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ABSTRACT

Seismic liquefaction hazard is efficiently mitigated by a large number of existing ground
improvement techniques. However, at developed sites, most liquefaction mitigation
techniques are either difficult (e.g. soil mixing), or even impossible (e.g. vibro-replacement) to
implement. In such cases, confinement methods (underpinning, diaphragm walls), high
pressure (and viscosity) grouting, or perforated drains are often prescribed. However, these
techniques cannot mitigate liquefaction under the whole structure at risk, since they are
usually performed at its perimeter, while they may also create structural problems (e.g.
footing heave due the pressures involved in high viscosity grouting). In addition, normal
operation is obstructed during improvement works and the treatment of large areas is costly.
If liquefaction mitigation is required around lifelines, similar problems may arise, since the
majority of existing ground improvements techniques may impose damage to the pipelines,

while the related cost is prohibitive given their large total lengths.

An alternative technique without these drawbacks is passive (site) stabilization, which
includes the low-pressure injection in the soil pores of colloidal silica (CS), an aqueous
dispersion of fine silica particles. This material retains low viscosity values (slightly higher than
that of water) up until a well-controlled time after mixing (named gel time) when its viscosity
increases rapidly. The CS injection in situ may be performed by injection and pumping wells
on either side of a structure at risk of liquefaction in its foundation soil. The gelation of CS
alters the mechanical response of the soil skeleton—pore fluid system, making it less

vulnerable to plastic strain accumulation related to liquefaction or cyclic mobility.

This ground improvement technique is currently still at an experimental stage worldwide.
Some of the fundamental issues that need to be resolved before this technique becomes
applicable in practice are: (a) the control of CS gelation, since the under- and over-prediction
of the gel time leads in situ to over- and under-delivery of CS, respectively, (b) the depiction
and simulation of the transport mechanisms that affect the efficient delivery of CS into the
soil pores over large distances, (c) the numerical simulation of the mechanical response of
stabilized soils, to be used in analyses of pertinent boundary value problems, (d) the
knowledge of seismic response of stabilized soil layers, since this affects the vibration of
thereby founded structures and finally (e) the effectiveness of passive stabilization for usual

structures (with shallow foundations) in terms of settlement reduction from a performance-
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based design point of view. In this respect, the scope of this Thesis is to aid in resolving the

foregoing fundamental issues, as explained

Particularly, this Thesis initially presents results from viscosity measurements on CS solutions.
These measurements complement the existing literature, which shows that the gel time of CS
solutions depends on the pH value, decreases with normality of cations and the concentration
of CS in the solution, CS(%), but also depends on the dimensions of the CS particles (or the CS
type, in general). The viscosity measurements were performed on a total of 60 different
samples of different concentrations of Ludox-SM® fine colloidal silica, diluted with deionized
water and enriched with pure NaCl in different normalities, while the pH was controlled by
adding small quantities of HCI. The tests corroborated the effects of the aforementioned
parameters on the gelation of CS, but also depicted a significant decreasing effect of
temperature on the gel time. Then, a statistical analysis of the available laboratory data
(measurements, complemented by the literature wherever possible) was performed and a set
of design charts was devised for predicting the gel time of CS solutions. In addition, a multi-
variable equation was proposed for predicting the viscosity versus time curve of CS solutions,
which may be used for predicting the rheology of any CS solution. The proposed design charts

and equations yield results that compare very satisfactorily with the laboratory data.

Then, a series of 1D injection tests investigated the injectability of different CS solutions in
granular columns. The tests measured the flow rate and travel distance of CS with time during
injections with low hydraulic gradients (0.05 to 0.25) in sand and silty sand columns of 20 to
100cm height. These tests corroborate the literature-depicted increasing effects of hydraulic
gradient and hydraulic conductivity on the flow rate, as well as the fundamental finding that
that injection essentially stops when the CS viscosity reaches 4-7cP, at least for the tested low
hydraulic gradients. In addition, these tests underline the important role of the higher density
of CS in comparison to the water that it displaces from the soil pores. Hence, the CS
injectability is affected by both the time-increasing viscosity of CS and the density-driven flow
component outlined above. These tests also show that the NaCl existing in sea water does not
essentially affect the injectability of CS in marine sands, at least for injections lasting up to a
day. Finally, a recently proposed simple analytical tool is employed for predicting the CS flow
rate in 1D injection tests, which is based on the Darcy's law after appropriate adjustments for

the differences in viscosity and density of CS as compared to that of the water it displaces.

In the sequel, since a dedicated constitutive model for stabilized sands has not been

established yet, this Thesis explored the potential of using existing models for untreated
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sands, after appropriate modifications. For this purpose, the bounding surface plasticity
model NTUA-SAND was selected, since it is well-established for liquefaction analyses in the
literature. Two (2) simulation approaches were explored: (a) recalibration of model constants
(leading to a stiffer and less contractive response of the soil skeleton), (b) decrease of pore
fluid bulk modulus K in comparison to the value K., for water (simulating the seemingly
increased compressibility of CS in comparison to water). Comparison of model simulations to
laboratory element tests shows that both these approaches are potentially capable of
simulating the behavior of stabilized sands. However, further comparison with two (2)
dynamic centrifuge tests for the seismic response of a horizontal layer and a gently sloping
layer of stabilized sand show that only approach (b) can provide quantitative accuracy in fully
coupled dynamic analyses of boundary value problems involving stabilized sands. In practice,
a simple relation for the moduli ratio of K./K is proposed as a function of the percentage per
weight CS(%) as a uniform framework for the simulation of stabilized sand response, along

with an appropriate model for sands (like the NTUA-SAND model employed here).

Subsequently, numerical parametric analyses were conducted for investigating the 1D seismic
response of stabilized soil layers using the above simulation methodology. It was found that
the seismic response of fully stabilized layers is reminiscent of the corresponding response of
the untreated soil under fully drained conditions, and identical to it for low intensity
excitations. It has to be underlined here that fully drained conditions imply zero excess pore
pressures, a condition that never appears for sands or silty sands in situ during shaking. For
surficially only stabilized layers, the seismic response at the ground surface is mostly
determined by the response of the underlying untreated soil layer, e.g. if this latter layer is
quite thick and liquefies, then de-amplification may be observed. In addition, a statistical
processing of the input data and the results of the ground response analyses for fully stabilized
layers led to the proposal of a set of multi-variable relations, which estimate the surface-to-

base amplification of the elastic response spectrum (5% damping) at stabilized layers.

Finally, numerical parametric analyses were conducted for investigating the seismic response
of a surface strip foundation lying on stabilized soil using again the proposed simulation
methodology. It was found that if the foundation lies on a fully stabilized layer, the
accelerations may be important, but seismic settlements are significantly smaller than those
of an untreated layer. On the other hand, if the foundation lies on a surficially only stabilized
layer, its accelerations may be de-amplified due to the underlying liquefied layer. Important

problem parameters are the factor of safety against bearing capacity failure and the
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characteristics of the excitation (intensity, duration, predominant period). From a
performance-based design point of view, it was found that if the thickness of the surficially
only stabilized layer is twice the width of the foundation, the seismic settlements are reduced
significantly, i.e. almost as much as if the layer was fully stabilized. However, if the surficially
only stabilized layer thickness is equal to the width of the footing, the benefit in seismic

settlements is very small.
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Euxaplotieg

Me tnv ohokAnpwaon autic tng StatptPrg GTAvoupe 0To TEAOG ULlag HeYAANG Kot SUOKOANC
Sladpoung. Méoa 0’ auTd Ta TIEVTE XPOVLIO EKTIOVNONG TNG UTINPXAV OTIYMEG Tiieong Kot
AYXOUG, UTINPXOV OPWGE KOL OTLYHEC XOPAG, LKAVOTIoinonG kat euxapiotnong. Kottwvtag Aoutov
TIOW, KOLL KAVOVTAG VAV ATTOAOYLOWUO, UIOPW LE BERALOTATA VA TTW TTWE OL EUXAPLOTEC OTLYHEC
oklalouv TI¢ SUCAPEDTEC, MWCE OL OTIYHEC TleoNG Kal Ayxoug Egxviouvtal Kot T B£on toug
maipvouv opopdec avapvioels. Opwg, n ulomoinon autng tng dtatpfng 6 Ba Atav duvarn
XWPLG TNV TOPOUGLa, TNV UTIOOTAPLEN KOL TNV AVEKTIKOTNTA KATIOlWWY avBpwriwv. MNa to Adyo
QUTO, VIWBOW TNV avaykn va «KAEPw» Alyo xwpo amod auteg 6w TIG oeAideG yLa va EKPpAow
TNV EUYVWHOOUVN LOU KOL VAL TIWw £Va LEYANO EUXAPLOTW O€ OAOUC QUTOUG TIOU LIE TLG TIPAEELG
1 Ta AGyLa TOUG, HE TIG YVWOELG 1) TNV ayarn Toug cuveéBalav otnv oAoKARpwWon aUThg 6w

T™Nn¢ epyaoiag.

