data ddHael liectai diNISIS¢ q u eGiBc ySmw o att ¢
card, and have pa ipowerf aaapmmAR hmaeelchaldalteristics
SparkFun dGNSS units a suitable alternative for i

system for monditeplageimantiBi s deesearch.

2. Ll i mate Change

Climate hcahsantgkee panodritfiyalprteci pitati on, wind patt

temperatures, and the freqguHoweweof fligonddi cBotetf

from cli mat pc leeixdtergrersat be e mted atteadmpteor at ure and prec
(Tao et al. 2012, Labaj Naewural . s014 sl Bagkethiavea0 2
(FoS) of one or slightly above, these changes may

decrease and add oewadirngi ag Goscebkle sl ope (Bo e

It i's antici eamegi arhsa,t snwah has Russi a, Canada, or
increase in temperature evleQ/ydedeaatl.e§ AQ/adnegciandge , f r
maxi mum in@A€@agEBo etFoal .ex2aomp8admal ysis of data fro

stations from 1948 to 2016 as,ewseplelciaasl Idya tfar ofmm 0ln® 0sO
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revealed that Canada's <climate is <changing, wi t h

country's southern parts (ViTh€antdetn acPornapkroiilssisn gB a
Al berta, Saskat cheewanrec ttaenchdp &aanti wroeb ai,ncrease of 6. ¢F
may ncreéeaeerate of evapotranspiration, potentially
the peak growing season (Muhammad et al. 2020).
The southern part of the Prairies is the driest di
Mountains and its isolation from sources of moi st
by an estimated (Bh%tsincd TaHé@drZU2Eramiceiskhute to
significant increase in water resource ,sis@algeas Wat
human consumption, industrial activities, and irri
to 65% of tlheeprgei nod'ad water consumption (Al be
sector constitutes 65% of the totdalo imeritgdthieo d eanr
for water resourstseeamheeseave-sBBeamilréddealongs ir
Al berta alone (Al berta 2023b) .

Water used in agriculture typicall Fudblksr mootneer et u

watemeeded to mai nt ai n mini mum water flacvidlig ait h ng

transport of irrigation water within the system
requirementhe irrigatpoaoapsyHdyadmawe magrok fl uctuati c
water l evel s, resulting in a higher probability
Al beirft acondi tions get dri.er or dry periods are | on
Drawdown camecduveatteoa sdfi ngrd andsl i des and the in
(Yin et .allfThi20p&Bepnomenon reduces the external for
t he sacootpaes,ga s.uppmay al so | ead to higher excess po
on the permeability of the soils constituting the
Al onso and Pronry oiln s2t0aOn9)e., at the Grand Coulee Dam

12



of America, about 150 I andslides were triggered di
water | evel silOmaogRBghbtsoerA deseépat ed rockslide sysi
the Gepatsch Dam reservoir in Austria experience
maxi mum velocities when the reservoir IlerveSpsaiwe,r e
alandsl i demjJ40h1ahe | eft bank of the Canelles re

significant decr evaesle. iThh & hder arwedsoewnv am/ard ®gerria/.ndjaeyd f r o

(Pingtol201U)nt he Three Gorges regi on in China, S i
Liangshuijing landslide occurred during the dr awd
resulted in the blockage of the Yangtze Riwger for
|l andslide was also reactivated (Yin et al. 2016) .

2. Drawdown Anal ysis

The stability of slopes, whether partially or ent
adr awdown event (Al onsaccamadoPbatyledf f20clt6) .0ofTlheixd er n e
such as the removal of supporting forces, and se:¢
come from the drop in water ITehvee | ss| o(plel omesromeaarbd |
drawdown rate determine how much excess pore wate
the drawdown. T heix< epbosrses | prad $ ounr eof mi ght happen ins
several mont hs, causing a decrease in stability e
2007, Al onso anTdh eRkienyaonlal 20l6) .can be conducted us
Met hod or nume (¢ Beal | gnerohwedwWerr),. numeri cal met hods
El ement Met hod o(rFEM)e alslsdhve s meébayibn dbdntyo hat iedd ect s ¢
strseepage,l i near mat er i al behavior, i nt rd ctahtee b o
inclusion of transient drawdown, Whherriel gefinh i2d0r0a7vd.c

approach is typically known as a FEM coupled anal

13



In FEM analysi s, the s &5BNPpt hhc ormesdmpd tpifyeend mdtatbod it

anal ysis. This involves appl yi ngs(®&iRfFf)erteontt hter inaat
shear strength parameters unt il the slope reach
convergence issues. The pecroicteiscsalaiSIRSF,i re qiud evratl iefnyti

Safety (liFoe§ui i nbrium analysis (.Rehlemi SRMdamMalrite d
materi al usiCog !l omb Mebhhobiedtdhm obgh the foll owing

(Rocsience 2004) :

Equatilon _— — —

Equat2lon — 8" OAT
EquatBon o° —
Equatiéon % OA] —

wheties t he shdar tshter esmdse s¢ihen.,frréd’anidiingaenglhe reduce

Mo hCoul omb paRamstense (2004) .

Echuan et al . ROdiéEMe ncs(i &dadnk rd c a l mo d e | to anal yz
village | andslide deformation after a drawdown ev
Sitodservations, demonstrating good asgtraegeeme s ma | | T
|l andslides were obserygedunnrd tshue ffarcerst. alT heersce mied or

linked to the reservoir watem losav eMabr fctthamc Iodnh Apo n |
11, 2007. (Echibheae¢!l bés PRao&mlaindadewlnnd eSspaai ndr awd ow
scenario to investigate if this phenomenon | ed to
Reservoir water |l evehsedightércantdlry ¢derm,odwi trheac
the maxi mum recorded mvatA&RlronsoedndelPingy 6l052016) .

val uescovesied®red heaanahgsiandsl|lide risacéainabedavil

14



of the materials was characterized using a linear
Poi sson'Psez@ameétoerwerreecotredess al i date the numerical m
el evation records were simulated for the2Gblur. yea

Further sensitivity anaatgisfifser esntmuld att e 1,9 rde \aevaloava

nature of i mpl ementing practical contTrhel Qdwert otuh
Landslide, | ocateae a@gragentRéevernt e ThTGR) in Chi
di spl acemenhheér alwd o wmry. To understand its deformati

simulaemplooyhegsatandatsad ur attehde ofrlyuiwdass per f or med.
revealed that the region of maxi mum di splacement
upper section, mar ked by a steeper bedrock surfac
characterized bypcad besf§asteapdbadt hi ck arogdepeasist ,

(Jian et. al. 20009)
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3 I NTRODUCTI ON AND TESTHEMNKGE OFI \ AE C®NI S
SYSTEM FOR LANDSLI DE MONI TORI NG

