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Field Response of an Instrumented Dyvke Subjected to Rainfall
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ABSTRACT: A fisld study was undertzlcen of an mstrumented dvke on soft Bangkok clay m Pathumtham, Thailand The studied zite was
chzractanz=d nune dynamic cons penstration fests, fiald vane shear tests and Spactral Analyaiz of Surface Waves geophysiczltestz. The pore-
water pressure, suchon, molsture comtent and ramfall were comtimiously monitored over the rainy season m 2017, The soft clav nearer the dvie
had higher strensth than m the zone further away dus to consclidation. The uppar 0.5 m of dyke fill matenial made up of silty and clayev souls
were found to expenence drastic suction changes, reaching 18300 kPa towards the end of a drought and abroptly reducing to 20-40 kP3 vathin
3 day upon the onset of the 1ainy season. Such larse and abrupt chanzes of the suction are hikelr to have azgranated the surface cracking and
herice the dyke movements. In contrast the responze 2t ¥ m dapth from the dvks shoulder was almost insansiiive to the short-term ramfall
patterns. Vertical movement of the dyke surface showsd comprezsion-swelling phenomena; probably dus to the combined-affects of dryme.
collepze-on-wetimg and swallins and suggested that zome movement 15 racoverable. Thas was not the case for honzontal movements, which

axhibrted constant cutwards cummlabee displacemant
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1. INTRODUCTION

Dhikes or lavees are the crucial part of 2 flood defence zystem and
thawr stabelity and mtegrty durms servcs life are of preat importance.
In many couniriss, rapid urbanization. ground sohsidence and ssa
level nzing mean that zn increzsingly larss mumbers of dykes will ba
bult, uperadad and require miore extensive maintewance. In most
caszes. extreme precipifation and flood: camse major collapzes of
dykes (Eille atal | 2007, Duc et =l 2017), Extrems droweght haz been
raported to canse weakenimg of dvies (Fobmzon & Vahadfard 2016,
Vahedifard et 2l., 20016), Thes bas led to 3 number of studies zumed at
batter understandms dvke bebatiour and thew respomse to climabe
factors (Van Baars | 2003, Kar et al | 2008, Nishimura et al | 2015,
Vahedifard etal , 2017, Fem-et 2l 2017, Jasim & Vahedifard 2017)

The low-lving floodplam in central Thaland (mcluding the
capital Bangkok) resularly expertemcas’ floods dums the reiny
zeazon. Cxtemarve development of residential zreas amd mdustrial
estates within these provmes:, notably, Asvufthzyve and Pathumthani
have macessitatad the construction of polders (3 swystems of
embankments or dvkes used to protect an enclozed area from
flooding) as part of the flood defence system for zuch areas. Adamy
rurzl roads, comstructed decades ago, have also bean heaishtened by
placing fill om the surface so they could also fonchion as dykes dunns
floodms. In particular, the 2011 great Aood 1 Thailand broughi about
complste mundation and breachims of many of thess -dvkes.
Conzaquently, this incidant led to fthsr remforcing and heightenms
of the dvke or constroction of permanest comcrete pile walls o
prevent future floodims. Wevertheless, the severs drought m Thaitland
m 2015 cznzad wadespread siops failure i many sections alovs these
heightanad roads and dykes Extreme climatic patterns, mvolving
heavy ramfall znd sevare drought clearly play 2 crucizl role modvks
stabality i Thasland

The mfluence of chmate on dvke 1= complex, dependinz on
variouz factors, such a: zoil type zol profile. precipitation,
avapotranzpirafion, topography. az well a: vesskston cover.
Information 15 needed on behavioural chanees m dvkes mrealanon to
climate to mmprove the desizn construction and masntenamce of
exizting and future dvkes. & number of studiss have been reported cn
tha field performance of natural or i slopes in the tropics which
providad mnsights msto the pore water preszure regime and zuction
changes m relation to rammfall (e g Tsaparas et al, 2003, Jonsankasza
at'al 2013 Nevertholoss, the respanse of dykes to climatc factors
m tropical coumiries is rarsly reported m the literature. The negative
pore-water pressurs 1 dyvkes 15 expected to play an mmporiant rolz on
desiccation cracks on the dvke surfzce dunng a prolonzed drousht

which 15 hikaly to happen a5 a resolt of climate change. Extreme cyveles
of drring and wettmg could conintbute to dyke excessive movament
and failure. Thoe, the stody on mepabve pors-water presawre ' of
maportance and relevance on improving design znd mamtenance of
future dvkes and nperading of existing dykes in the current climatic
condrion.

In zddifion to thrs, the nezative pore water pressure plaiyz 2 role
even during floodms. Dependineg on the dyke zize  the positve
pressura due to mmdation does not nacessanly propazate to the dvke
core or the other side withm 1-2 day: with the kmd of low-
permeability soil commonly nsed to construct dvkes. The remamme
negatve prassure comtributes fo the stability. Thiz effect 15 mormally
z:zsszad m practice m seepaze snalvais by inputhns both the raimfall
and floodms The studvy om dvke szuetions i3 Important m
understanding the pre-floodns mitial condiions for such anzkvaiz.