Mpowta am’oAa, Ba ABela va guxaplotiow Ttov K. AxMAéa Namadnuntpiou, Emikoupo
KaBnynt E.M.M., o omolo¢ pou €BaAe TO «UIKPOPLO» TWV YEWTEXVIKWV Nén amod ta
TIPOTITUXLOKA HOU Xpovia Kot cuvenéBAede autrv 6w tn Statppn. Me T cUUBOUALC, TIC
YVWOELG TOU KOl TNV UTIOMOVH Tou HE BonBbnos o OAa ta otddlo ekmovnong tng StatplBng,
ovtag mavta £tolpog va dwoel AUoelg os kaBe mpoPAnua i amopia kKabBwg Kal va pe
«TOPOKOUVAOELY TIG OTLYMEG TTOU éviwBa ayxwpévn. Eival évag €alpetikdg kabnyntng Kot
ETILOTAMOVOC, MO TIAVW art’OAa €vag UTEPoxoc AvOpwIog, Mou akopa Kal oTig SUCKOAEC Kot

SUCAPEDTEG MPOCWTTKEG LOU OTLYUEC €8€LEE KATAVONON KOLL UTIOHOVH.

Oa nbsha va ekPppdow TIC OepUEG HOU euxaploTieg kot otov K. NtakoUAa Mavaywwtn,
KaBnynti MN.0., cuveruPAénovia tng SLaSAKTOPIKAG SLATPELBNG Yyl TNV TIVEUUOTLKN KOl
ETILOTNMOVLKN UTIOCTAPLEN TIOU oU Tapeixe KATA Tt SLAPKELA EKTIOVNONG TNG SLOTPLPAG aAd
KOL TA XPOVLOL TWV TIPOMTUXLOKWY Hou omoudwv. 18laitepn pveia ailel o k. MmoukoBahag
Frewpylog, KaBnyntng E.M.M., péloug tng tpLeAoUg ZupnBouleuTikng Emttpomnng, tou omnolou
ol oupPBoUAEG umpéav TTOAUTLUEC YLa TNV eMiteuén Tou BEATIOTOU amoteAéopartoc. Emiong, Oa
NnBela vo euxapLOTAOW Kal Ta urmoAouta péAN tng Emtapelolg Emtponng K. Kwuodpduo
Awillo, KaBnynt MN.0., k. Osobwpa Tika-Baclikou, KabnyAtpia A.M.O., k. Mapiva
MNavtalibou, AvamAnpwtpla Kadnyntplo E.M.M. kat k. MoAuv€évn KaAidyhou, Aéktopa M1.0.
yla T oupBoAn Toug otnv TeAkn Stapdpdwon tng Slatplpnc.

Oa Atav mapdleupn va pnv avadépw TNV TOAUTIUN cuvelodopd Ttou Ap. Kwv/vou

Avbplavomoulou otnv oAokANpwaon authg Tng gpyaociag, tou Kuptdkou Kavdpn yla Tig
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OUUPBOUAEG TOU, OTIOTE TIG XPELAOTNKA, Kol Tou Ap. lwavvn XaAloUAou otnv ekpabnon tou
AoylopwoU. Emiong, éva suxaplotw odeilw otov lwdavvn Tolwdma yla TG aobnTikeéG Tou

TMAPEUPATELG KaL yLa OAEC TIC POPEG TIOU «YLATPEPE» TOV UTIOAOYLOTH HOU.

Quoka, 6 Ba pumopovoa va PNy Mw €va HEYAAO UXAPLOTW OTa «Tmaldld» pou, OMwC Ta
OMOKOAW, TOUC TPOMTUXLOKOUG OLTNTEC TWV Omoiwv ouvemEPAea TIC SUTAWUATLKEG
epyooieq¢ pall pe tov K. AyiMéa Mamadnuntpiou. Euxoplotw Aoumtov Tov Aviwvn
NtouvtouAdkn yla Tnv moAUTIUN BonBela ota mMoAUwpa TEPAUATA OTO EPYACTAPLO, KABWG
kot tTnv HAtava Mavayou kat tnv Ntévn Zlaumou, ol omoieg urtnpéav MOAUTIUES CUVEPYATEG,

KOlL N OUUPBOAT TOUG TV TIOAU CNUAVTLKN.

Oa Nbsla péoa amnod tnv KopdLA HoU VoL EUXAPLOTAOW Kol OAOUG TOUG avBpwmoug oL omoiot
OAa autd Ta xpovia sivat StmAa pou Kol HoU CUUIAPAcTEKoVTaL. 10w KAToLoL amd autolg
VO LNV €XOUV TLC EMLOTNUOVLKEC YWWOELG VAL LoU SWoouV cUUPBOUAEG el TOU EpguVNTIKOU HOU
£pyou, OUWC HE TNV aydrn Toug ATav Tavta kel va pou ¢tiaéouv tn Stabeon Kal va pou
npoodEpouy £va xapoyeho kaBe dpopd Tou NUOUV ayXxwHEVn. Avadépopal ducikd otnv
OLKOY£VELA HOU Kal oToug pidoug pou, 66ou¢ REepa amo mpLv aAld Kol 600UC yvwpLod autd
T MEVTE XPOvla, Tou umnpéav olwmnnAol cuvodolmopol pou oe OAn auth t Stadpopn.
MNeplocotepo anod 6Aoug Ba nBela va suxaplotiiow to Niko, o omoiog NTav mavra ekel va pe
enavadEPEL GTNV MPAYHUATIKOTNTO OTAV TO XPELAOTNKA KAl LOU OTAONKE OTLG L0 SUCKOAEG

OAAQ KOL OTLC TILO OUOPGEC OTLYHEG.

To TLO HEYAAO OUWG EUXAPLOTW Ao OAa To odpeilw oTOUG Yoveic pou Mavvn Kat Mapia Kot
otov adepd6 pou BaoiAn, mou pe TV ayamn Toug OAa ouTa ta Xpovia Pe KAvouv Tio Suvath
KOL XaPOULEVN, TIOU OKOUO Kol OTav Ta Tpdypata Atav moAl SUokola, to €kavav va
davtalouv eUKOAA e HLa KOUBEVTA TOUG Kal PE Eval XaOYeNO. Xwplig autoug Timota ano oAa
auTA Tou £Xw KatadEpel de Ba eixe yivel kat olyoupa Ba nuouv €vag SladopeTIKOg

AavOpwrog. Zag eVXapPLOTW TOAD.

Fewpyia I. AyamoulAakn

Vi
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Aldaktopiki AlatpBn

MNadntikn otadepornoinon edapwv EvavtL peuoTomnoinong: Nelpapatiky dlepeuvnon
ElOTLEOLUOTNTOG OTaATEPOTTOINTH — aPLIUNTIKY SLEPEUVNON CELOULKNG ATTOKPLONG

otadsponotnuévwy edapwv Kot FePUEALWOEWY

lewpyia I. AyamouAdkn

EKTENHZ NEPIAHWH

1. AVTIKEINEVO KO OKOTIOG TNG EPYACILOG

H oslopikn peuotomoinon gival pia amd tig mAéov emtPBAaBeic GpuoLKEC KATAOTPOPES yia Ta
SoUKA €pya KoL Ta €pya UTLOSOUNAG. MPOKUTITEL O XAAQPA [N GUVEKTIKA £6AdN, KATW oo TN
otdbun tou udpodopou opilovta, av umoBAnBolV ce LoXUPH OELOULKN OLEyEPOn, Kal oL
ETMUMTWOELS QUTNG OTI KOTOOKEVEG UMOpel va eival tepdotieg (m.x. aotoyieg Bepeliwv n
MaooAAwyv, HeYAAsC KaBllnoelg, oAloONOELl Kol OTPOPEC TOlLXWV, OVOTPOTEC KTLpiwv,
ETUMAEVOELC UTIOVELWV KOTOOKEUWV). To &v Suvauel TPOoPANUa €8KA yla UPLOTAUEVEG
KOTOOKEUEG yivetal epdaveg av avaloylotel kavelc otL HOALS tn Sekaetia Tou ‘80 mpogku e
pLo oAokAnpwpévn pebodoloyia avaiuong tou mpoPAnpatog otn tebvry BLBAloypadia, evw
OAa Ta MOPOALOKA PETWITA AOTIKWY KEVIPWVY £iyov Nén Kataokevaotel, Tooo otnv EANGSa

000 KOl 0TO €EWTEPLKO.

Ye B€0elg UPLOTOUEVWY KOATOOKEUWY BepeAlwpévwy €Tl peucTomolioluou (xaAapol pn
OUVEKTIKOU) €8ddoug, n Xprnon Twv TEPLOCOTEPWVY Omd T UTIAPXOUCEG MeBodoloyieg
BeAtiwong tou edadoug eival Suoxepng (m.x. Adyw Aettoupylag TNG KOTAOKEUNC 1 AOyw
Suoxepolg mpdofaong), akopn kat aduvatn (T.X. Adyw Twv SOUKWV INHULWV TTou UIopolV va
npokAnBouv). Etol, ywa tn PeAtiwon Ttou eddadoug oe TETOlEC BEoelg ouvnbwg
XPNOLUOTIOlOUVTAL TEXVIKEG OMWG: HIKpomdcoalol/ Siadpaypotikol Toixol, €lomicon
gvepatwv vPnrol Kwdoug (pe udnAéc migoelg) koBwg kal n €umnén TMAQCTIKWV
otpayylotnpiwv. Mapdha aUTd, Ol CUYKEKPLUEVEG peBoboloyileg Sev UopolV EUXEPWG Va
BeAtlwoouv Tto £60dog oe oAOkAnpn TNV KAtOoPn TOU KTNPlou, &vw HIopolV va
SNULOUPYNOOULV KOL KATOOKEUAOTIKA TipoBARpata (.. n £lomieon evepudtwy He UPNALG