A ver

t he t

Abstr

The u
( RTK)
moni t
respo
advan
effec

| ands

of fer

Spar k
| ands

di scu

equip

coswff f

Keywo

s i ocnh aopftt eegh ibae e e ptt @ d p u bl ti ltjesotuira I rma | wHatzhar d s

itle Al ntrodicsEtf becande T&ENSSNnyst ean for Land
act
se of Global Navigation Satel |l ittiemeSyksitreemma(tGNn
technique, known as differential GNSS (dGN
oring landslide displacementslame,denadt i mg
nse for risk mitigation t han traditional n
tages, includingfhegbhbemcyudatg aobtl é@dc-gihon. /
tive, their affolrldamges tfyomapulsltiid l ompga@emiendt i

lides in their territory. The SparkFun is a
opographic sur wvelydn ¢08PD loa-F ZiEEMmeduheeses Whe s\
s t lbd WEMNSTSIi tteechnol ogy while being more affo

so avoids relying on phone signals for data ¢

Fun system, its component s, and howt em fcam b
|l ide monitoring. The depl oyment and testing
ssed. -mowmarh ttheest®b ng period, the system achi e
aligning with the manufacturer's specificat
mparable to a commercially available dGNSS s
m exhibits displacement tr emdgs csainmpiali agrn ;t oh otwhee
uture deploymemtshethewemnbsesppkgssystem and
me nt need to be enhanced. Overall, the Spark
ective alternative to monitor | andslide disp
rds
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dGNSS syst-efmf, e Cloisete, Landslide, Monitoring

3.1ntroduction

Sl ope monitoring is a fundament al approach for
Monitoring aims to detect ear | ywaging mg so fansdl d se afnaii
step in risk mitigation plans (Chae et al . 2017
borehol es and-siitnust ahbkt ngmeinnt s such as ShapeAcc:
inclinometers (SI), and p@ilez®Melt7rer sRod3 mgtulewr sett ea
dril |l i nghofloer idhoswimr umentation carries high install.
number of instrumentation installations due to bu
dril lt epsadmisght i nvolve building access roads and
accessing privately owned | and, and strategies to
these slopes due to earthworks (R®»YWrighez |l etatailo
overhead and underground wutilities may also affe
l'imitations highlight the -enfefeadc tfiowre emonr iotrd rnign ¢ hdckee:
more extensive and acocdradtees owvhvdreagmi ndafmi and th
environment (Rodriguez et al. 202ZX)olaes ian < tomup e mt a
(depending on the characteristics of the site).
The use of Gl obal Navigation Satellite Systems (G
has increased due to their ability to collect dat
gradual decrease in their etbsal ov2019%9he GHSE udericts
position by calculating the time it takes for si
constellations (Bei Dou, Gal il eo, GLONASS, GPS, | R
measurementscaleulaeed tthhe di stances from the sate
these distances are triangulated to determine the
units can cal cul at e-ftrhla upansiytrieagnu reundcitineg® 1$f$ Magrh letalt @ o n

17



they tr
mil |l i me
frequen
because
from si
(Dobers
signal
setup ¢
at a | o
the "ro
have er
correct
correct
dependi

one royv

Figate

d adle.guMwmictyi GNSS units provide a more robust
tre accuracy,; however, these commerececial de
cy GNSS wunits have a hoel g onit(&8® aaec u2r0a2cly)

they are unable to correct errors caused b

gnal reflections off nearby objects, i nt el
tein 2@®102;5)Mi Iihesne rekta haelmat i ¢ ( RTK) techni qu
errors and significantly improve the relat
omprises at | east two GNSS units: a GNSS wu
cation known to be stable and fixed, with
ver", whose coordinates are unknown. The s:
rors. However, the baserchy tomnemitt hege

ion data calculated by the GINSeS tnmroadnusl nei th e
ions increase the position accuracy of t h
ng onFityhdBLsgyrsteem ayo8omex&MBEednits all ow

er to be |inked to a base, which establish

Chin Coulee
Landslide

L\,
Readlli me Kinematic technique schematic (Photo ri
Google Earth | mage)
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GNSS measurements wusing the RTK technique are <co
(dGNSS) , which offer similar advantages to a sin

Modern dGNSS can achieve horizam alncdandr eepé¢dctciave

(Takasu and Yasuda 2009) . Various studies have a
l andslide monitoring. Gi I et al . (2000) demonst
dGNSS could ach-1 evelcantiumatgrwbaeaenconddivens. Mal
(2002) repor-tedelmi hccmetaey in hourly maeSnaiutzoer i ng

earthflow in France, using solefyeghenGRSdEHNISSt sy
was empl oyed to verrdi fays sae sl sanmednstip,io dne rthhal Zzbaatsa&nces r an
10 to MOOThe deformation rates obtained from t
inclinometer data in the acemAmowhhochmdiodwéd froat &s
i nclinometer uannidt tihne iIGNsSSproxi mity, respectively (
Yasuda (20009) devetl o gaetkrqaleah GWS BT K Nni t afdbuaceoper
package |l ibrary containing positdmnaaduwroady hunsi.ndr
the GPS constellation, with amSdstiCmatredtdympapmpe 0
$570SD) . However, it presented some | imitations:
estimate the posit iforne cwenpcay.e dT hteo uaniniulnteieds t o be
estimate its position, Il i mi ti ng oiwtesr ceplracyeme nUs etra
also be knowledgeabl e about configuring the wunit'

l'imitations, this systemefiifghltigktmonheéopongntni ak

Differenti al GNSS (dGNSS) , using various satellit
reliability (Rodriguez et al. 2021). Technological
| oawvost, compact, and ener gy ef faitei ants pGNMIE memitt smoc
(Cina and Piras 2015). As a result, this technol o

i nstance, Manzini et al. (2022) tested a dGNSS nef

19



monitoring (SHM) applications. The system demonst

of mem, highlighting its promising performance in a
Xue et al . (20@R2t) d@dIdndtowwor ks t o evaluate thei
dynamic motion. The testing stowéeISCGNhade itvher sacacaiu |
i ncreased nbne tawngdennd Zal dera et al. (2022) demonstr a

comprising three GNSSmmnatsur achi elvend w@dpstobeted i

for 4 years.

Regarding the use of dGNSS to monitor | andsl i des,
of sfi nghaencmparmaess GNSS units to detect mi ni mal
demonstrated promising outcomes, twart haddwer &Gd\yS.S Aulnt
they emphasized the necessitgefeceaaddi bisonal fues hij
capabilities. The French Institut G®ographi-que Nat

frequency GNSS systCGNS®SS watr ecloensbsi meess @ s &kr andi &8 MBé

et al . 2015a) . Deployed in-Sabee FFrandhb!| iAdesamd t
d' Argenti re (Benoit et al. 2015a, b; Rodriguez ¢
ease of depbbymemrtquehcy of measur ement s, |l ow pow
millimeter precision (2 mm) even in challenging f|

approxi mat@RAD pPedr500ni t (CurrentUSP)app Rodxi pavall 2023
et al . 2023) . These characteristics make them a ¢
power restrictions or budget constraints previous
2015a, b; Rodriguez et alvel2d®Reld .a Hh michsetedtdi ade. c GNIBE
monitoring system on a Slovenian | andslide site.

hi e¢md geodetic instruments, nmevbedlwiereq dihfef ¢ wondtes
concludingvehapedhseysteem presents a viable optior

movements.
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I n Canada, Geocubes were -mnil ei alnldy Rdepleyy eldanalts | 1
Columbia (Rodriguez et al. 2018) . This was soon f
Coul ee |l andslide in Alberta, CanadaweReddegpleyedt
Chin Coulee site: four were installed on the movi
near the scarps to monitor for potential l ands| id

position across thetrab)eRri(200®Pje. ( Rodri guez

oulee

1
; Landslide

\L : _ | ® Geocubes

Figdke (a) Geocube unit schematic n“d (b) Location of
(Figure Bb6s right: Ophelia Sensors)