Thiz paper mveshgated the fisld recponses of an mstromentad
dvke m Pathumtham Thailand The studied zite was charactarized
usmg three m =rtu tests (dymamuc cone penstration test, field vane
cshaar test and Spectral Analvsis’ of Sorface Wawves (BASW)
gecphvaical fest). The pore-water pressure, suction, molture confsnt
zlong the slope and ramfall were contimpously monttored over 2 ramy
Zezton m 2017, The slope deformation was measured wame total
stztion survey. [he dyke's wzpal appesrance was comtmupously
monitored nsms an achon camers. A relationship was gualitatively
axplorad betwaen slope deformation and pore-water preazure change.

1 SITE CHARACTERISATION
2.1 Asian Imztitote of Technology dyke

The studied =ite was a 10 m long section of the dyke onthe northern
zide of the Asian Insotute of Technology (AIT) m Pathumthans
Thailand (Fizure 1) The dyke zystem had baan butlt to form 2 poldar.
comsiztime of the ATT. Mationzl' Science: and Teckmolosy
Development Agency (MSTDA} and Thammaszat Unversaty (T,
Thes study aite was chosen based on its representzimienssz of clay
dvke: 1 cepiral Thailand =me accessitbhility and protectiom of
egurpment from vandalism An addifional benefit was that the site had
niormally-a low traffie vohime so that the effects of traffic surcharze
on the dyke response could be justifiably izuored i the anabsss. A
mumor longitundmal ‘crack alons the crest of the studied zacHon was
obzervad at the beginning of site survey m 2016; indicatme clope
movament was hkely, Desiccation cracks were also found along the
siope surface m the muddle and the fop pare durms the dry season
The studied zection of the dvke waz zbout 3m above the original
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ground level with 3 zide slope of zbewt 1:1.7 (V:H) 2= meszared m
2017.
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Figure | Locaton of studied dvke at AIT and approxmate location
of pelder (Source: Goagle Earth 2017

The ATT dyke of the orizmal polder was first bault 1 the lste
I260's with an origmz]l haight of 1.5-1 m in the northern secthion
Dhring the 2011 flood, the northemn and sastern parts of the ornigimal
dvke were overfopped and breached by the tremendous amowmnt of
flood water, leaving the AIT and Thammasat campuzes and MS5TDA
mundated by about 3 m of water. In responze to this incident tha dyke

was heightened by zhout 1 m to an slevahon of +4 281 m above mean
zez fevel (ASL) m 202 by placins kateritic fill on top of the orizinzl
dvke. About .3 m thickness of desiccated softened materizl at the top
of ongmal dvke was scraped off before placing the new Bl A slops
Zecmetry survey usmg a fotal siztion mstrument was camed out at the
study site to construct cross-zsechoms of the dyke a3 presentad in
Fiswra 2. Notably, m May 3017 the watar level 1n the canal outside
the polder was abowt 30cm hizher than that on the ATT =ide.