TUEOELG UTOpPel va TpokaAEéoel avaonkwpa OspeAiwv). EmumAéov, katd tn SLAPKELD TWV

vii
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gpyaocwv NG Peltiwong mpokalouvtal OSUCKEPELEG OTNV KAVOVIKN AElToupyla TG

KOTOOKEUNG Kal N BEATIWON PEYAAWY TIEPLOXWV ATIOSELKVUETAL OXETIKA UPNAOU KOOTOUG

Mia evalhaktik pEBodog BeATiwong KN cUVEKTIKWY eSadwv TIou Sev €XEL TO APATIAVW
MELOVEKTAMOTA Kol Umopel va  xpnotpomolnBel euxepwg oto €dadog Beueiiwong
UODLOTAUEVWY KATAOKEUWY (0AAA Kol yUpw omd umdyeloug aywyolg) elval n madntikn
otaBeponoinon (passive site stabilization: Gallagher, 2000). Z0udwva e autr, yilvetal
EUMAOUTLOUOG TOU UYPOU TWV TOPWVY TOU PEUCTOTIOLOLUOU £8Adou¢ e Evav otabBepomolnth),
o omoio¢ amoteAeital and meplBalioviikwg acdaln vavo-owpaTidla (.. KOANOELSNG
mupLtia, opyALKA OPUKTA, ULKPO-0pYyOVIOUOL). AUTOC O EUMAOUTIONOC OAAGLEL TN UNXOVLKN
ouunepLPopd TOU CUCTAHATOG E60PLKOU OKEAETOU — UYPOU MOPWV, KABLOTWVTAG TO ALYyOTEPO
EUAAWTO 0E CUCCWPEUCT TIAOCTLKWV TIOPALOPPWOEWY TIOU OXETI{OVTAL UE pEVCTOMOiNGN N
TNV avakUKALKN KwvnTkotnta (cyclic mobility), kotd tn Stdpkela Kol OpECWE LETA TN OELOUIKN
Sléyepon, Kal TwV KOTAOTPODIKWY CUVETIELWY TIOU €XOUV OUTEG ylo. T cuvopelouca
kataokeun. H 8tnbnon tou otabeponowntr pnopet va yivel petd and diavolEn dppéatog Kot
HEOW TNG GUGLKAC PONG TOU LYpPOoU Twv TopwV (e€acdaiilovtag 0Tl S Ba yivel aveféleyktn
éBnon mpocg ta katavtn), | ocuvnbéotepa emiBallovtag cuvbAKeG PONRC HE T XPHnon
dpedtwv uPnAoL kot xapunAolL vdpavAtkol Uoug ekatépwBev TG Kataokeung (BA. Elkova

1).

Dpéap eaywyng Dpéap eoaywyng

1YO0.
N

W

Ewova 1 Atadikaoia ektédeonc madntikn¢ otadepomnoinonc oto €Sapoc JeueAdiwons KaTaokeung

H emtuxng epappoyn tng madntikng otabepomoinong £ykeltal otnv eLoTiieon Tou BEATIOTOU
otaBepomnointn otnv emBupntr Béon péoa oe £vav mpokaboplopévo xpdvo. ITtnv mapovoa
SatpBn, n £pdaocn Sivetal oto BEAtTioto otabepomnointr pe Baon tnv BLRAloypadia, SnAadn
™V KoAhoeldn mupttia. Ikomdg TNG mapovoas Slatplpng elval apXlKwe vo EUITAOUTIOEL Ta

gpyootnplaka oamoteAéopata tng PBipAloypadiag mou adopolv TOCO OTA PEOAOYLKA
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XAPOKTNPLOTIKA TNG KOAAOELSOUG TupLTiag 600 Kal OTNV ELCTILECLUOTNTA TNG OE LN CUVEKTIKA

ebaodn.

KaBwg autn n véa texvikn BeAtiwong tou edadouc e€akolouBel va BplokeTol Og MELPAUATIKO
otadlo SlebBvweg katl eM\eipel evog €€elSIKEUUEVOU KATOOTATIKOU TIPOCOUOLWUATOC, N
napovoa SlatplPry Sepeuva emiong tn duvatotnta Xprnong UGLOTAUEVWY KATAOTOTIKWY
TIPOCOUOLWHATWY Yla AUHOUG TIPOKELLEVOU VA TIPOCOUOLWOEL N AVOKUKALKY QTTOKPLON TWV
nabntikd otabepomoinpévwy  edadwv. Mo TO OKOMO auTO, XPNOLUOMOLETAL £va
00PLOTEVPEVO TPOCOUOLWHA VLA AUUOUC VLol TNV TIPOCOUOLWwoN TOGO AVAKUKALKWY SOKLUWY
edadkol otolxelou, 600 kalL SUO OSuvaplkwyv SoKIUWV (PUYOKEVTPLONG OTL, OTIOLEC
TUDOCOMOLWVETOL N OELOULKA AMOKPLON HLoG opl{ovTiag otabepomolnuévng oTpwong AUou
KoL ploG avtiotolxng umo Hikpn kAlon. Mo va emiteuxBel auto, mpayupatonolnonkav
OoU{EUYUEVEG SUVOULKEC OVAAUOELS TIEMEPATHEVWY Sladopwv Bewpwvtag alayEC otov

£6adIKO OKEAETO N OTO UYPO TWV TTOPWV.

Ma tnv edpappoyn tng mabntikng otabeponoinong otnv mpdaén amatteitol n oAokAnpwuévn
YVWON TNG OELOULKNG AmOKPLONG TOU oTaBepomotnpuévou e56A¢ouUG Kal TwV KATOUOKEUWY TTOU
Bepellwvtovral e’ autol. Itn BLBALoypadia UTAPYXOUV POVO ATIOCTIACHATIKA Sedopéva Ta
omola umodelkviouv OtL Ta otaBepomolnuéva dddn oxL povo v odnyouv o€ amopeiwaon
™TN¢ TaAdvtwong (onwg otn peuctomnoinon) aAld avtiBeta tnv evioxuouv (Gallagher et al.,
2007a). Auti n TITUYI TNG OMOKPLONC TWV OTAOEPOTOLNUEVWY E60PWV EXEL LEYAAN TIPOKTLKNA
onpaoia, Kabwg eMnpealel TNV EVIAON TNG OELOWULKNG GOPTLONG TTOU PTAVEL OTLG KATAOKEUEG,
ol omnoleg elval Bepedlwpéveg ent otabepomnolnuévwy edadwv. EAAelPel AAAwV dedopévwy,
n Swatpp) auty Slepeuvd aplOUNTIKA TNV HOVOSLACTATN OELOWLKN QATOKPLon TwV
otaBeponoinpévwy edadwv pe t Ponbeta pag katdAAnia Babuovounuévng aplOunTikng
peBoboloyiag. Itn cuvéxela, N BLa aplBuntikr peBodoloyia XpnOLUOTIOLELTOL VLo TN HEALTN
NG amokpLong pog emtdavelokng OepeAloAwpidag mou edpaletal oe pLo otabepomolnpévn
otpwon. Na 1o Adyo auto, SlepeuvwVTaL oL EMIEPATELG TWV XAPAKTNPLOTKWY TNG SLEyepang

KoL Tou €6ADOUC OTN CELOWLKI ATIOKPLOT TETOLWV BEUEA WY LECW TTAPAUETPIKWY AVOAUCEWV.

Me Bdon ta avwtépw, N mapoloa SlatplPpn amotelel pia cuvbuaopévn epyaoTtnpLaKn Kot
UTTOAOYLOTLKI) GUBOAN OTNV MPoomabeLa va KOTAoTeL N madnTLkr oTaBepomoinon MPoKTIKWG
edbapuoon. H mapoloa ektevrg mepiAndn €xetl empuépoug kepaiala, n apibunon kat to

QVTLKE(PEVO TWV omolwv avtloTolyoUV ota kedaAata tng SLaTpPAc.