The performance of the Geocubes was t esnioevdi nggonsi

| ands !l i demni/uype atro) 5a80ccording to the classification
findings indicated that the Geocubes provide reas
reaffirming their suitability as an alingrsgsiteeamst
However, the Geocubes system requires a phone si g

to upload the monitolriianbgs rcalw udlatsaertver Optwdrer e t h

processes the dataeahdepposgsi ttesnnegron a fee for

service is convenient for wusers with healthy budg
term mogi tampaigns. Rel ying on t hpr omerswsfian@gt uc aenr
problematic in remote | ocations with | imited int
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secur esharoend monitoring information to comply wit
This I imitation raises the question of whether th
advantages to Geocubes but wimbhobtbcthepmeée¢edstshDodger

the data or incurring additional data maintenance

I n this quest, the Spar kFun -RT&qgwanreaoy eda pathuii Ipipteide
frequency measurements and t hleewalpaadduwr & my awhdre v
with-tieal kinematic (RTK). The recsostrtdedddabnaaf mbmr
card, eliminating the need PHartygpmpowddssiomnqageTllser«
cost of each SparkFun in a RTK s@Shp maki2nog 2i ti sa
effective solution foirnttdhosr twhaodhe buaguewitr icroghsmu lat
on a moving mass. These attributes position Spark

l andsl i de Tmdb3.Bt.ori ng (

This paper provides an overview of t he GNSS Spar

monitoring, -diempdloydnemdg pgrests conducted to deter min

di spl acement monitoring. I't descri hest hteh eChd exp | Cooyunt
|l andslide and compares its monitoring data with t
The goal of the work in this paper was to evaluat
a reliable monitoringssbtiastetohoandergpotrtéechhiecal

adoption and further development by ot hers.

3.Zhin Coulee Landsl i de

The Chin Coulee | andslide is | ocatkrd 49 autshoudfheTab
adjacent to Highway 36, specifically on the nort!t
Deane 2020; Rodriguez 2021 Fi orRutlar,ibg)u.e z T heet laaln.d s 2 (

approxi mmt Beygb0O mamwd dd50has an apprMmamdbata vlod pene

inclination t°hatt(RPRaanesefraim. 92020) .
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Several site investigations have been conducted t
comprises three main units. The uppermost wunit is
part of the highway const rluacyteirono.f Bsetniefaft ht ot hvee rcyl as
l ow to medium plasticity and containing sand and
ranges nfradmtShemtoeatot h® head scarp. The | owest |
which comsisterbedded | ayers of grey to brown sil
plasticity silty clay shale. Coal seams were enco
Deane 2020; Rodriguez 20Flpg@3Boedrci)guez et al. 2021
Field instruments wer e install ed during mul tipl e
piezometers, as well as measurements of the reser:
table depth mamears tthemhd@&dascahp diean®dse5 (Rodri gue
slope inclinometers (SI) were installed at the h
l andslide, which could potentially affect the nea
with a | ow shear astecngithh zooal ass®@am$ encountered
suggest that the Chin Coul eesclagaredis |l iada sild dae ttrhans |
a shidri zont al coal seam encountemebtiebhbwattdephbkadf
( De aente al . 2020; Deane 2020; Rodriguez 2021; Rodr i
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' . = ' : ©1998 Drill Holes

)L ALBERTA GA98-021, <\ 2 i 2002 Drill Holes
= 1 R e 1. A 2015 Drill Holes
\ | 1 b

2018 Drill Holes

Chin Coulee
Reservoir

Inferred Sliding surface by
Deane (2020)

(c) )
- Section A-A

Bedrock

Elevation (m)

| CoalSeame
R —————— f°a1ea'1m|r~f1|-|soo
0 100 200 300 400 500
Distance (m)
FigdBe (a) Chin Coulee | andslide I ocation in Alberta (
(C) Typical section (Figure Bds right: Alberta
3. ZLNSS SparkFun System
Spar kFun El ectronics speciali zes in producing ar
components (SparkFun 2023a), such as circuit boar

devel oped topographic survey GNSS unitategmnawe as
hi glmecision positioningl®NSS Spad klFai nb Ri0I2t3 bhy cy . T
model discussed in this-Fmpaperr-FZEEDmModebkee{ Ubhkoxa2ad

Both modules can receive asdteftackefesystgmobahshe

GLONASS, Galileo, and Bedf begleacy -ap@dad@LAMRHzdbal
1227.60 MHz), enhancing satellite signal receptio
2021). The mainedifhesencwobmotavel es | ies in their
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setup. Spar kFun -FWOR tasr ewidtehs iagn2KED sol ely for wuse a:
receive corrections to enhance their position acc
di splay that allows for moni tpariknlgun he2 G Xa)r.aclyh e f
units equippedIWwWi moduhe dABDnNOt have the display,

receive corrections, allowing them to work as bas

The SparkFun unit features an SMA port for-connec
C ports, which allow for changing the configurat:.i
port that enables sending or rhec ainvitmg aarcrua atciyan
equi pped winAlh Batlt3é®NOy, consuminmAy; aiptp rhoassD mea breikogrt @ 4

that all ows for SD card&BwibhracoapgdaGNSy datap Tt

ti me, number of gadttalldlei,t dsatiin udieew,gelocrentri c coor
above mean sea | evel ( MSL) , height above ellipsoi
accuracy. The SparkFun unitds maiimg3er dware archi

» 3.5-5vV TX RX  GND

Radio port SparkFun Unit
4-pin JST connector
L1/L2 SMA
antenna port CD— >
ublox o »| ublox Module: 1300 rr'1Ah
External | USBC port = J|  zeD-Fop or > ?’BZ;’t;':C’
ZED-FO9R
p°WTr ESP32
Supply USB Cport |
v
Micro SD ;
socket

Figdde Hardware architecture of SparkFun wunit (Spar k~Fu
The SparkFun units can be configucedt airsi ngbltdx 2@

via WI FI or through a terminal wi ndow, such as Te
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unit ucseimtgery t he SparkFun unit needs to be connec
the ubl(ixg®Ma t For the Tera Term ter miimgalldeThehe ESP
configuration of a SparkFun wunit centers around s

i niti atpirmgceasns isurvey to estimate the base positio

corrections (enabling coirnfggecmbant otrrianngs mpasame]} e
monitoring rates, and configuring |l ogging time. T
be uploaded every time the unit is powered on or
recent settihgsmsave&Doward (Berru et al. 2023).
be saved in text (.txt) for maeée ntaemrd, uwHioahd elde Itps t
potenti al mi sconfigurations in future deployment

configuration, please refer to Ublox (2022, 2023d

The SparkFun wunits can achievemaumanufpawteui ag ad
(SparkFun 2023a) . However, when the GNSS Spar kFun
and rovers), the horizont al and verticalmmccurac
(SparkFun 2023a). As a dGNSS setup, the Spar kFun s
are acquired separately and added to the SparkFun
di fferent components of the 39paGNSFuns ywsntietns itso pfroer:

Fi g@b.e
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,Q{ GNNS antenna

Interface cable
_

GNNS antenna A{

Interface cable

FPRCy ) A 4 PC

“ec“g(;’ card USB

R o't SparkFun

> - cable

uss > -7 Rover A
cable Only to configure unit
Radio cable
-_— Radio cable
PC
Radio

Antenna

Only to configure unit

Figdbe Schematic of SparkFun differential

The additional components, conne€t g@6.5 eaor eo ndee sScprair bkeF

as foll ows:

A A GNSS antenna that receives the L1/L2 bands
cable that connects the antenna to the

A A radio that sends cor apcotiinotn s(,0 nweh ibcahs ec aann db eo npeo i
tanul ti point (one base and multiple rovers),
should operate at |l icensed freqgjueecntciies bhasetdhe K
present research the radi oMdpefrat essatia Caereadear
baud ratebp$.57 600

A USBcables to configurate and power the GNSS
battery.