2.2 Ground profile and in-zito fests

Disturbed sampliss were collected from the A1T sids of the dvke usine
hand-angery and fest pifs from the sorface to 2 medepth for basic
property tests. Table 1 summanszss the zram size distmbution, hgmd
himit {LL), plastieity index [PT) and scdl types accordmz to the Unifiad
Soal Classification Svatem (UFSCE) for all the zoil layer unitz as showm
in Figure 2. The upper part of the dyke consested of Unit-1, the road
surface made of a laver of croshed rock and laterthe srannlar sodl of
about 33 cm thickness, overlving Unit-2, the upper clay fill conszting
of low-plastieity clay (CL). The puddle part of ths dyke fill consisted
of Unrt-3_ upper silty clay fill claszified 23 lowe-to-hish- plasticrty clay
(CL, CH) and low-plasticsty st (ML) and Unit-4, lower salty fil,
consisting of low-plashicty: salt (ML) and silty zand (SAE). Umi-5, the
upper crust, and Unat-6, the lower crust consistad of low-plasticty =kt
(WL} and high-plashcity st (MH) and had zimular properties. The
zoft clay, Unit-7_ was classfisd a2 hizh plasticity clav (CH).
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Fizure 2 Cross-section of the matrumented ATT dyvke (water lavel in pend 213 May 2017)
Table 1 Summary of basic so1l properiias A zenies of m st tests were parformed to characierze the ground
profile on the AIT sida of the dyks Field vane shear tests 2 3
. "W locatioms (FV-1, FV-1 and FV-3 a= cshowm m Figors 1) were
G'l'.;l.:'-‘-' Zand SI:L 3 1. canduncted to characterise the soft clay layer from 2 depth of 2 m up
Spldm | 3-':'_:3 aos | S = i EFECE to 7 my, bevend which the medinm-fo-stff clav laver waz ancountered.
e :;'_;r. “Spm ram The testz used 2 GEOMOR H-10 device according to ASTRI-D 2375
01. Variations of both peak and remould=d undrained shear strensth
i - - - - along with the sensitivity are plotted in Freure 3. The peck imdramed
;;R;:E 13_6-_ Gy | Ty ':1'5; 'thc.l, 1'-'-126- 5;5531‘5" shear stransth. 2y, for locations FVV-1 and FV-2, which wera near the
s E = = ==l k= dvke toe, followed 3 similar trend, beinz relabtvely constant wath
L_-L"p_:r_':zr 11 1 sig e i3k M4 o1 depth (20-23kPa}. However, tha peak =4 valuss for location FV-3,
um; — whick was 1% m outsids the dyke ares, was somawhat lower, rerzine
U | e | B8 | T | 2% | se | 1 | coew betwsen7and 17kPa The FV-3 shear strangth likely reprasants the
amegn | 16 |-303 | 443 | 303 | 244 ML streneth of oneinal sromnd, before dyke construction: The clay nearer
aLower | Laqpy | 84 | 150 Pl [T [T — the d}fe to= -!,'.E."'.'-l anrd FV-2} wonld have :&nsal]idatad a5 3 result of
sibty Gl 5 468 34 450 206 ot dvke fill after the origmal dvke was built about 30 vears azo, and the
3-Tipmer &b T 4.1 435- 48 173- ML ad.di._tmnal fill was placed m 1012 The clay near the d:;l-:e_:s. :ﬂ‘JE[EfEIE
st 34 833 458 323 214 ME of higher peak strensth The remonlded strensth was of simalar vzlus
§-Lower ap L 455 | 4£51- | 477 | 156 ML for-all locations, ndicating smmilar minnsic properfies. The thickness
st 2 43 Dl s | Il ME of the soft clav 15 onlyv about 4-5 m at tht site. The clay 1= clazsified
-Baft _ 1530 | .30 | soe | eers | 00 ci 2 moderately-zansitrre to senzivve. and of similar sensrbvity value
gy * for-all thrae locations, rangins from 3 109, This trend 15 m 2 good

*Sparce: Horpifmios et 2l (2007)

agresment with previous studies on Bangkok clay oz, Horpibulsuk
atal 2007, Maireing & Amonknl 2010)
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Figura 3 Tield vane chear taat resnliz

The crust zone of the Banzkok clay 1= a weathered mediom-stiff
to z stff clav. This crust laver. a= well as the dyke fill have been
charactarized by means of heht-weight dynamic cons penetration tast.
or so-called Konrelstab Penstraton test (KPT). This test mreolves
droppang a 10 kz weaght, with 2 falling height of 0.3 m on 2 80° cons
wrth = dizmater of 13 mm connected to 20 mm dizmeter rod. The
number of blow counts was 1ecorded for each 10 cm of penstration.
The EPT has been cammied oot at zix locabons (K-UL, E-MI KE-LI,
KE-L2 K15 and K-1.4 a5 shown m Figure 2} ontha ATT side of the
dyks. Figure 4 shows the plots of blow counts versus depth for all
locations. The blow count number zppeared to be fairly constanmt up
to 1.5 m depth balow which it started to increase Imearty with depth.
Motably, the EPT resistance (blow count number) below 1.5 m depth
was likaly affacted by the skin fricion m the soft clav slong the rod
above that depth. The pressnce of soft clay was confirmed by the
SASW results, prazented i the followinz section.

Bicw courti2fern

Fizure 4 Kunrelstab Panetration teat (BT ) rezults

Thne, the blow count number appeared to increase with depth
mdieating 2 larzer accumulated skin friction alons the depth in the
soft clay. Nevertheless, the upper crust zope from zaro to 1 m depth
appearsd softer nearerthe dvke (1.1 and L2) than outzide (1.3 and 147,
Likelr due to sround deprezzion mear the toe (Fizure 1. The lowsr
crust zona from 1 102 m depth at Location L4, sutside of Dvka area,
appeared softer (leszer blow coumt) than crust beneath the dvke.

2 contour plot of blow counts has been constructed as showm i
Fiewre 5. Exndently, the upper 1 m of the crost zone and dyke Gl vere
softer than the lower I wof the crust and fill. The 201l profile shown
m Figure 2 was drzwn bazad on thesz ohserations. The upper 1 'm of
dvke fill om the s1ds slops appeared to have 3 smaller shear resistanca,
2= comparad to the lower part hkely becaose it was only recently
placed during dvke ups 2 2012 Tt conld zlso be o becanse the
mfluence of rain infiltration into deziccation crack that-would be more
intenzive m the upper 1 m of the slopa.

oo Ernunt 20 o

Dasizroe m
Fimure 3 Comtour of KPT blow counts
23  Spectral Analyziz of Surface Waves (SASW) Testing