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



2. KoAAoedrg nupttia otn BiBAtoypadia

H koA\oedn¢ nmupttia (Colloidal Silica, CS) gival éva dtahupa vavo-owpatidiwy Tou mupLtiov
O€ VEPO, N omola TPOKUTTEL OO TOV MOAUUEPLOUO TOU povopepouc Si(OH)s. Otav apatwBet
o€ oUuykEvTpwon 4-10% katd Bapoc xel apxLkoO LEWSES Kal TukvoTnTa eAadpws peyalltepa
Qo TO VEPO Kal oxnuatilel Toaxewg pla otabepn yEAN PETA omo €vo puBUL{OPEVO XPOVLIKO
Slaotnua, To onolo pmopel va Kupaivetal and HepPLKA AEMTA €W APKETOUC UAVES. AUt N
Sladlkaola oxnUATIoHoU YEANC TPOKAAEITAL OO TO OXNUATIONO Se0UWV oLAoEAvNG HeTAEY
TWV vovo-owpattdiwy tng mupttiag. Katd tn SidpKela autol Tou XpOvou oL TIUEG Tou LEwdoug
TIAPAUEVOUV XAUNALC, EMITPEMOVTAC 0TO SLAAU A va S1nBNBel péow Twv Mépwv Tou edadoug
otnv emBupnt B€on. O xpovog mou amalteital yia tn dnpoupyia YEANG unopet va pubuiotet
pe petafoAn tng ouykévipwaong CS(%) oto SLaAupa, TNG TG Tou pH, TNG CUYKEVIPWONG
aAatwv (NaCl ) &A\\ou) kat tng Beppokpaciog tou dtalvpoatog (Agapoulaki and Papadimitriou
2015; Gallagher 2000a). Ertonuaivetal 6tL KOAOEgLSN ¢ tupLtia eival pn Tokr), BLOAOYLKA Kol
XNULKA adpavic, aooun, Un eVGAeKTn, avOekTikn Kal dev amattel €l6IKO €EOMALOUO yla TNV
npostolpacia kot tnv epappoyn tng pebodou. H avBektikotnta tng CS eKTIHATAL QTTO TOV
Whang (1995) wg upnAdtepn amo 25 xpovia. Itnv napovoa ddaktoptkn dtatplBn, Eéudaaon
Ba 600¢ei otnv Ludox-SM®, n omola ivail 0 Lo GUXVA XPNOLLOTOLOUEVOC TUTIOC KOAANOELSOUG
rwpttiag kaBwe SlaBétel tn peyohUtepn bk emudpdvela (345m?/g) katl o HIKPOTEPO
péyebog cwpatdiwy (7nm), kabBlotwvtag £T0L O PIKPOUG TOU XPOVouC YEANG, o oxéon e
TOoUG GANouUC TUTIoUC TupLtiag. AvtioToLyo, XPELAETAL KOl UKPOTEPEG TTOCOTNTEG KATA BApog

yla va SnuioupynBel yéAn, dvtag £ToL n 1o okovokn emiloyn (Gallagher, 2000).

3. Mnyovikn cupnepipopd otadepornotnpévwy edadwv
Movotovik cupneplpopd

To melpapatikd Sedopéva mou adopolVv OTtnNV  HOVOTOVIKA ocupmeplbopd  Twv
otaBeponoinpévwy edadwv otn PLPAoypadio gival TeEPLOPLOPEVA KAl ATOCTIOOUATIKA,
aduvatwvtag va meplypaPouv oAOKANPWHEVA TNV OIMOKPLON TOUG. X€ VEVIKEG YPOUUEG, T
umapyovta Oebopéva  UMOSELKVUOUV  pio  apketd  PBeAtlwpévn  ocupmepupopd  TOU

otaBeponoinpévou edadoug os oxéon e To (PuoLko) pun otabBepomolnuévo.

Mo napdadeyua, ot Kodaka et al. (2005) npaypotonoinoav SOKUIEG OTPETTLKNAC SLATUNONG OE
otaBeponownpéva Pe koMoeldy mupttia (o tOmog tng omoiag 6ev kaBopiletal otn
énuooievon: Ludox-SM® 1 &AAog) kat ¢duoikd Sokipia Aauupou Toyoura (pe D=22%,
emax=0.821, emin=0.464, Dsp=0.44mm) yla OLadOpPETIKEG TIUEG KOTAKOPUDNG TAoNC. Ta
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amoteA£opaTa KATASEIKVOOUV [La €V YEVEL TILO SLAOTOALKN Kal Tlo SUoTUNTN cuunepLdopd
Twv otaBeponolnpuévwy edadwv. Itnv Ewkova 2 mapouaiaovtol To eV AOyw amoTeEAECUATA,
OTIOU |LE OUVEXELG YpaUUES dalveTal N amokplon Tou ¢puatkol e6AdouG Kal e SLOKEKOUUEVEG
n avtiotolyn ocuumeplpopd Twv oTabBepomolNUEVWY £60PWV HE CUYKEVTPWON TUPLTiag

CS=4%. Ta 6edopéva yLo SLadopeTIKEC KATAKOPUDEG TAOELG amelkovilovtal pe SladopeTika

XpWHOTA.
200 250
() Appog Toyoura (B)
175 ’ Quoikn @', = 50 kPa
/4 200 4 QuoIKn o', = 100 kPa
m 150 b i~ QuUOIKA o', = 200 kPa
o ) /] s = = = o108/ o', =50 kPa
- ] (] -~ = = = oT06/vna’,, =100 kPa
:_» 125 ’ ’ :_~ 150 o100 0’y = 200 kPa
8 5 e PTL
2 100 S
N — /,
£ 75 Aupog Toyoura £ 100 - s
= QUOIKA 0", = 50 kPa g ,7,
5 QuaikA o', = 100 kPa 5 , ’
< 50 QuOIKn 0", = 200 kPa J P
= = gTabivna',, =50 kPa 50 - 1
25 = = gTad/vn o', = 100 kPa U
otabivn o', = 200 kPa
0 4 I I 0 | |
10 15 20 0 50 100 150 200 250

AlaTunTIKA TTAPAUOPOWAN, v (%) Méon evepyog tdon, o', (kPa)

Eikova 2 ArnoteAéouata Sokiyuwv OTPENTIKAG Slatunon¢ o€ auuo Toyoura @UOLKN Kal
oradepornoinuevn ue CS=4% koata Bapoc¢ oc Opoug: (o) Statuntiknic t@onc — OSLATUNTIKAC
napauopewong, (8) ditatuntikng taong — UEong evepyou taong (dedouéva amno: Kodaka et al.
2005).

Mépa amd TN OUYKEKPLUEVN TPOOTIABELD, OL UTIOAOUTEG SOKLUEG TIOU UTIAPXOUV OTN
BBAoypadia adopolv SokLUEG aveUmodlotng BAIPNG oe dLadOopeTIKEG AUUOUC I IAUWBELG
QUHOUG oTaBePOTOLNUEVEG e SLADOPETIKA TOOOOTA KOAAOELSOUG TtupLTiag Kol otoxeUouv
KUPLWG oTov €Aeyxo NG moLotnTag BeAtiwong tou edddouc. Ta anoTeAEoUATA TWV SOKLUWY
TAPOUCLATOVTAL CUYKEVTPWTLKA otnVv Elkdva 3 Kat Onwg mpokUMTEL, n otabepomnoinon pe CS
TMPOODEPEL LA CNUAVTLKN aUENON TNG AVTOXN G 0 avepumodiotn BALYN (qu), n omola avfavetal
pe avénon tng ouykévipwaong CS(%) katd BApog mou xpnoluonoleital. Ta anoteAéopata yia

Sladopetika €16n dppwy mapouctalovral pe SLadoPETIKA XPWHATA.
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Ewkova 3 Avtoxn qu o€ aveumodiotn UAlYn amo SOKIUEC 0t OTATEPOMOLNUEVEG AUUOUC Kal
Avwébelc auuouc os ouvaptnon Ue TN ouykévipwon CS(%) kata Bapoc mou ypnoiuomoltiBnke
(6eboucva ano : Gallagher and Mitchell 2002; Gallagher 2000; Gallagher et al. 2007a; Moradi and
Seyedi 2015; Persoff et al. 1999)

AvakukAk ocupunepipopd

Eotialovtog otnv QVOKUKALKA QTOKPLON O HIKPEG OVAKUKALKEG TOpopopdWOoEL;, Ta
BBAoypadikd amoteAéopata Seixvouv OtL n otabepomnoinon pe CS odnyel os pa pikpn
augnon tou EAACTIKOU PETPOU SLATUNONG Gmax, KATA €SO Opo 10-25% (Papadimitriou and
Agapoulaki 2013; Spencer et al. 2008). AvtiBeta, o pecaleg aVaKUKALKEC TIAPAOPPWOELS, T
anoteAéopata (Spencer et al. 2008) &g Selyvouv oONUOVTIKN €mMidpacn OTIC KAUMUAEC
OTMOUELWONG TOU KOWVOVIKOTIOLNUEVOU PETPOU SLATUNONG G / Gmax KOL OTLG KOUTTUAEG alEnong
NG VOTEPNTIKAG amooBeong D. Qotdo0, o€ PeyAAEG AVAKUKALKESG TTOPAUOPPWOELS, OL SOKIUEG
KOTASELKVUOUV ULt TIOAU Tilo otabepry cupmneplpopd Twv otabepononuévwy edadwv oe
oUykplon He ta avtiotoxa (duoikd) pn otaBepomoinuéva e6Aadn. IUYKEKPLUEVA,
QVAKUKALKEG (TPLOEOVIKEG Kol artAng dldtunong) Sokiueg otn BLBAloypadia unodeikviouv
peuotonoinon (n omoia opiletatl 6tav to SUTAG eUpog mapauopdwong, DA, unepPel pla
T(POKAOOPLOUEVN TN TLY. 2-5%) UeTA amd €va oAU augnuévo aplbuod KUKAwWY, 0 cUYKPLON
JLE T ATIOTEAECLOTA YLOL TN N oTABgpOoToLnUEVN QU0 KATW artd TS idleg ouvOnkeg (m.x. Diaz-
Rodriguez et al. 2008; Gallagher and Mitchell 2002). Mo mapadstyua, otnv Ewova 4 daivovtat
T amoteAéopata TPLAEOVIKWY OVAKUKALKWY Soklpwyv ot otabepomoinpévo £6adog pe
ouykévtpwon CS= 5% kat 10%, arnod omnou eival oadng n onuavtikn avénon Tng aviiotacng os
pevotornoinon og 6poug Aoyou avakukAlkwy taoewv CSR yia éva §edopuévo aplBud KUKAwY

TIOU amaltouvtal ylo peuctormoinon, n omoia pdAlota aufavetat pe avénon tng
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ouykevtpwong CS(%) katd PBapog mou xpnolpomnoleital (6edopéva amd: Gallagher and

Mitchell 2002).