A A mi-8DoCard with a maxiGBymfoapmaditeyl dfor3FAT
the monitoring data. (SparkFun 2023a, b and
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;;;;;

i SSprkFun ' t etp-fr jst ne ?}(SparkFun
3. A GNSS SparkFun System Tests and Data Prc
3. 4Pd-Pepl oyment Test s

Four SparkFun units, one basxestaendd bteHroege mHev eargs dey
Chin Coulee | athesltisddocTbbedpoa: (1) Configuring t

receiving corrections; (2) Ensurrecgptiudminnteefrrapt e

through the radios and evaluating their operatio

l andslide monitoring displacements; and (4) evalu
unit s.
Sever adlepproey ment tests were conducted, with three

in an urban environmentt esltoncgensductteesd )at Ttelsd [IBan e
test), and Test C, second ur btahne tSepsatr ktFau ne wanli u ast ea

antenna for the base. The three rovers were | abel
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manuf a@tssigmed codes. The wunit responsible for tr
as the base. The characteri sttiecsd samd et lpa g8ma regle m«

andab3.le

Test A and C focused on evalwuating the capacity t

units for long periods, rather than evalwuating th
units were exposed to wind, raimtlgndhakew,; tand e
robustness of connections. Test B, on the other h
range, and the capacity to receive corrections at
pl ace.

Tab3.le Pr-bepl oyment Test Characteristics and Resul ts

Test A Test B Test C
I tem

Prdests Characteristics
Chin Coul ee

Taber, Al
Spar K FUBURV &Y OoO-FOPZmE®dul e)

Location Edmont on, Edmont on, J

GNNS Unit

\
GNNS Unit F Spar kFun RTK ExpRF %R smadPd wlse )( Z
Rover and be Tel emet (Y Tel emet (3 XBP9X f2adi
Rovers Ant GNSS Muand L1/ L2 Antenna
GNSS Mudntc GNSS Mudntdg L CNSS Mudnd

Base Anten Magnetic N
Ant enna
Testing ti 7 days Four hour 5 days
Every sec
Every min
SD Storag 32Ghb

Di stance bet
and Base < M. 1 .KIn < m.

Not es: (1) Sik Telemetmy rHaciguemaiyle amgeal®dibet 300 wor k
t@oint and (2) XBP9X kamdi dregugaciysrapiddonf 2ammd 9W@r k oa
poitnohul ti point .

L1/AmRt enn Ant enna

Data Record Every mi Every min
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: _Rover 949E
| BASE | Rover 949E

Rover 9562 ©_ . = o = Rover 9532

FigG.Ve Preest s arranemen : () Test' A(b) Test B and
3.4CRBin Coulee Landslide Depl oyment

Three GNSS SparkFun units, one base and two rove
assess the reliability and accuracy of the Spar kFL
The SparkFun base was installed Fhnga@&rbmtndibIlgairar e a
3.8) . The two rovers, designated rover 949E and ro
GeocubesO®BMR2R2d-09MW2 t hin t hEi gB8edi Mhemavowvelr sd | oca
selected for two main reasons: (1) These Geocubes

the sliding mass (Rodriguez et al. 2021) and (2)
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Legend:
@ GNSS SparkFun base

@ GNSS SparkFun rovers
@ GNSS Geocube Units

" Chin Coulee
Lan_dslide

Chin Coulee
Reservoir

@ GNSS SparkFun rovers . | %‘)
@ GNSS Geocube Units Landslide
ng

Rover 9532

Chin Coulee
Reservoir L) N

Fige8e (a) Pl an view and (b) front al view of GNSS Sp
l andslide ((a)és Right photo: Ophelia Sensors)

The Sparkfun base was installed at a pump house t
base satellite antenna was mount &d gaBmce)t h ewlGieloe utble
XBP9X radiobs antenna was mount ed on t he pumpir
unobstructed | ine of Fi gB®ae)wi tThh et hSep arrokvFeurn' sb arsaed iaon

radi o are stored Fiimgs3itd®de .a pl astic box (

The GNSS antennas for the SparkFun rovers were 1
embeddem iOntto the ground and connectedn tiomte®quadree
ground, using brackets to add stabilantyermmas pwenve
connected to the rods abovedfgrgchund ot ot heen sbuarsee ar acdl

and accommodate snow acdumgwlté&thi)on in the winter (
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(a)

XBPOX /‘\___ :

Radio
Antenna

Landslide

SparkFun _-_ !
and ;

XBP9X radio Geocube

Antennpa

Chin Coulee
Reservoir

Figd®e (a) Base Spar kFun Instalation arrangement ,

The rovers are powered by the Geocube svbo IptoMelr0 G uprp

batteriwast,t asdl0ar panel, andFiag 8b® glirh ec raorveee sc amtdr «

XBP9X radios are connected to the charge control

pur poFsieg w3le& ) . The SparkFun rovers and the
aluminum baRitewBryd bodFrndywBrld After the install

di fferenti al GNSS system was set up to coll
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Cha rger
Woﬂ r

a) Rover SpakFun'InstaIIation arraAngment, (t
nt
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The capital cost of this deployment (tWUhID,e whpiacrhk F

is aroundSDsE1®e80O unit . This <cost includes expense
($788D) , as well as radio equi pmelmtbBDp.r oltheec td m:t, s
associated with assembly, planning, installation I

depending on specific project requirements and ar

Tab32 dGNSSpar kFun system costs at Chin Coulee | andsl
Componeni Description Cost (UL
Thruenei tSSpa One base and Two rov $2230
Radi o Sys XBP9X radio, cables, a $740
Protecti Battery boxes and pl a: $1040
Mo untEigrug pn St eel rod, square tube, pol $485
Power SupBatteries, USB cable, USB pl $1270
System panel
Tot al Capital Cost $5765

3.4D38@8ta Processing Method

The collected moni tamr idrogr ndaatt ,a da sp rsaporrieedt @a4my olxi nar vy
software converts the data a xls format and organ|
column corresponds to a monitoring parameter, anoc

on-mi nut e |ismhatbedPv a( Ubl ox 2023¢c) .

Tab3d.3* Monitoring data ablrangemfeimwamnmesi ng U
inde SV uTe® L at®) Loht) " Et5) P(Ae()crg) F:’;*()Cmc)\
0 28 5/ 2/ 202%49.6050-112.18 865.: 0.01. 0.01
1 28 5/ 2/202%49.6050-112.18 865.1 0.01. 0.01
2 28 5/ 2/ 262%49.6050-112.18 865.:.: 0.01. 0.01
3 30 5/2/202%49.6050-112.18 865. 0.01. 0.01
4 30 5/ 2/ 202%49.6050-112.18 865.:. 0.01. 0.01
5 30 5/ 2/ 202%49.6050-112.18 865.1 0.01. 0.01
Not esNuniblegr of satellites captured, (2) Coordinated Uni
(5) Height above ellipsoid, (6) Achieved horizont al ac

A Pytbhhassred code was developpdocesdiarcg | oft adet @ heTIg

converts Universal Time (UTC) to Mountain Standar
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project l ocation. The code then transforms the |

Transverse Mercator (UTM) coordinate system. Afte

process is applied to the data manufisctaurde rmeacau
t hr esholndrs hoofr i 1z40 n tmam | we ratnidc allOl vy .