Spactrz] Analvsiz of Surface Waves (BASW) testins the technique
developed by the Unrversity of Texas at Austin Mazarmn etal 1985,
Stokoa et 2. 1954, was performed at the crest of the dyvkam order to
measura the shear wave velocity of the dyke and the sod foundstion
The iest was performed tsing a sledeshammer and a2 300-ks drop
waight as 3 seismic source for shellow and deep profils mvestications,
respactively. The recetvars were two 2-Hz geophones manufactured
by Geospace The arransements of the sources and recervers were the
Common Fecerver Midpomnt seometry for short spacing (1. 2 and 3 my
znd the Common Source seomatry for lons spacine (10 and 20 my, dus
to the difficulty in relocating the drop waisht The resulis from thess
spacings were combinad to datermine the shear wave velocity profile
using WinSARW prosram, alzo developed by the Univeraity of Texas
at Aunstn ifoh 1336) The combined expermmental and theoretical
dizparsion curves are shown m Figure & The shear wave velocity
profile, svaluated from iferative forward medellins analvsis, of the
zite iz showm 1 Figure 7. 501l propartiag zre alze shown m Takle 2
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Figure 6 Experimental and theorsthical dispersion curves of ATT
dvke
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Figure 7 Bhear Ware Velpoity Profile measurad from ATT Divke

Tzble 2 Laver Proparties Dietermined from SASW Test at AIT
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The result indicates the shear wave velocity of 160-255 mz in the
first Sm representing the embanbmant and the top crust matenzls If,
then drops down to 110 ms for the next 35m representine the
thickness of soft Banskok elay. A farthat the veloory becomes higher
than 220 ms reprazenting much shffer zotls The undramad shear
strength of the soft w01l was estimatad using Equation I developed by
Ashford et 21 {1996 where = shear wave velocity i msiand suis
an imdrzmed shear stransth in KN m

L]

iy
v.=235" D

The estimated undramad shear strength 1z zbout 17 Pz which 1=
slightlv lngher than what was mezsured by feld vane shear test

However, it iz worthwhile to note that the fisld vane shear test was

camad gut at the dvke toe whilz the BASW was performed at the crest.

Therefore tha zoff clay tested by fizld vans shear test would have
axperienced lower overburden prezzwre comparing to the soft clav
tested by SAEW test which has experiemced higher overburden
preszurs due to the weaight of the dyvke

Whale i 1= true the penetration resiztance and the stiffnass should
show 2 good correlation, and hence silar profiles. the compatbilaty
betwaen the KPT blow count profile (Figore 4) and shear wave
valoerty profila (Frgmra 7) camnot be strietly discussed doe fo mherant
difference m the test prinmiples. resolution and range of measurement
of ths two tests. The KPT was condocted on'a small amount of scal {2
loczl meazurement) while the SASW test was on 2 much largsr
amoumt of :01l (2 global meazurament} and showed tha 3veraged shear
wavevelocity of the il miazs. Tha KPT result prasants 2 profila over
36 mata 0l mresolotion, whils the SAEW result extends down to
lém dapth buot at 2 resolution of 1-4 m Inaddition the KPT resistanca
at 2 depth greater than 1 3 m iz hkaly ba affected by the slan friction
along the rod m the zoft clay above that depth, as dizcuszed earlier.
Hence the resulis of KEPT znd SASW tesfz were mot considersd
contradictory, if not m clear agreemant. More importanthy, the SA8W
tests indicated the presance of compacted dyke fill. the crst and 2
zimalar thiekness of 2ot clay 2z determimed from the field vane shear
tests:

3. INSTRUMENTATIONS

The matruments mstalled atths sfe are shown m Figure 3, meluding
1% temciomieters [Kaszetart University or ElU-tvpe), 2 fluchabls
tapziometers (UNSUC), 3 MPE surbon semsors, 3 Time Domam
Beflectometry moisture senzors (TDR), 1 tippang bucket ram zaugs.
and | interval camerz. Settloment plates have bean instzlled on the
clope at 7 locatioms (SPL to 3P7). The details of thete mstruments
rezarding mstzliztion depth and location are summarized i Tabia 3.

5P, 5P2, 5P3
TDR1

- A1, MPS1
“ 82, D,E

TeMpsz  + A3 UNSUCL

$PS, 56, 5P i
L mpsae TUNRLCR
¥ 3'
td,FGe * Scale
Ch 0 1m

Ficura 8 Locafion of instruments and survey points

Tzble 3 Summary of instromentation

Inctrument Depth of

Inztroment . 2 Sfeasurement
instaliation, m LEL AT
code o ot working ranse
Temsiomstar Al AL AS g3, 101 Porz-wmer prasnms
{EU-tvpal BL.BL B3 B X -B0 to 500 kR
CLE2C3 05,12
DEFRG 1
Tensionzster TINEUCL T Pars-Wmer prasme
| .;.us]-.ﬂgi‘mm TINEIRCD 3 B0 kPa
3 surhon | DAL, MDaD, e “Porawemer presume
SERENT MPE3 -2 to - 100 (00 kP
TUR mmostars | ILAE, TORD, (il -
BEmEDD TIOR3
Toppinz buckst Rix Top of dvice -
MRiE-ZHugs
[mtenial comerm Tcam Top of dvie