0.5

0.45|- CS(%)

0.4 ¢ °

0.35
0.3}
1
n 0.25
(@)
0.2}

0.15
0.1+
0.05 —

0 Ll Ll Lol
1 10 100 1000

KUkAol yia peuaToTroinan

Ewkova 4 Ertibpacn tn¢ koAAostdou¢ nupttiac (mov moootikormoleitatl o€ dpou¢ CS(%) kata Bapoc)
oto Aoyo avakukAikwv taoewv CSR mou amauteital yia pevotornoinon yla dedougvo aptduo
kUKAwv N, aro avakukAikeg tplaéovikeg Sokiuég (Gallagher and Mitchell 2002)

ZELOLLKN QMOKPLON O MPOPANLATA CUVOPLOKWV TLUWV

H enidpaon tng otabepomnoinong e KoAAOELSH mupttio og MPOPBARUATA CUVOPLAKWY TLLWV
£xeL e€etaotel meploplopéva otn BiBAoypadia, SnAadn pe AlyootéC SUVOLIKEG SOKLUES
duyokévtplong (Conlee et al. 2012; Gallagher et al. 2007a; Pamuk et al. 2007) kal pe pa
Sokiun mediov (Gallagher et al. 2007b). And tnv €peuva twv Pamuk et al. (2007), Baotkdg
otoxo¢ NG omoiag Atav n otabepomoinon evdg peuvotomotnotpou eddadoug pe CS
TPOKELUEVOU va PewwBel o kivbuvog BAaBwv efattiag tng peucotomoinong oes PBabiég
Bepehwoelg mpoékuPe OTL UTAPXEL HElwon TWV POMWV KAl TWV UETAKWNCEWV TNG
MACCOAOUAdAE HETA TN otabepomoinon, kabw¢ To otabepomoinuévo €6adog Oev
peuoTtomolOnke, Tapd TO Yyeyovog OTL mapatnpndnke pwa evioxuon NG OELOMLIKNG
ToN avtwong o PIKpA PBAadn. And T SOKIUEG PUYOKEVTIPLONG TOOO yla SLEyepon UTO
povodiaotateg (Gallagher et al. 2007a) 600 kat o€ Slodldotateg (Conlee et al. 2012) cuvBnkeg
(oL opLZovtio £€dadog) mpogkue OTL oTo oTaBepomoLnpévo €5adog MPOKUTITEL EVioXUON TWV
gmtayUvoewv kab’ UPog tng edadikng otnAng, evw ol Kabunoelg mou mpoékupav nrav
ONUOVTIKA UELWHEVEC O OXEON HE OUTEC TOU duotkol edddouc.Avtiotolyn HElWONn TwWV
koOwnoswv mopatnpndnke kat otn Sokiury mediou (Gallagher et al.,, 2007b), démou
SOKLUAOTNKE N AMOTEAECUATIKOTNTA TNC TTadNTLKAC oTabepomnoinong otn peiwon kabuloswv

eninedou ¢uokol edadoug AOyw peuctomoinong HEow ULIKpo-ekpAéewv. EmumAéov, ol
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SoKIpECG Twv Conlee et al (2012) £€6el€av KAl ONUAVTLK HEIWON TWV 0pL{OVTIWY LETATOTMIOEWV

TOU KekALLévou ebadouc.

4. Metpnoeig Ewdoug oe StoAUpata kKoAAoELSoUG TupLtiog

2tn BBAloypadia £xouv exteleotel petpnoslg wdoug o Slddopoug TUMoUG KOAAOELSOUG
nupttiog. Asdopévou Tou €UPOUC TWV UETPHOEWV TNG BLBAloypadiag, slval onpavtikd ot
UETPNOELC LEwSOUC VO ETILKEVIPWOOUV 0TNV MOCOTIKOTIOINoN TWV SLodOpwv MAPAUETPWY TTOU
ennpedlouv TNV £€€ALEN Tou LEwdoUC He To XPOvo otov BEATIoTo TUMo CS yla To OKOTO TNG
naBntikng otabeponoinong. Na 1o Adyo auto, Eyvav LETPHOELC 0TO EpyaoTrplo FEWTEXVLKAC
Mnyxavikng oto MNaveniotrplo Oecoaliag (MO), pe xprjon mupttiag Ludox-SM®, éva amo ta
£(6n CS pe 1o HiIkpOTEPO HEYEBOC owHaTOIWY (L€an SlapueTpog lon e 7 nm), To omolo €xeL

Bpet kaL tn peyaAutepn xprnon otn oxetikn BLBAloypadia.

Mpokelpévou va SlepeuvnBolV oL CHUAVTIKOTEPEG TOPAUETPOL TIOU €MNPeAlouV To XPOVo
VEANG Kol TNG KOUIMUAEG L€wdoucg — xpovou (U vs t), mpaypotonow|Bnkav UETPHOELC OE €va
peyadho ouvolo StaAvpdtwyv CS. OL HETPNOEL QUTEG €ywvav Pe T Ponbela evog
neplotpodkol  LEwdouetpou tUMou Brookfield LVDV-II+PX (efomAlopévo pe évav UL
petatponéa, UL adapter, ylo tnv HETpNON Twv MOAU XOUNAWY TIHWV L€wSOUC) Kal VoG
vdatoloutpou tUmou Brookfield TC- 150 yia tnv Siatrpnon otabepric Bepuokpaciag. H
TapaokeUn Twv SlaAupdtwy CS €ylve OVOUELYVUOVTOC QTTLOVIOUEVO VEPO HUE KOMNOELSN
nupttia (Ludox-SM®) kat kaBapo xAwplouyo vatplo (NaCl), evw n tiun tou pH npocapudotnke
TMPOCOETOVTAG LKPEG TTOCOTNTEG USPOXAWPLKOU o&€oc (HCI) oto Stadhupa pe BAon UETPROELS

Tou yivovtav pe mexapetpo tumouv Metrohm 826.

Ytnv Ewkova 5(a) mapouotalovtal oL LETPNUEVEG KAUTUAEC LEWSOUG - Xpdvou yia StaAupata
CS ue ouykévtpwon mupttiag CS=5% katd Bapoc, kavovikotntag 0.1N (NaCl), Bepuokpaciag
T=25°C koL pe SLadopeTIKEG TLUEG pH, oL oToieg Kupaivovtal amo 4.23 — 6.53. ol OAEG TLG TLUEG
pH mou efetdotnkav, oL TWEG Tou EWOOUG apPXIKA TapAUEVOUV TIOAU XapnAég (Aiyo
MEYOAUTEPEG MO TOU vepPoU, 1cP) katl £mMelta AuEAvovTaL amOTOUA O UEPLKEG XALASEG CP.
Auti n Eadvikn avénon tou LEwdoug odnyel otn petatpornn Tou SLaAUpATOC o YEAN Tou Ba
otaBeponololos €va PeUCTOTOLRCIHO £6adoc¢ av To SLAAUMA auTO lxe eloTLECTEL OTOUG
nopoug tou. Mapd to yeyovog OtL OAa ta StaAUpata CS Mapoucldl{ouv TOLOTIKA ThV
npoavadepBeloa peoloyikn cuumnepldpopd, StadpEPouv GnNUAVTLKA OTO XPOVO TIOU aratteital
yla vo JeTatpamouv o YEAN. Emeldn otn BipAloypadia Sev umdpxel cadrg oplopog tou

XPOVoU YEANC (tg), oTnV mapolca €peuva 0 XpOVOG UTOG 0pileTal WG 0 XPOVOG IOV amaltteital
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yla va ¢taoel to LEwOEC 08 TIHEG PEYAAUTEPEG 1) logg Twv 100cP, KaBwg amo T oTyun autn

KOl LETA, O XpOVOC yla TN Snuloupyla piag otabepng YEANG lval TPOKTLKWE OLEANTEOC.