The Hampel filter (Hampel 1971) is used as a secot
are unusual discrepancies compared to most observe
et al. 2022; Zimek and Fildmoset h2OUSM. cObrsdi hiat e
altitude (HAEY wimédiinnl2drvals. Outliers in the da

from the median by three times the median absol ut
Gather 1993;2;Pelairssoet 280I0. 2004; Yao et al. 2019),
the median value -Wid hiimt & healssa.meAf2tder applying th
code processes the data to generate graphsmerepre
horizont al and vertical accuracy Vs. time and pe

process.

Typically, GNSS wunit data does not exhibit a vi
di spl acement rate is significant compared with th
and Deane 2020). To enhance t hememttse,r pkreertnaetli ofni lotfe

moving average (SMA) ganddGamosshnhgnaverage (GWMA))
(SaviGodkws)()Scan be applied to reduce data scatter
Both types of filteftescthiawen eadssmomen r damed setfs ( Sha
2022) . However, t he GWMA filter has been shown

mai ntaining the genuine displacement pattern (Sha

The GWMA filter uses a constant window size (band
size can be adjusted near the boundaries dependin

2022) . Within this window, t p@imitIstt emgi s niggn hewdi
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to the measurement closest in time to the calcul at
calculation point increases, the weight assigned

approach ensures that the ddtad i poi ptoi ot o gegtei Ve S|

influence during the filtering process (Sharifi e
t he Gaussian (normal) distribution as foll ows:
Equatdilon ® B 0z

wheowes the filter e@voivsaltuhee autn ftihhlet ettriterwle wian idisewt e z e,

weight coefficient based on the Gaussian distribu

The GWMA filter is applied to UTM coordinates anc
cumul ative displacement is calculated based on t he
time and the initial time (Deamevo2@20)v.er Elsits map

cumul ati ve di spl acement measur ement s since both
(di splacements towards and away from the initial
di fferentiation (Deane 2&Ri0ng dhmuleagtuiatd odi o polra cce

bel ow:

EquatdRon (0] O @ O O

wheODés the cumulative dQd@ipd atcleememastatc Rdredci h dntee a-
east coordinatesat hei mergzhbhr o@owdisnathe atorttihme oor d

ti me zero.

The cumulative elevation is calculated by subtrac
from the filtered elevation at the initial ti me,
EquatdBon 0O ® ®
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wheDés the cumul ativeQ@l evahieoer !l e tiatihse ntt haemeetlienvea t i

at ti me zero.

The displacement rate is estimated by subtracting
time from the cumulative displacement at one minut
To enhance the interpretationmetfert hies ddlspd afcielmeatt

GWMA filter.
Equatddon O O ©O
wheiOei s the velocQ@ysathéeheumumati ve @0 sips atbeent

cumul ative dispmaocemendt manhut ieme

3. IGNSS SparkFun System Results

3.5Pd-Pepl oyment Tests Results

The Spar kFun utnd stsedweirredepreendent |y and as part o]
approaches, the wunits successfully <captured sate
mai ntained a consistent number -odé s\Wlwetne |a sisteesss etdh rac
individual units, they achmiewawasd sprcadc¢edady otheupr
the dGNSS setup, the base achieved a fixed positic

to the rovers.

During Tests A and B, the rovers6é radio inconsi

horizontal and verticalmmadc¢ muFS agclites. rTersgi M@ sf damal:

that horizont al mmcupbpastesutueadeb0O%70f the overall
represented approxi mately 60%. The | ower percent a
attributed to the wadeo®o'f dwBrikngt etlleaned r yegt s. Th

i nexpensisweur cepen atforms designed exclusively to
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rover). However, Test B demonstrated that they ca

within a range bmMFagp@rnexi mately 1

5
@)= Testa
g
&25
$
o L _h o
< 7 days testing >
5
£ TestA
J
2.5
4
0
Aug 5,22 Aug 7,22 Aug 9,22 Aug 11,22 Aug 13,22
5
(b)g Test
g
<25
: | _
T
0 A a Y I =,
< Aug 25,22 : 3 hours testing 4
5
E Test
g
£25
> 1
0 AA ™M 1 / \
8:38 9:36 10:33 11:31

——Rover 9532 —Rover 949E —Rover 9562

Figat2 HorizonAaduraamdy (-mgst (A)(Prdays tteesstti nBj)( IAnhdo url
testing)

For Test C, XBP9X radiospoweéenmhel |l a3 @diwhi clonworglurian ia

indicated an i mprovement in both horizontal and v
frommmOt omnm2 6( guwWrle Hori zont al accuracies |l ess thai
approximately 95% of the total dat a
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20
18
16
14
12
10

Horz. Acc. (mm)

< 5 days testing >
20
18
16
14
12
10
Nov 03,22 Nov 06,22 Nov 08,22

— Rover 9532 —Rover 949E —Rover 9562
Figatad Pr-eest C: (a) horizontal and (b) wvertical accur

(b)

Vert. Acc. (mm)

Duringeptéermnsgp,artklFekn unitsd storage capacity over
data at two recoding rates: one point per minute
at a-mobnete recordéeBgmiraneSD aca3r2d can store data

Hwever, @&atcandneecording rate, this (FciagpBalcgi.t y r edu

4
« 1 record ' record
§ minute second
= 3.2 3.1
Z 3 2.9
= 2.8
g 2.5 - 2.6 25
2 . .
S 2.2
g.!n S
o 2
§ —— 1.4
E =
-§ b
< — — 0.3
. = [T
[0 Test A: Rover 9532 M Test A: Rover 949E B Test A: Rover 9562 M Test A: Base
I Test B: Rover 949E B Test B: Rover 9562 B Test B: Base £ Test C: Rover 9532
M Test C: Rover 949E E Test C: Rover 9562 B Test C: Base [ Test B: Rover 9532

Figdté SparkFun GNSS unités available storage capacity
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3.5CRin Coulee Landslide Depl oyment Resul ts

The dGNSS SparkFun setup (the base and -mometre 95:
intervals for approximately six months, from Nove
during the monitoring period were mai pmgntdueéamagq
caused by extreme cold temperatures in wBAAE€r (De
as indicated by data from the Alberta Climate | ni

observations were made:

A Connection issues between the USBgmh®af famdt e¢de

t he power supply to the SparkFun units. Il nitial
process corrections transmitted from the base.
of the SpalfThFaoaogboutsthese periods, data exceedi

recorded or no data was captured.

A The |l ack of i nsulation in the storage boxes af/
949E's data recording stopped after 10 days due
ti me, |l i kely caused by damage to thiet Sgas&énni b
correction transmission after 13 days of operat.
the base's configuration and correction transmi s

When the dGNSS SparkFun setup worked smoothly, t

number of satellites, ranging from 16 to 32. Thi

were temporarily 1l ost, highlightisegcexoél Iceomrtr ega
horizont al accuraci ens anadmglE.dl B.£8§ wieelm Ve R2t6i c al acc

reachingmugotro bbt®h rovers.

Upon receiving corrections, the Spar krfmnt anolv® r s h«
and vertical accmmaahnedmnl §otrweheorFhlg@3a$er Shese resul

suggest that the XBP9X radios effectively transmi
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exceedkmg FHurthermore, the selected installation |

sight between them and the base.