Most of the momtormng devices were matzlled on 17-18 Marek 2017,
The pore water preszires, both positrve and pesative (Le. matmie
sucton) vahoes, were measwred by three different types of zenzors.
One of them, the Kasetzart Unrversity (KU -hvpe tensiometer was
devsloped by Jofizankaza stal., (2007) wme MEAs preszure senzors
znd 1-bar air-entry ceramie filter. 25 shown i Figure 9
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Fizure 9 KU:tenziomater and the matzllation method

The K 4ensiomeaters ware mstallad st varions locations (A1 AT
A3 B1,B2.B3,C1,C2,C3,D.E.F, and G) from deptha of 0.5 to-2
m along the slope 23 shovn m Figure &, The mstzllation procedurs of
KU tensiometers 15 descnbed m Figore 9. First, 2 hols was crested by
hand auzer and prpe droving to the required depth. Afferwards, a FVC
cazins was maearfed down the hole The fensiometar was then mzerted
1o the PV cazing and 2 good contact betwean the tenciomater's
ceramuc tip and the soil was ensured by chackmng response by a gentle
push m the field A thin laver of clay paste was also applied to the
ceramic tip to improve contact condiflon. Anyv gap between the fubs
and drillsd hole was backfilled with cement-bentonite-lkzolin =rout.
It wasz shwavs ensured that the fensiometer was well satorated with
water and no air bubble was present in the reservoir by checkme
sochon reading before instalfabon After somaz time durme the
monttorme period. 1f the readme suzzestad that the suction could be
highar than 80 kPa and the aw-tubble may form maide water reservor,
the Kll-fenziometer would then be rameved from the borehols
through the PVC fubs, up to the zround, for checkms and re-fillms
with water later.

The EU tenziomefers were supplementsd by another typs of
tenszometers, flushable Aol UNEUC ML-2400AEL (Figure 100,
which were contmuonaly buried at 2 m and 3 'm depths from the top
of the dyke. Thezs UNSUL tensiometer emplovs tubins connected to
the water reservoir for flushins am out of the system and can be
resaturated without removms the tensiometer from the borehole
These two tvpes of tensiometer both adopt the convenfional prmeipls
of tensiometry by nsins hizh air-antry vzlue caramics and are prons
to cavitzbon in the wafer reservedr below -B0 kPa of pore water
pressurs.

Extesm o rd

et Blacthicss catks
askig (FVED
Fhiahing futss
T joumed
Pregaye semal
Ceramnc fitar

Vialm teaanzh

10 UHSUC-tenziometer

These tensiomsfers ware flushed whensver camatzhon was
detected a3 mdicated by the suction readmes. The frequency of
femstometer mamtenance depends on the location and the depth of
mstailation. For example. UNEUC tenziométers wers flushad twice
durmg the raimy season when suchon resding susgested cavitation
had sccurred. Durms the prolansed dry seazon, re-zatnration of the
tensiomister was not attemptad. zinca the tensiometer alvars caviiated
after re-saturation 4oz to the ground’s hizh suction. The other type of
device, Decagon MPES (Figure 11a) works om 2 different principle
and has 2 much wider meazurakble ranse of suchon. They meazure the
electrical capacitance of the ceramics that 1= m direct contzet with the
zpil and bence chanzes s ratained water volime m aguilibrom with
the =o1l's suctson. Inevitably, thiz principle imphes that the sootion
measuremanti are subject to the hysteresie of the cerames’ water
ratencivity, Three MPSS were mnzialled at 0.5 m depth, 2ach of which
at the shoulder, maddle apd tos of the slope (Figure 8)

The surface mosture condition was monrtored by TDR (Time
Domam Beflectometry) soil mosture sensors (Camphall C-C5635-
98, Figgre 11b) with 3 120 mm probe lencth measurms the
volumetric water content over the samea thickness of the surface zoil.
Simlarly to MEPES, sach of them was mstzllsd at the shoulder, middle
and toa. The rain sauze was 3 conventional tipping bockst tupe with
a resolution of 4.3 mm I was mstalled further away from any fres
canopy and thers was nothing overbead that could causze adverzs
affect on accuwracy of the ram zauee. The mierval camara recordins
was taken every hour.

The rain sanze. TDR, MPS znd fushzble tensiometsrs readines
arerecorded by 2 Campbell-Sciantific datalozzer at the intarvz] of I
hour. The KU -tensiometer readimgs were recorded nsms a laboratore-
mzde Ardmne datalogzer (wath 18kt ADUT) st the mterial of 3
minntzs. Atwospheric prezzore was also measured by an abzolute
pressure sensor in ordar to correct for zerc-readns of the pors-water
pressmre from the tensiometers.