1000 s 100

(a)

CS=5%, 0.1N (B)
—e— TreipapaTikG dedopéva (T=25°C)
-&- Gallagher, 2000 (T=?)
+ Lin, 2006 (T=?)
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5 r J 2
r | =
g [
- i J S 10k F
| | ) -
0 - w > L
3 CS=5%,0.IN || ¥ [
W T=25°C > L +
10 " 0
E TIpEG pH S T
C i -e- 6.53 =
r . = 6.00
" ./#,a/ + 5.00 -
I + 4.23
11 \ \ \ \ 1 \
0 0.5 1 15 2 25 3 7 8

XPOVOg (HEPEG)

Ewkova 5 (a)Tumikn entidpaon tne tung tou pH atnv kaumuAn wbdouc — ypovou yia StaAuua
koAAoetbouc¢ nupttioc pe CS(%)=5, 0.1N, T=25°C (8) kaumuAec xpovou yeAnc yia StaAvuarta ue
CS(%)= 5, 0.1N, T=25°C kot SLa@OopeTIKEG TIUES pH amd uetproels oto 1.0. og oUykpLon UE T
anoteAéouara tng BiBAoypapiag (Gallagher 2000, Lin 2006)

YioBeTwvtag Tov mapandvw oplopio Tou Xpovou YEANG tg; (o omoiog eival cuudwWvOG pe T
BLBAoypadia, BA. Gallagher 2000) otnv Ewova 5(a) daivetat 0tL To apxlko otddlo, mou 1o
LEwoeg mapapével YaunAo, ouvnBweg dlapkel 0.8t; — 0.9t;. EVW OTOV UTIOAELTOPEVO XPOVO
(0.1tg - 0.2tg) T0 EWbeG augavetal paydaia. Autn n cupnepldopd mapatnpribnke og GAoug
toug ouvduaopolg (CS(%),N,pH,T) mou e€etdotnkav. EvSiadépov mapouaotdlel eniong to
yeYovOoc OtTL N emidpacn tou pH daivetal otL gival moAD onuovTikn, OxL OUWE LOVOTOVIK.
JUYKEKPLUEVA, Ylot Jla T pH = 6, mapatnpeltal o eAdxLotog Xpovog YEANG (tgmin), EVW
MEYAAUTEPEG N WIKPOTEPEG TWEG pH (amd autn tn «BEATIoTN» TIUN pPHopt=6)0dnyoulv o€
peyaAUTEPO XPOVO YEANC. YIoypappiletal OTL n popdn Twv KoUmUAwv (UL —t) tng Etkdvag 5(a)
elval molotika mapopola avefaptntwg CS, kavovikotntag N, Bepupokpaciag T kot pH tou
SloAUpoatoc. Napokdatw, Ba mapouclactolVv oL BACIKEG TMAPAUETPOL TTOU EMNPEAIOUV TN
peoloylkn ouumnepldpopd Twv SlaAupdtwy CS, Onwg mpogkuav oamd TG SOKLUEC TIOU

EKTEAECTNKAV.
Eribpaon tiunc pH

Onwc avadepbnke mMponyoupévwe n enidpacn tng TUAG Tou pH dev eival povotovikn. H
cuunepLpopd autn avikatomtpiletal cadEotepa ota SLAypPAUUATA XPOVOU YEANG (tg) wg

ouvaptnon tou pH («kapmuAn xpovou yEANG»), Omwe auto tng Elkovag 5(B) mou mapouotalet

XV

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



TOUC XPOVOUC YEANG TwV StaAupdtwy tng Ewkovag 5(a) kat avtiotolya anoteAéopata anod tn
BLBAoypadia (Gallagher 2000). Ao tnv Eikova 5(B) TpoKUTTEL OTL OL UETPNOELG CUUPWVOUV
KoL cupmAnpwvouv tn BLBAloypadia, evw KATadevOOUV OTL N «KOUTTUAN XPOVOU YEANG (tg
— pH) éxeL ™ popdr OVECTPAUUEVNG CUMUETPLKAC CKKOUTIAVOGY UE OKPOTATO TOV €AAXLOTO

XPOVO YEANG tgmin TTOU TIPOKUTITEL 0TNV «BEATLOTN» TLUA PHopt.
Entidpaon ovykévtpwong CS kata Bapoc KAl KAVOVIKOTNTAC LOVTWV

Mot GAAN ONUOVTLIKY TTAPAUETPOC TIOU eMNPEAlEL TO XpOVo YEANG elval n cuykeévtpwaon CS(%)
oto SLaAupa, n omola oxeTileTal APETA LIE TO KOOTOC TN MOONTLKAC oTaBepomoinong. AoKLUES
amnod tn BLRAoypadia Seixvouv OtL oL cuykevtpwoelg CS petatt 5% kat 10% apkoulv ylo thv
OUTOTPOTIN TNG PEVUCTOTOINONG 08 UPLOTAEVEG KATAOKEVEG ETIL pEUCTOMOLOWOU £8ddoug
(Gallagher kat Mitchell 2002). H Ewkova 6(a) mapouctalel Tic KapmuAeg LEwdoug oe oxéon Ue
TO XpOvo o€ SlaAUpata e SLapopeTIKEG CUYKEVTPWOELG CS(%) e pH = 6.00 kAl KavovikoTnTa
(NaCl) 0.10N. Eivat codéc oOtL n tumkn omokplon OAwv Twv SLAUPATWY TIoU
ouunep\apfavovtal oe autnVv TNV Ewova elval (8la og OAeC TIG SOKIEC, KOl OTL UTIAPYEL
ONUAVTLKA Hovotovikn $¢pBivouca enidpacn tng cuykévipwong CS(%) oe ouvaptnon He TO

XPOVO YEANG.

H mpooBnkn oAdtwv oto Stalupa (otnv mapovoa épeuva NaCl) emnpedlel eniong o xpovo
VEANG. Mo TNV HeEAETN AUTAC TNG emidpaong, otnv Ewkova 6(B) mapouactdlovtal oL PETPrOELS
LEwdoug Ue To xpovo yia tpia (3) StahUpata CS pe ouykévtpwon rupttiog CS=10% e dla oAa
TO XOPOKTNPLOTIKA TEpav TG Kavovikotntag NaCl. Elval cadég Ot pla avénon tng

ouykévtpwon NaCl ano ON og 0.1N mpokaAel UTIOTETPATIAQCLAGLO TOU XpOVOU YEANG.
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Ewova 6 (a) Turikn emibpaon thg ouykevipwaong nupttiag CS(%) otnv kaumuAn &wbdous — xpovou
ylo StdAvua koAdosldouc¢ mupttiag ue pH=6.00 , 0.1N, T=25°C, (8) Tumikn enidpaon tng
OUYKEVTPWONG addtwv atnv kaumuAn Ewdouc — xpovou yia StaAuua koAdogldoug nupttiog pe

CS(%)=10, pH=6.00, T=25°C arto petprioeis oto M1.0.

Entibpaon Jepuokpaoiog

H Bepuokpaocia T tou StahUpatog CS eniong Stadpapatilel onuavtiko poio otn Stadikaoia

oXNUOTIOopOoU YEANG. Mo TO OKOTO AUTO, UL OELpd Ao LETPRoELg LEwdouc emavolndOnke yla

Sladopetikeg Beppokpacieg, waote n emidpaocn Tng Bepuokpaciag va mocotikonotlnOet (yla tn

Ludox-SM®). stnv Ewkova 7 daivovtol ol «KapmUAeg xpovou yeAng» yua CS = 10%, 0.1 N os

téooepelg (4) StodopeTikég Bepuokpaciec T =5, 15, 20, 25 ° C yia S10.popeTIKEG TIUEG TOU pH.

100 ¢

C CS=10%, 0.1N
r O¢epuokpaaia (°C)
L —e— 25
L —=a—— ? (Gallagher, 2000)
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& 105 = 15
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Ewkova 7 Entidpoaon tn¢ Bepuokpaoiac T otnv KaumuAn xpovou yéAng yia dtaAuua ue CS=10%, 0.1N,
T=5-25°C kat S1apOPETIKEG TIUEG TOU pH amo uetproeic oto 1.0. kot oUykpton Ue T BiBAoypapia

(Gallagher, 2000)
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Ta debopéva twv Sokwv emiBefalwvouv TNV HELWTIKA enibpaocn Tng Bepuokpaciag oto
Xpovo yéAng, adol n avénon tng Bepuokpaciag odnyel oe onuavtiky pelwon tou Xpovou
VEANC T OAoug Toug ouvduaopoug (CS(%), N) mou efetdotnkav n popdn TNG
KOVECTPOUMEVNG KAUTIAVAG» TWV KAUTTUAWY XPOVOU YEANG TTOPAUEVEL N (6L, EVW N T TOU
pHopt TTOPOLEVEL OUCLAOTIKA AUETAPBANTN, WG CUVAPTNON LOVO TNG CUYKEVTpWONG CS(%) kal

™G Kavovikotntag NaCl tou StaAuparog.
Awaypappoto oXeSLGHoU yia To XPOVo YEANG tg KOl TRV KOUTTUAN M - t

Mia onuavtikg TAPAUETPOC TIPOKELUEVOU va edappootel n pEBodog tng mMadntikng
otaBeponoinong otnv mpaén eival n ocwot emdoyr] tou cuvduaopuou (CS(%), N, pH, T)
TPOKELUEVOU va eTteuxOel 0 emBuUNTOC XPOVOG YEANG tz KABWG KoL 0 XPOVOG TIOU OL TLUEG
Tou LEwdoUC TAPAUEVOUV XAUNALC £TOL WOTE va eival Suvartr n loTtiech Tou SLAAUPATOG 0TO
£6adog. Npog autnv tnv katevBLvon, N Elkova 8 cuvoPilel TIG TIHEG TWV EAGXLOTWY XPOVWY
YEANG temin VIOt OAOUG TOUG cuVSUAGOHOUG (CS(%), N, T=25°C), KaBWG Kol TLG AVTIOTOLYXEG TLUEG
pHopt. EMUTAE0V, otnVv ElkOva 9 MapouoLAETaL N CUCKETLON UETAEY TOU KAVOVIKOTIOLNUEVOU
XPOVOU VEANG tg / temin LE TO KAVOVIKOTIOLNUEVO PH/PHopt VLA OAEC TLG SOKLUEG. Elval oadég otL
N Hopdn «AVECTPOUMEVNC KAUTTAVAGC» £(vVaL KON yLol OAEC TIG KAMTIUAEG XPOVOU YEANG, Kol
OTL ylot OAOUC TOUC cuVSUACUOUG TIOU €pEUVABNKaV UTTOpEl va oplotel pia péon KapmoAn
oxeSlaopoU (KOKKLVN OUVEXAC YPOUMN). Mpokewwévou va cupneplAndBel n enidpacn tng
Beppokpaciag T oto oxeblaoud, oto IxNnua 10 opiletol €vag OXETIKOG OLOpBWTIKOG

OUVTEAECTAC YLa TO XPOVO YEANC.