1.5 1.5
(a) Rover 949E
€
= 1.0 1.0
Q
Q
<
T o5 r” W 0.5
(=]
I
0.0 0.0
1.5 1.5
(b) Rover 9532
£
= 1.0 1.0
O
<
N oos MM’ w 0.5
o
T
00 " pec 22 Jan 23 Feb23  Mar23 Apr 23 May 23 Jun 2399
FigdtL® Horizont)alac(cHiorrazci es vs. ti me: (a) Rover 949E al

Data outside the manufacturer's accuracy threshol
for rover 9#HOE BOdedr5%532 due to extended interva
power system failures. However, if only the perioca
Accuracy (mgst (A)(Prdays tteesstti nBy)( 3animonu i) r iPrsenit ad
accuracymmnwe rlt0i c al accuracy represent 95% for ro
Po dgdta mp e | filter, the outliers constituted only 1¢
data remaining after applying9%othar prevemi 6849FE &n
rover 9532 of the entire raw data sets. This sug

robustness against winter weather conditions can
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(a) 20 20
— Rover 949E
g 181 18
S 16| 16
g 14~—|— —L 14
T
12 12
(b) 20 20
— Rover 949E
c 18 18
S
S 16 16
Q
< 14 14
t
L 12 12
10 . , - . , —10
(c) 20 20
- Rover 9532
é 18 18
&‘5 16 16
u 14 - l 14
o
I
12 12
(d) 20 20
£ 18 Rover 9532 18
€
S 16 16
Q
< 14/ 14
v
L 12 12
10 .10
Dec 22 Jan 23 Feb 23 Mar 23 Apr 23 May 23 Jun 23
Figaté Horizontal (Horz) and vertical (Vert) accuracie
Rover 9532
The SparkFun GNSS units' position variability was
filtered dHta peeirod £dl 1l owing Macciotta et al . (72

exhibited horizont al)b esltoawm dhaantd ndodfvaicdadhuer emrs mMm)e,st i mat
indicating positional errors within thelreaxmpgeest ed |
from 3.2 to 12.2. Approximately 45% of the data foc

t he vertical pneacniuffiaccabim)oenrs' s( 1s0
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(a)g . Rover 949E . 12
~— 6 | | g
o - wd 'Aﬂ -#hﬁ 10 E
< ﬂ = Aa Aw o]
£ s A = Ad N a® 8 <
g M L ) A * .g
2z |A *‘ %" 6 8
o 4
7 *| VAN L Che' T SR
L O ®
3 2
6 14
(b) £ Rover 9532 a _
AA A AA
E mAA A % ‘: P A" 12 E
b SA ‘ ¥, [ ] AA -
£ anghf A E o feos” o 2
AP Tote Sapn | S
4 . & @ ©
5 f""w . w  W%geh | :
i %. oV w
Dec 22 Jan 23 Feb 23 Mar 23 Apr 23 May 23 Jun236
@ Eaststd A North Std B Elevation Std

Figgté Standard dwpwiatiome:( (a) Rover 949E and (b) Rove

3.51Bterpretation of Results of dGNSS SparkFu

To understand variations in displacement rates, S
decel eration, |l andslide monitoring data should be
2020) . I n prior studies conductedyéa@Qahey 2028, td

Septembeéeili n2i0t@&ting that displacement rates are i nf
(Maximum and mini mum r8eds7iantf9amidr BSlde Fapeoni aeky) (D
rate rangi nng/ dfaryontmOd@MBadi ng to episodes of | anc

(Rodriguez et al. 2021, Deane 2020) .

Currently, the SparkFun moniye@arn ngerdiad &, dloewe yneon
valuable insights into the potenti al suitability
monitoring. The -fiawt edragdh uwaisngpreaecctuheacilammeales hol
removing measurements without correcftiilothesr each dd atua

both east and north coordinates wasdasyubwiencdtoend stioz
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which balances timely | andslide deformation infor

sSshotretrm di splacement events (Deane 2020).

Rover 949E initially ®Hedmeatel| owecdl|lleyabti snbbgque
2 .mm, resulting in a cumulati ve -delfienv atvieeamo ad HBan g e
per iFodg 8.6 8 Meanwhi | e, rover 9532 exhibited an el ev,
cumul ative el mmatbiednweeh D6cBEmber 2022 and Januar
decrease of appmoxl madehyg ¥ola cumulativemvertic

(Fi gB.L 8.

[
(%]

(a) 15

s 3-Day Moving Avg East
Rover 949E = 3-Day Moving Avg North
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I n Deane's 2020 st wdoy,ert h9e4d 9&Fe oecxuhbieb inteeadr a cumul at i
of5.@m overmantshi xperlilmo @awelr one year. The Geocube
recorded a cumulative vmemtiimmadi xdimpndtalte meand odn 3e
l16mm overeame FKHurthermor e, Geocubes near the Sparl
decline from December 2018 followed by an increas

experiences of both SparkFun rovers.

The cumul ative displ aEamendisFé gB.t faerseNpustehd atnod gen e
horizont al cumul ative displ aEgmemB2RkRkmaads dD4dpEaaar
9532 had horizontal c¢umurnm taindembadBi. pelsapceecme rnvtesl yo f o5v.

month monit ¢Friignddgt 8denr itdhde 1 ni ti al month of monitordi

abrupt spike in the horizontal cumul ative displ ac
sudden acceleration is likely unrelated to genui ne
ofimil ar behavior in the Geocubes installed in th
undetermined. One plausible explanation is interf
E 20 20

E | .unes Rover 949E: 3-Day Moving Avg
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Figeit® Cumulative horizontal displacements of Rover 94

Rover 949E experienced a hormm/ioynwe ad, dwtlsipllacreaoaneenrt
rate ofm/3FFrad during the monitoring period. These
mi ght be higher, given the increase in displ aceme

202Bi 8Lt ®The expected increase aligns with findinf¢
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during May to Septembez2Ql@cmnonmidti ogi n® ¢amp20d® (Fr
to July 30, 2019) ;( R»edarnieg u2e0z2 Oe;t )Riohder iBgBuRellzz o2nOt2all d i
of displacements observed in the SparkFmontbvers
periFoidgB2® di ffers from those r epormaerdt hb ymobneiatnoer i(l
period. However, it aligns with the results for t
to June 2019 as presentedilpyd2RadrAidglids oamtaldly., (2@
resulted displacement vector (Horizontal and vert

Rodriguez et al .Fi(RA2@.) esti mation (
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Geocubes Orientation (Rodriguez
Jet al. 2021) (Not to Scale):
|=—> Jul-Sep 2018 —> Jan-Mar 2019

==» Oct-Dec 2018 = Apr-Jun 2019

| = Jun-Sep 2019

Legend:
dgh SparkFun initial location

Rover 9532

=

== SparkFun orientation

Displacement rate 50 mm/year

58 mm

SparkFun Displacement

Geocube Displacement
(Rodriguez et al. 2021)

(=]
l 1 I I I | [ | [ I 1 1 1 I 1 [ ! I 1 1 I -I )

Figadee Cumul ative horizontal and vertiucnalt sdifsrpolma dNeormeemtt
2022 to June 2023 ( Dadtaay inso va vnegr aagvee ruasgieng a 3

850
Elevation (m)

3.5Rdsults of dGNSS Geocubes
The Geocubes system monitored the | andslide simul:t

starting in January 2023, the Geocubes encountere
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hardware and the RTK connectivity between the Geo
either no data recording 06)i nCenmeguent!| yawfdat:t
|l andslide displacements, it i sa owanss iodnelrye dr etchoartd erde

mont h.