Figmre 1l (Hher matroments for suction and moistore content
measurements a3 MPS water potential senzer {Decapon KPS-6),
and b} TDR (C-C5635)

4 PORE-WATER RESPONSES AND DYKE
MOVEMENTS

4.1 Rainfall pattern

The complste metromantation prosram started from Aprid 2017,
which waz near the end of drv sezson mn Bansgkok up unhl the prazent
In this paper, the montorms results up until Joby 2017 are presented
whick encompaszed the rain zeazen. The daily ramnfall and commlative
raimn during the measurement period are prezented m Fisure 12, The
datly ramnfzall was plotted together with the 3-day antecedent 12m n
Fiewre 133 and compared with a crihiea! ramfall enielope (100 mn)
which 1z the commonly wsed crieron for rainfall-mduced =lopa
metzbility warnine in Thailand (Mawaing et 21 2012). The 3-day
antecadent rainfall wasz usad accordings to studies by Tharvnenwons
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2005 and Marains & Tharyoerwons (20100, which suzzested that
thiz antecadent pertod was smitable for landslide warming in Thaland
Mo major failurs howsver was obsarved at the studied site desprtz the
ramnfall data crossing the 100 mm- ramnfall envelope. The hourly
ramfzll 1= alzo plotted 2zamst the 24-hour ram in Fizure 13b. It can
be zeen that for the case of totzl 24-hour ram sxceedme 40 mm the
hourly ramnfall was mearly equal to the 24-howr raim. mdieatng nezrly
all amount of ramn within 1 day took place only within 1 to 2 hour
penod of intensive rain. In fact based on the ram data, there was a
66% chance that on 2 ramy day, an hoorly ram within that daywould
be equal to 30% or more of the total 24-hour rain.
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4.2 Pore-water prezzure, suction and moizture content

The variztionz of pare-water pressure with time at crest, middls part,
and toe of the dvke zre shovwn m Figore: 14, 15 and 16 respectively.
Highly pegative pore-water pressurs (hish suction) could be observed
frem April unhil the beginmime of WMay 2017 which was the drought
peniod. A comparison betwean pore-water pressures from APS
stction sensor and Kl tenstometer which were mstalled at the zame
depth of 0.5 m was made. The MPS sensors suzeested pora-water

preszura steadily decreased during drougkt period to zbout -700 and
2000 EPa, whila most Kll-tensiometers could only measure pore-
water pressure down to zbout -30 to -%0 kPz befors cavitation
occarred. These Kl -tenziometers were then rezzturated with dzamrad-
water on 17 May 2017 after which the razults were more relizble and
thos shown in the Figure There zppeared to be 2 constant demizhon
between AIPE and tenstometer Teadingz durimg the rainy 2saso0n (1e
between zensors MP31 and Al m Figure 14; RIPED and Bl m
Figure 15; MPS3 and Cl in Figwre 16). Thiz devizhon varied fom 5
to 15kPa and waz beheved to be caused by Insterssiz m MPE soction
measuramant. The manufacturer of MPS zenzor zlee clamisd the
devica to work relizbly from -%-to -1,000,.000 kP2, and would not ba
suitzble for 2 near zatwration conditon. Accordingly, durmg the
drought seazon, mterpratabion of pore-water pressmra at 03 manll be
done only from WMPS readmes and nof from tensiometers. Durins the
rainy season when the suchon was below 100 kPa, the readines from
fenziometers were considered more relizble and the MPS readines
ware orutted 1n the apalvans.

A comparison between THEUC- 2nd KTl -tanziometers was alzo
made for measurement at 2 m depth m the crest-of dyks (UNSUCL
and AY m Figure l4c). Duns drought penod m April 2017, both
device: could mot measure the zucton reliably ames the wlue
axceaded 10 kPa and both zansorz were prome to cavitation:
Tlevertheless. thers was discrepancy between the pors-water praszure
ragdings of the two londs of tensiometer dur mz rain period (v until
Tuby 2017} While the EU-tenziometer mdicated nagative pore-water
praszure sraduslby mersazine from -70 to -60 kP2 durins the ram the
UNEUC-tenstometer suzessted noar zaro pors-water praszure which
was guickly responsrve to the ram event. The locations of two sensors
{UNEUCT and A3) wers only about 1 m apart and the differance in
grovnd condition was mnlikely. Ttwas thooght that the TINSTIC 2 fast
response was mot wdicative of the likely low parmeable of the £l and
could be caused by mmperfact sealns around the borshole and sensor
1od zt the time of mstaliztion. The UNSUC2 measuremsnt at 3 m
suszested z relatrvely constant megative pore presswre (-10 kPa)
which wasz slowly inersasms with time, 2 similar behaviour to A3
fenslometer,