10 7

< 9@ . (8)

g - Zuykévipwon NaCl i

S - (T=25°C)

= i —&— 0.03N 5

£ T —e— 0.1N B

=L —a— 0.0N 0.1N

g 0.03N

$ 5

s L \ IS5 ’/’5/i

g C [

o C

g F - o 01N

>Q< B O 0.03N | Gallagher (2000)

g i 41— o 0.N =

) ® 01N

= i Tapoloa epyaagia

‘>O< - H 0.03N (T=5.28:C)

3 * 00N

0.1 ) | ) | ) | 3 ! | ! | ! | |
4 6 8 10 4 6 8 10 12

CS(%) CS (%)

Ewkova 8 Awaypauuata cxsbiaouol (amo upetprnoeic oto .0. kat tn BiBAoypapia) yia tov
uroAoytouo: (o) tou eAdytotou xpovou YEANG (tgmin) HE Bdion tnv ouykévipwan CS(%) kata Bapog
kat kavovikotntag NaCl yia T=25°C, (8) tng BéAniotng twuri¢ tou pH (pHopt) ue Baon tnv
ouykevtpwon CS(%) kata Bapog kat kavovikotntac NaCl yia ortotadnmote Bepuokpaoio T.
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16

ty/ tymin
(e
I

Ewova 9 JUCYETION TOU KOVOVIKOTIOLNUEVOU XPOVOU VEANG tg/tgmin LUE TO KOVOVIKOTIOLNUEVO
PH/PHopt Yl OAEG TIG SOKIUEG TTOU EKTEAETTNKAY, KoL N UECH KOUTTUAN oxebiaouou, ue Bdaon
uetpnoeig oto f.0.

¢ 10%-0.1N
10 ® 10%-0.03N
A 75%-0.1N

t, / t,(25°C)

"5 10 15 20 25
Bepuokpaaia (°C)

Ewéva 10 Kavovikortotnuevn @divouoa enibpaon tng Jepuokpaoiog T atov xpovo yeAng ty yLa
StaAvuarta nupttiag (CS = 7.5 — 10%,kavovikotntag NaCl 0.03 — 0.1N), kot n péon KoumuAn
oxedlaouou, ue Baon uetpriosic oto 1.0..

Emionuaivetal ot To PACIKO CUUMEPOCUA TIOU ETILTPETEL TN XPHON HUOVO €vOC OUVTEAEDTN
S810pBwoaonc ywa tn Beppokpacia T ivat OTL N TN ToU pHept tapapével n dia (BA. Ekova 7)
KoL ETIOUEVWC N eMibpaon tng Bepuokpaociag edbapudletal Povo i Tou eAAXLOTOU XPOVOU

YEANG tgmin OTNV KOVOVLKOTIOLNILEVN KKAUTIUAN XpOVou YEANG» Tng Ewodvag 9.

AvtioTolya e TG KAUMUAEC XpOVoU YEANC, mapaTnPROnKe Twe Kal oL KAUMUAEG LEwdoug —
XPOVOU OV KAVOVLKOTIOLNB0UV WG TTPOC TNV apXLKN TLUI ToU LEWwS0UC (o) KL WG TTPOG TOV XPOVo
YEANG TNG €KACTOTE SOKIUAG (tg, OTIWG UTIOAOYLOTNKE MAPATIAVW) CUMTLITTOUV OE pia Kown

KopurtUAn (Ewova 11) n omola ekppaletal and tnv E€lowon (1). Emtonpaivetal 6t cludwva
Xix
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ME TIG LETPROELG 0€ SLoAupata pe StadopeTikolg ouvduaopoug (CS(%), N, T) oL APXLKEG TLUES
Tou LEWO0oUC EEAPTWVTAL TTPAKTLIKWE LOVO amd T cuykevtpwon CS(%) kal eival ioeg koTd péon

TLUA ME Ho= 1.24, 1.29, 1.39¢P yia CS=5, 7.5 kat 10% avtiotowya.

100 T

w
o
T

w
T

KQVOVIKOTTOINMEVO IEWSES, U/,
>

m kbeccccccccccccccccclrccccccccnes

1 L !
0 0.2 0.4 0.6 0.8
KavovikoTroinpuévog xpoévog, t/t,

1.2

Ewkova 11 Méan kourtuAn oxeSLaouoU yLo To KAVOVIKOTOLNUEVO EWSES, /Lo, WG oUVAPTNON TOU
KQVOVLKOTTOLNEVOU XpOvou, t/ty, yia ta 61 Stadvuata koAAogldoug nupttiag mou uepridnkayv oto
I1.0. (evpn CS=5-10%, 0.0N-0,1N, pH=4.23-7.5, T=5-25°C)

5. DAOKYEG eloTtieong KOAOELOOUG TtupLTioG o€ KOKKWEN €6Adn

Mpokelpévou va ebapUooTel amoteAeopatikd n madntiky otabepomnoinon otnv mpagn, eival
TOAU onpavtiki n Stepelivnon TG ELOTILECLUOTNTAG TWV SLHAUPATWY koANogldouc upLtiog
(CS) oe kokkwdn €ddadn. O 0pog «elomieolpoTNTOY avadEépeTal otnv Suvotdtnta Twv
Stohupatwy CS va elomiélovtal opoldopopda oto £€6a¢og yLa OYETIKA LEYAAEC ATIOOTACELG UE
MLKPEC USPAUALKES KALOELG. QG €K TOUTOU, OTO APOV KeDAAALO TIEPLYPADETAL N TIELPALLATIKN
Slepelivnon NG ELOTUECLUMOTNTAG TWV SLAAUMATWY CS O PEUCTOMOLNCLUEG AUUOUG Kal
I\UWSEELG AUHOUG KL N KOTAVONGON TWV LNXOVICUWY TIou TV ennpedlouv. Autod Slepeuvdtat
6w Mepapatikad, péow povodidotatwyv (1A) Sokiuwv eloTieons o€ OTHAEC KOKKWOOUG
e8adoug, omou yivetal pétpnon tne mapoxns tng CS (oykog Stallpatog mou elomiEleTal oTn
otAAN ova povada xpovou), tng amooctaong dBnong tng CS evtog tng otNANng, tng
ouykévpwang CS(%) katda Bapog oe Selypata Tou UypoU TIOPWV KOL TOU XPOVLKA UEAVOLLEVOU

€wdoug tou SlaAupatog. Ot Sokég auTég ekteAéotnkav og othAeg UPoug 20 €wg 100 cm
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xpnowomnowwvtag Sladopetika StaAvpata CS, Siwadopetikolg tumoug e6adoug Kal

SL0POPETIKEG APXLIKEC USPAUALKESG KALOELG.
YAk, eEOMALOMOG Ko Stadikacia

Ma twg 1A S0KIUEG KATAKOPUPNG ELOTILECNG KATOOKEUAOTNKE SLATOEN «SLATEPATOUETPOU»
(amo plexiglass) e €lOLKEC AMALTOELG KATAOKEUNG, OMWG Ttapouaotaletal otnv Elkova 12 yio
™ otiAn OPoucg 20 cm. H kataokeur amoteAeltal and €va KUPLo KUALWVOPLKO Tunua (1) pe
Stapetpo 10cm kat UPog 20cm, detypatoAniegc mavw ota TUAUATA Ao TIC OTOLEC yiveTal
g€aywyn Tou vypou TwV OpwV (2), éva KATtw TUAHA pHe SUo BaABideg yia tnv elomieon Tou
StoAUpatog CS kat tou vepol (3), éva mavw TUAKA yla Tthv e€aywyn Tou Stalupatog CS pe pia
BaABida (4) kal pia Tamo oto mAvw péEPog Tou Sokipiou (5). OL kAtw Kot avw PBaABideg
ocuvbéovtal pe tpelg Seapeveég: plo de€opevr £l0060L ylo TV ElCOYWYN TOU vepoUL, HLa
Se€apevn e€660u yla Tnv e€aywyn vepou 1 SltaAupatog CS kat pa Se€apevi L0680U yla TV

gloaywyn Tou StaAvpartog CS.