For the current st-06y.,an®e0®RF2 Daz2EesS ME2 g BB)eh ol d
particular relevance due to their |l ocation for col

raw data was presumed to meet themmaouflowerert sus

t he Hampel filter was used it diid treat ipgr dWipdhe ldacu
for the monitoring period. After filtering, 99% of
over SparkFun, which retained 95% of the data aft

A 2 s standard deviation was estimated for t he
coordinates, rnamm gti mmg2 famdn rle &cmmnonup héeoellevati on
Considerday movii ng average for the -0BWMAN M -0DM2E2 , C
exhibited cumulative vemmiamd mii3IPpéapemenvel w.f ®Bo

9532 andd9SMZ2XZ orded upward moazvednemyt sa dacdalriarcitreg tr

The estimated cumul ative hori zont0a#bl adids-GIM2a2e ene nt s
5.Mm andmnb,. 2r es peFcitgiusradl y ug t o December 2022, cC o
di spl acement mmayearof améul) .y@e.r6 f or GO 6 c mna -0 2
respectivel y. By considering only the cumul ative
dat a, GeocUbeh&dM22 ciumpll ad é memtd ovfnoh® Risg @.2

which represents a dmsmpyheaememhi satemaf a8thhmbB di spl

greater than the displacement recorded by the Spa
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3.5SparkFun and Geocubes Systems

The cumulative horizont al di splacements and el eve
Geocubes until Decembkirg 202 2Batrle tsdohvmolimmgi es exh
horizontal displacements until this monO6B.h&oe in

a di fferemm,e wHIi |lle. 5t he di fference bet weedn9 riosver

1. 3nGn.

49



In the vertical direction, there is no06Ghewedalig
agreement in the displacement trend, but the rover
direction For rover 9532, the results are opposi
el evation whil e its ¢ o¥rr9eescpoornddeidn ga Gseloicguhbte i(nScM2e2a s ¢
0.mMm

E 20 20
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Figde2a Comparison of (a) cumul ative horizont al di spl
SparkFun and Geocube systems

The total displacement and the displacement rates
are sholvwarbB#égn Thiefferenderi zont al di spl acement ra
technologies can be attridwt at@Sipamkt he mpsni ¢ md$ nmo
period extends Rpdniogulwneet balt. (2021) suggeste
di spl asemerctur r ed from Jul t o September, a peri
assessment However, both technol ogies ndicate g
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9535 is |

document ed

ocat ed;

seasonal

and when

behavior

examini

of t

ng the

he | andsl i

di spl acem

Tab3.4e SparkFun and Geocube system results
Spar kFun Sy Geocube System
GNSS 2022023 Chin 2022023 Chin? Rodriguez (&N
reehnoltgover « ROVEr svaae sm2@9 SM2@6 SM2@9
Hori zor
Di spl ac¢ 5.3 18. 5 5.6 6. 2 - -
( mm)
Tot al
Di spl act 7 20. 8 5.7 6. 3 52 58
( mm)
Hori zor
Di spl ac:t 9.7 33.6 60. 2 66. 6 45. 3 89. 8
Rate (mn
Not es: (1) SparkFun rovewbtB4GEoabe RADYM20WIr2e2 epsap ercetdi v e |
(2) Geocube monitoring data spans-mliomdém Kowne mern nZ0 D2 r |
Rodriguez et al. (2021) reported Geocube monitoring da
The SparkFun and Geocubes dGNSS networks experienrn
i nconsistent monitoring ti mes. However, despite t
trends, such as the incred&ddagil®,6dianpg add emeenti omiar ¢
including the dentification of Fhgd3B®abeonandthbao
with previous studies, demonstrated the promising
the cost of the Geocubes. A comparisonThéd3®een t h
Tab3be SparkFun and Geocubes systems performance compa
Spar kFun Sys Geocube Syst
. GPS, GLONASS, GPSGLONASS, Be
Constell ati ; .
Galileo Galileo
Frequency Dual frequer Single frequ
Data collect 606 (Ups)to 1 6 G
. ~$450QM0D (2)
Unit cost $1986D (1) (Current IySDY$:
Requires phone
Data Storag SD (UpGbd 32 upl oaap hted i a s
Data storage me No Yes
Di stance betwe Based on radio A% m
rovers (Chin coul ee ki)
External ant Yes I ntegrated
RTK mode Yes Ye s
Manufacturer ac¢ 1 0mm-1 4nm 1mmi 2mm

mo d e

Position var

Hori zommal 397

Hori zommal 392
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SparkFun Sys Geocube Syst
Verti cnanh (CBL)2 Verti mml ( ®%

Not es: (1) Detaid.edd 2cd)stBanedeacrt iBRodri guez (2021) and
Esti mated positioHrsasiabdardydesi3apgaaBd. §Sde sections

3. ®Bummary and Conclusi ons

The description, a s sceonsbfl fye ¢ tainvde tdGNS Sigmorfi taor i ng
the SparkFun system, are presented in this paper.
and compared it with another dGNSS system, Geocub

The findingfsollleamawi nmgp ddrecl usi ons:

A The SparkFun units as a dGNSS consistently achie
(1mm horizontmrmhl yeratnidc al0l y) for over 95teotfsthe

and at the Chin Coulee |l andslide teasddevdheno tthlee

SparkFun units. This demonstrates good reliabil.@i
monitoring |l andslides.

A At the Chin Coulee |l andslide, data outliers rep
raw data being reliable. The systehts setaptdard

devi alt)rramged frmmmonm or65 i2n t he East and North coor
mm to mim2.i5n t he veFritgiBedaFl. pTlhaensee (err or ranges canhn
comparable to the Geocubes, and they demonstrat e

A The field deployment of the SparkFun system rev:e
system and to i mprove the overall system's robuc
Canadian winter.

A During periods when the SparkFun system did not
factors, it provided results consistent with pre
and the known | andslide deformati onnilteh aevxihoirb.i tFe
vertical displacement alignment witlFiDa2®e (202C¢C

Regarding horizont al di splacements, the system i
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May, corresponding to the period when | andslide

assessment of displacement magnitude was | imite
peri od.