By comparme reading=s from tenziometsrs mstalled at the same
depth of 1 m baut different locations (1e between D E, and A2
Ficure 14; znd F, &, znd CI m Fizure 16), m senerzl z consistent
mezsurement  of pore-water preszure cowld be obzerved with 2
deviation of about 3 kP2 Poant E tensiometer appeared to dry faster
than Pommt D and AT fenstometers durmz 17 unhl 27 klzy 2017, This
cougld be dus to imberent mon-umaformasty of the evapetrareprration
process. and still conld not be fully explainad at the moment The
overall trend i Fizure 142 suspests that the upper laver (amface fo 1
mm depth) of the dyke crest had a faz ter responzs to pore-water praszure
chanza dus to ramn avent The readine: from the lower siltv fill (A3
and the crust zone (UTNETFC2)Y appeared to have slowsr responze In
pore-water preszurs (T1gurs 14¢), The pore-water prezsure behavionr
at the middle and tos of the dvka [Fizures 15 and 18 raspactrvely) zlso
showed a slower response It iz moteworthsy that the road surface
mamby consisted of granular materizl (Figure 2 and Tabls 1), wiuls
the lower Al and crost vrere of hisher fina content. Althoush the pore
watsr preszurs responses are expected to be fazt at shallower locations
aven in 2 nniform dvke, the comparison between the same dapth from
the shoulder and middla'tos suzzests that tha differance m zoil types
and permezbility of the road surface conld zl=o play an mportant rols.

The varafions of volumstric moistare content from TDE sensars
ars shownin Figure 17, The response of the surface mpsture contant
to climate (1e. ramfzll and sveporztion) was expectadly more
mmedizte than the responze of pore-water pressure at preater depth.
The values of moizture content m Figuwre 173 was obtamed from the
manufactorer’s calibration mformetion and thus  sohjsct to
uncertamties in their calibration dztzbasz. Therefora. the threa datz

Zeries were then normabzed by ther onn maxims, bazed on the

azsumphbion that the maxims correspond to full saturaton, and
canverted into the desr=e of saturation 2= shown i Figore 17h
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Ficure 1T Variztion of a) volumstric motsture content znd b) degree of zaturztion at the surface with fime

The dagree of saturztion at the muddle part (TDEZ) and the oz
{TDE3) appaarad to decrease 2t 2 greater 1ate than that at the dvke
crest {IDE. 1} The moreaze m degree of saturation dus to ramn events
appeared to be of greater mapnatudsa 'zt the toe and the muddle part foo.
The reason for this 15 wnelear but could be related to the thecker
vegstation obsarved nsarer the dyvks toe Root-melusions and
tramzpiration from grazses eould play an mportant rols i sorfacs
moisture content chanze m this rezpect

The pore-water pressures contours of the dvke were drawn bazed
on measuremants on 27 April 27 Mavand 27 Jume 2017, a5 shownm
Figure 18 In preparine thess contour plots, mreliabls measursments
{1.e. readmps when cavitzhon occurred, or borehole sealing was'not
parfect) were exciuded. Apparently, tha droosht period m the year
2017 brouzht about hishly nesative pore-water pressure (suchon)
the dvks sspecizily the upper 2 m whers tha suction reached values
betwreen L0 and 1500 kPa m late Apnl (Fizure 182), The subzequent
ramfal]l i Mzy 2017 causzad the dike fo become wetter with suction
rasging between 10 to zero kFz (Frzure 18k} mear the surface, 25 2
result of milltztion and sroundwater risme. The sroundwater tabls
appeared to be logher near the toe than m the wuddle, pozsibly due to
the mfluence of the external water level m the pond At the end of
Blzy 2017, the contra part of the dyke still appeared dry with 2 suchion
value of 60 kPa mdicatims the gradnal mfitrafion and: zeepazs
process doe to relatively low permeability of the soil.

Further ramnfzl] events i June 2017 cansad the svoundwater [edal
tone (Tigure 18c), The groundwater i the centre was shightly higher
than at the toe, parhaps m rezponss fo the mfilostion watar recharsms
the sroundwater table or dus fo the externz]l water from cutside of

ATT_ Tt can be zeen that uppar part of dyks crest was drisr now wath
zuction of nazrky 600 EFa in responseto the no-1ain pertod from 20
il 27 TJuns 2017, This mdicated that the drymg process took place
first at the crest of tha dyvke as a result of gravimetric dramnaze. In
additron fo this, there was no ground cover and evaporation would
have taken place more guickly.

4.3

Surface movement of the dvke was monttored by means of Total
Station surveving. Two permanent benchmarkes were constructed oo
the piars of nezrby bridss which were zssnmiad to be stabionary. Theze
benchmarks were usad - zz referance pomfs for the Totz]l Station
device. The mezsured coordmates (x, v, z) of all the settlement pomts
{5P1 to SPT) were than usad to caleulate the vertical and honzonts]
movarment: 3z shown 1n Figare 19,

The Total Station survevs were made on 18 Apnl. 9 May, and 27
Juby 2017, The vectors of the surface movement were caleulated
based on the mmtial condritoms on 18 April 2017, Therefore. the first
micremant of the vector rapresantad the movemant that was cansed by
the first period of ram which took place batween the end of dry seazon
and the first wesk of May. The toe surface showed some heaving of
lazs tham 0.3 cm while the crest of dvke appeared fo zettle by abont
0.5 to 1.3 cm The middle part of the dvke experienced neglioible
settlement. Smee the first measurement pertod (Fom 13 Apnl to 2
Moy 2017 imvolved both drving and wetting, the first sefilemmant
could be related to both desiccation comprassion as well a= collapss-
on-watting phenomena