A The results indicate that the SparkFun system st
a more extended monitoring period, along with tfF

necessary for a comprehensive eval uaatciedsr.e cTthiivse w

alternative to existing monitoring strategies foc
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A
Es

Co

Ab

Th

METHOD FOR ESTI MATI NG LANDSLI DE ST/¥#
FUTURE DRAWDOWN SCENARI OS DUE TO CLl
CHANGEHI N COULEE LANDSLI DE

ver si ccrmhagphtaeebré issub mi t t g d utrloaatihsunder the title AM

timating Landslide Stability under Fut-Crhea nDr awd
ulee Landslideo.
stract
e effects of climate change in Canada are evi
owmel t, and drier summers. This has |l ed to an in
Al berta, due to its distancreerfd oimm | prregei puvatt etri
cessity for irrigation water. Fluctuations in re
r reservoir water. Drawdown, a critical phenome]
reactivatdespltdrigogdsl new ones, or intensify ex
characterized by materials with | ow shear stre
ith low residual strength when disturadkeidl.i tTyhea fe
ndslides near rivers or reservoirs wunder varyin
treme cases of drawdown related to climate <cha

thodology to assess the cndskhtdestabelti exi sohd

enarios and explore changes in stability under

i mate change. The practicability of the met hodol
cated in soutctherhm sAlbbeeernt agf fvehcit ed by the reserv
mmer . The methodol ogy agrees with the observe:
operties of the soil, as wel | as a decrease 1in
thod i mpalacdexsadbl e simplified approach to esti ma:
d rate because of <climate change.

ywords
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Climate change, Drawdown rat-g&sftéeémandgl|i de, Modell

4. 1 ntroduction

Landslides occur across various geographical regi

Canada (Guthrie 2013). Sudden and catastrophic | a

heavy rainfall, stream erosi dre,n eerrtcheq weekde sa,s arhdke -
case (Porter et al. 2019) . However, l andslides «cl
Varnes 1996) can have a significant economic i mpa
an annual cost dbe$we@ nmi$l2I8ilorm,n i mpacting communi't
and railway infrastructure, among others due to |
Landslide risks in Canada are commonly managed t hr
works (Macciotta et al. 2016 a, Macciotta et al. y
Macciotta et al. 2019, Woods .et20a20., 2Ma2cOc,i 020 2al ,an
2021, Soltanieh and Macciotta 2022). However, un
movement is critical for |l andslide risk managemen
extreme weather c acnl dintaitoen sc,h arngglea, t ewdi ttho | andsl i de |

2015, Mirhadi and Macciotta 2023, Macciotta 20109

Macciotta et al. 2015).
Slemoving | andslides on valley walls are frequent
geol ogy in the area is commonly comprised of a col

bedrocks. These bedrocks utsairabd ¢dedd nwiitsh oifl tcdtagn e

and coal s eams. They are often highly fractured,
overriding (Biagini et al . 2022) , resulting in
potenti al forencensd.s| The Alckcaurrtra Geol ogi cal Survey
significant river valley and its tributaries in t
activity (Pawley et al. 2018) .
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The unique geological characteristics of the reg
continuous erosion of the soft sedimentary bedroc
numerous coulees and ravines (Lasl ohnadvee eatl |laolwe d2 O 0o
storage reservoirs for di ver se pur poses such a ¢
devel opment, flood control, fishing, and househol

Al berta Government owns wnii30Opeeatesoi@appPr orRiI makel

2023b) . In southern Al berta, there are 14 onstrea
demand for reservoirs is driven by agriculture,

However, itosrecegmitial that, due to geol ogical S
present in or around reservoirs banks.

Over the past decades, climate change and gl obal

rising temperatures attributed to greenhouse gas
anticipated tAQrarge AfCr prer0.dcade, with greater i
reaching up to 8AC, affecting greatly to countri
2008) . For exampl e, the most recent report from

(ECCCkchasted a temper6atsuhG fionrc rtehaes eCaonfadi an Prai ri

(Bush et al. 20109, Muhammad et al . 2020). Accordi
projected to reduce the availability of industri al
Additstomcailes suggest earlier snowmel 't due to risi

summer <conditions (Jaocypwresetetalal .202061,8)St thereby

on reservoirs to irrigate the far nelcarnedass e( Alnb erretsae r:
wat er |l evel s (Wada et al . 2014, Kr aemer et al . 2
fluctuations globally have been linked to the react
new ones (Hendry &eaet. aRP0l@01bBacdiotta et al . 2016

6 2



r

eservoir water | evels decrease, affects partiall:

banks where |l andslides may occur in Alberta.

Drawdown significantly impacts sl ope stability, e
prevalent in the region, such as tills or weak cl
of induced pore water pressuwdeo want. tAlde i s amealrlay e
reduces the external force exerted by reservoir w
2008, Alonso and Pinyol 2009, Hendry et al. 2015)

(

n Southern Ambeirn@, | @an dsslloiwd e, named the Chin Co

ubjected to drawdown from the Chin reservoir, par
urrounding farmlands increases dumrée syl ttihreg ei mpeirn ol
fsft ream reservoir is kmcaoetdhapfpr Dxbewmataedd Rér ves
or irrigating nearby farmland (Deane 2020). The

ncreasing trend baastdr oneChdli a pecerdedrbw Al bert a

AE®) gudde. This trend has the potenti al to signif

Coul ee | andslide and ot her reservoir banks in the

%020 o
d
50.15 o o (o)
“ 0.0
£ 0.10 o o 0.0 o Trend e = 050
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o
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Figdte Chin reservoir annual average drawdown rates
With the continued change in climate and the need
|l andslide hazard changes due to climate change b
approach to estimate changes i n trheeselravnodisrl i dreadved

6 3



scenarios due to climate change, illustrated by a

a seepage back analysis, (2) a stability back ana:
of Safety (FoS) equal to onackvaanalsyssime,d ffolrl dwien
Pouget (1988) and Hendry et al. (2015) , represent
scenari o). The stability back analysis results w
drawdown scenari osanadns | d¢hla&ngesabiinity. The <change
relative to the baseline scenario indicates an in

4. Zhin Coulee Landsl ide

4. 2Ldcation, Site Investigations, and I nstrunm
The Chin Coul Bechoanadtshlei dneoritsher n bank of the Chin
the south shoulder of Hi ghway a3l6 (2R0ld9,i glkeeagnuee €2 0a2 0.
42) . The overall slope inclination of the | andslid
it steepens to approximately 20U (Rodriguez 2021)
35MmM and a hem gfthrtonoft h5e0 r eser voanmrp, evedulttoi nd ei m ear

vol umeMmfD&ane et Falgd4rR)2019) (

N \ Landslide

Figdke Chin Coulee |l andslide | ocation and geometry c¢ha
Al berta Transportation and Economic Corridors (TE
and instrumentation campaigns to characterize the

mechani sm. Bet ween 1998 and 201%,t epise®met ewessr ean d
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however, they ceased working for various reasons,

the 2016 highway realignment construction work. St
(Gol der 1998, Amec 2002, 2015; Deamns. etnalk01&,01°
compl eted an additional site investigation to moni
Hi ghway 36, installing four vibrating wire piezon

(Deane 2020). Additicermalwley,e ninmd aGNI ,demiit h f our

the remaining five around the | andslide perimeter
known as Geocubes, monitored surficial displ aceme
decommi sfsi @metdhe site. Based on the Geocubes monit
cycles of movement and inactivitmm wotminOdins glhac er

sliding masyweanvepera @oche( Deane et al A 0 &9 ;e wRoodr it du

dri ||l hol es and i nkitgd8mnt | ocations is 1in
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FigdBe Drillholes and I nstruments | ocations (DH (Dril
operational, r-eperiantdiiccreale)s Geomcubes are a GNSS
(Photo right: S. Al berta MDs and Counties, Goog

4. 2Landslide Stratigraphy and Groundwater Con
Site investigations identified an overlaying fil!]l

plasticity twhilOhi ¢ls, 5resulting from Highway 36 <c

2019) . Beneath the fidilvi daedt iilnlt ol atyweor uinsi tpsr ewsietnht
weathering, consistent with regional soils' strat
upper til |l ayer, extmndiepg ht oi approyi matidlfy e a

exhibitmediown tpd asticity due to oxidation (Hendry

of a very stiff to hard, unweat her end,b edaorwk ggrroeuyn d

sur face.
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