Dvke zurface movement
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27 April 2017 a)

27 May 2017 b}

27 June 2017 c)

Frzure 18 Pore-water pressure contours at three salected dates (the
zcales are m meter and the contour valnes are m kPa)
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Figure 19 Dvke surface movement

The zecond vector meremant: of movement, however, showt that
pearly zll zettlement points alons the dvke swelled by about 0.3 40 1
cm durmg the wetting period from 9% May mtill 278 Fulv. Tt is
noteworthy that the horizomtal mevemants were constantly putwards
and ther masnitude appearsd to be considerable, rangme from 3 0 6
cm. This magniude of movement seamed excessive and perhaps be
affected by the accuracy of honzontzl movemsnt from the Total
Stzhion survey itself. The frst increments of Vectors SP1, 8P2 and

8P3 neverthelesz appeared to be dowmwards at an ansle simualar to the
boundary between upper angd lower fills . The motement at the foe
{SF35, 3P0 and SP7) also seemed to be mamly benzontal Alkhough
niot conelusive. s frend seams to medicate that the movement may
primarily take place m the npper Al This upper fill was zl=o the zone
of emaller shear reaistance and where pore-water prazsure chanzed to
the sreater extent However, the surface movement could al:o be
attributed to the creeping movement of the zoft clay foundation sodl,
thonzh thiz cannot be fully proven at the moment. The photosraphs
at different periods fom the misrval camera (Figvre 20) did not show
2 clear sizm of exacerbating lonmitndmal crack zlons the crest
Yatable 1t it was guits difficult to confirm ths moremeant bazad on
the mrerval camera photo alone since the vegetanion became thicker
during the rammy season. All inzll, tha movement of the dyke appearad
to ba ralated to the chanpe i pore-water pressure and hikely ba ralated
to the upper part of All that was recently placed.

Crack

27 April 2087

L

27 May 2017

27dune Z017 27 July 2007

Fizure 10 Photes of the dvke crest from fimed-pomnt intervz] camera

&, CONCLUSION

A feld stwdy was ondertaken of an mstrumernted dyks om soft
Bangkok clay mn Pathomthzm Thailand The studied site was
characterised usmg dymamic cone penstation tasts, field vane shear
tests and Spectral Analvas of Surface Waves (8ASW) zeophoaical
tests. The pore-water preszurs, sucton, molsture content and ramfall
ware continuously momtared over tha rziny season m 2017 Based on
site characterization and fisld mongormms resulfs. the followms
conclosions can be drawn.

& Thsthickness of tha zoft Bangkok clay [ayer appeared to be anly
3.3 to Jm beweath the-dyke. The soft clav nearer the dykewazs of
higher strength than m the zone further away. Thiz was a result
of consolidation after the oriznal dyvke was binlt about 50 vears
azo, 2nd the additional fill was placed m 2002

® The MPS 30l monture sensors, which emploved mdirect
mathod for zochion measarement, based op'elacincal capacitance
of the ceramics, appearsd to be sitable for hizh sucton (=1
EPa}), Maverthalesz the MPE serisor was prome to acouracy
problem dus to hysteresis when meazorimg small suchon. On the
other hand. the tensiomsters vizlded 2 more acourate
meazarement during the ramy zszsom. vet not posstble to
measura the suction of the dyks durme dry zsazon doe to the
cavitation problem.

&  Thevegsizted dvke slope surfaces {30 em) made wp of 21y and
clavey soils were found to experisnce. drastic suchion chanzes
under fropical climate, reaching 1300 kPa towards the end of 2
dropzht seazon and abropthy (wathn 2 dav) recovermes to 20-20
kPz upon the onzet of the mmy season Such largs and abrupt
changs: of the surface suchon wers likely to have sssravatad the
surface cracking and hence the dvke movements. Om the
contrary, the responss at 3 m depth from the dyke shoulder was
almost msensitne fo the short-term ram#all patterns. Thesa

&0
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findings have sigmficant ymplications for forther laboratory
hvdromechanical imvestization

*  The toe surface of dyke showed some heaving of less than 0.5
cm while the crest of dvke appeared to settle by zboat 0.5 10 1.5
cor durins the first week of ramy pened The second
mizasuremants of movement kowever showed that surface of the
dviee swallad kv about 0.3 to lem durinz the wethns period from
9 May unt:l 27 Fuly. This observatron sugzested that the vertical
maovemants v reflected an elasfo-plzztic cemprezsion-
swellme phendmianon due to combimed effecits of dnving,
collapse-on-wetting and swelling and that zome deformations
were recoverable.  Thiz was mot the case for the horizontal
movemsntz, which exhibited comstant owiwards  cumulatrve
dizplacement

& The frst mcrements of displacement vactors at the shoulder
appearad to be af anangle similar to the boundary between uppsr
and lower fills. The movement at the toe zppeared mamnly
horizomtal Althoush mot comclusive, Hus trend zeemed to
mndicate that the movement may have primarily taken place m
the recently placed wppar £i.
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