Ewkova 12 Juokeun yLo TNV ektéAean Twv 1A oKWY ELOTIECNG LUE T ETTUEPOUC TUNUATA TG

Ta €6adn mou xpnodomnoBnkav ATav n aupog M31 kat n t\ug D6, ta omola Snulovpyncav
eTMAéov Kol piypa 85%M31 kot 15%D6 pe TeAkd TO000TO Aemtokokkwv fc=10%. Ot

KOKKOUETPLKEG KOUTTUAEC TwV edadwv auTwy apouactdlovtal otnv Etkdva 13.

Mo TtV opolopopdn elomieon tng CS péow tTwv BaABidwy, pla otpwon maxoug 5cm amod
XOALKWEN A0 TOTIOBETAONKE 0TO KATW UEPOC TNG £8adIKAG OTHANG, SNAadn 0TO KATW TUA U
(3) ne Tg 2 PaABideg swoaywyng. Ta edadikd Sokipa Stapopdpwbnkav pe tnv puébodo

umoouunukvwong (Ladd, 1978) otnv emBupntr mukvotnta. META TNV TPOETOLUAGIO TOUG
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adEbnkav va kopeotolv péow evudatwong (hydration) mou mpaypatonol)onke
gMLTPENOVTAG TNV KUKAOdopla kaBapol vepou péow twv deopevwy yio 1-2 HEPEC Kal UTO
XoUNAR miieon. To StdAupa CS MopaoKeEVAOTNKE AVAAOYQ LE TOV EMLOUNTO XPOVO YEANG tg UE
Baon ta oOca avadépbnkav otnv Evotnto 4 KAl XPWHOTIOTNKE HE WUMAE XPWHO

{oXOPOTIAQLOTLKAG, TIPOKELLEVOU VA Elval OpaTO OTO ECWTEPLKO TNG OTAANG OTAV ELOTULELETAL.
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Eikova 13 KOKKOUETPLKEG KOUUTTUAEC TwV £6AQWV TTOU XPNOLUOTIOLNINKAY OTIG SOKIUEG ELOTTIEONG

O oTOX0G TWV MELPAUATWY NTAV VA EKTEAECTEL Pia kKatakopudn 1A mpog Ta Avw LOTILESN TWV
Stohupatwy CS Xpnowomolwvtag XopnAéG USPAUALKEG KAloelg. Adyw NG eAadpwg
uPnAoTEPNG MUKVOTNTAG TOoU StahUpatog CS (oe oUYKPLON HE TO VEPO) €AV oL oTABUEG CS Kot
vepou otlg Sefapeveg eloobou kat €€0dou PBpiokovtal oto dlo UPog TOTE UTIAPXEL pon
e€autiag g Sladopetikng ukvotnTag Twv dUo UALKWYV (density driven flow, Post et al., 2007).
Eav avtd ta enineda StatnpnBolv otabepad, Tote autr N pon Adyw Stadopdg mukvotntag Ba
OUVEXLOTEL YE UELOUMEVO PUBUO pEXPL TepUOTIOMOU TNG. ETOL, MPOKelWEvou va eméNDeL
Loopportia (ouvBnkeg undevikng pong) n otddbun tou StaAvpotog CS eixe apyxlkd oploTel
ehadpwg xapnAdtepa amnd skeivn tou vepou (BAéme Ewkdva 14). Itn cuvéxela, n otabun Tou
StohUpatog CS (h1) au€nbnke, mpokelpévou va emiteuxBel n emBupnTh apxLkn VSPAUALKA

KAlon io.

Otav &ekivnoe n elonieon tng CS, ol otabueg tng de€apevig elcodou nmupttiog (hi) kat tng

detapevng e€odou (hy) mapépewvav otaBepég KaBOAN TNV SLAPKELX TOU TIELPALNTOG ELOTILEDTNG
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AUTO emtelXONKe Pe TN SLapkr) TPooBr KN TMUPLTLOC OTNV OWVU KN de€apevr eloddou Kal Tnv
Tautoxpovn adaipeon uvypou amod tn de€apevn €€66ou, omote xpelalotav. Me Tov TPOMO
QUTO, N HETPNON TWV OYKWV TNG TMPOCTIBEUEVNG TTUpLTiOG UE TOV XPOVO aVTLOTOLXNONKE oTn
UETPOUUEVN TIOPOXH TUPLTIOG Qmeas TTOU £loTtieleTal HET 0TO SoKipto. EmumAéov, Katd tn
Slapkela tnG SOKIUAG €loTtieong, kataypadOoTav 0 amaLTOUUEVOC XPOVOG VLo TNV HETAKIVNON
TOU LETWTOU TN¢ mupLtiag (UMAE xpwHOTOG) LEXPL TpOoSLayeypapLéva onUela KATA LNKOG TOU
Sokipou (UPoug Lg otnv Ewkova 14), KaBwg Kol T AmoTEAECUOTA OO TN LETPNON TNG OXEONG
L€wbdoug — xpovou tou SlaAUpatog CS waote va TPoKUYPEL To HETpOU LEVO LEWHES TG TtupLTiag,
KOLL TO WG aUTO aAAALEL Ue TO XpOvo. H LETpNON aUTh YLVOTOV aVeEAPTNTA TNG ELOTILEGNC OTO

StadAupa CS tng defapevnc eLocodou.

Aeapevi e€660u Agapevn eLo660u

EAA®DIKO AOKIMIO

Ewkova 14 Zynuatikn mewpouatikn Stataén 1A Sokiyuwv €LOTECNG KAl OPLOUOG ONUAVTIKWY
TTOPUUETPWV QUOLKOU TTpoBAnuatog

MapdAAnAa pe t pétpnon mapoxng (Qmeas), 6€ong petwrnou CS (Lg) kat Ewdoug CS (Mmeas)
ywotayv kot SstypatoAnic Tou uypol mOpwV yLa T HETPNGCN TOU OoooToU KOTA BAPog TG
npttiog CS(%) oe auto. H SelypatoAnia (KAVOTIOINTIKAG TIOCOTNTOC UYPOU TwV TOpWV
ywotayv pe GapuakeuTikn ouptyya. Ta delypota tomobetiOnkav o avoteibwrtoug umtodoxeig
Kot adébnkav oto ¢oupvo otoug 200°C yia SdUO nuEPeG, Hla Sladlkaoia Tou €xeL
xpnoluomnotwnBetl oto mapeABdv (Lin 2006, Gallagher and Lin 2009), wote va MPoKUYEL TO
TooooToO CS(%). OL detypotoAnieg yivoviav péow CUYKEKPLUEVWY UTIoSoXwV (2 otnv Elkdva
12) oto «SLAMEPATOUETPO N, KAL WG ONUAVTLKH TTOPAUETPOG BewpnBnke To mocootd CS(%) mou
UETpATOL 0t KABe Bon péoa oTo SOKIULO, CUYKPLTIKA e TN B€on mou BplokeTal To HETWTO
¢ CS ekeivn tn otyun. Me aMa Adyia, Sev eixe onuacio and mota untodoxn kad’ UPog oto
Sokiplo ywotav n dstypotohnia, aAAd n oxetikn B£on Tng UTOSOXAC CUYKPLTIKA pe Tt O€on

Tou petwrou CS Katd Tn oTlyUn TIou ywotayv n dstypatoAnia anod avtnv.

XXiii

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



AnoteAéopata SOKLLWY ELOTHEONG
ArmoteAéouata SetypuaroAnyiog uypou mopwv

Ta mocootd nupttiog katd Bapog CS(%) ota delypata mou e€nxOnoav and OAeg TIG SOKLUEC
w¢ ouvaptnon tn¢ Béong (amodotaong) tng deypatoAnPiog amd TO ONMTIKA EKTILWIEVO
METWTIO TNG upLtiag mapouctalovrtot otnv Etkdva 15. Ot SetypatoAndieg mou avadépovral
OE QPVNTIKEC TIUEG amooTacng otov afova x adopouv Selypota mou eAndpBnoav amd
uTtodoxeig mou Bpilokovtav KaTavtn tou petwrou CS, 6nAadn og B€oelg o PnAd amnd t B£on
TOU UETWIIOU OTNV KATAKOPUdN TTPOoC T Avw £loTtieon tng CS. Avtiotolya, ot SelypatoAnyieg
Tou avadépovtal o BeTIKEG TWEG amdotacng otov dafova x adopoulv Seiypata mou
eAndOnoav amno unodoyeic mou Bpilokovtav avavtn Tou petwrnou, dnAadn oe B£oelg Mo

XapunAa ano t 6€on tou petwrniou CS otnv Katakopudn MPog Ta AVW ELOTILEGN TN TTUPLTLOC.

14 i mpIv <—9—> uerd (G) 14 | mpIv (—+—)[J£Td (B)
12 ammo SdsiyparoAnyia 192 amo SsiyuaroAnyia
|| Number ) R
of test 0al0s o .
10 | P ‘;&"é“"’ . 1 ot s ]
i : i { ;:: {304 ¢ £ L |§ §:§ 3‘:}’. ¢
§ 8H g 3‘: e %o U): 0.8 T o %
;; 1 + 6 ‘e 8 B .|
O 6f ;7 3 & 0.6 H
i ?o *Ph ¢ ‘ o B ¢ ?‘
4 H 112 ‘.10 04 ‘i‘
1« 1sw io B }0
2 o =W + 0.2 g
ol > ol >
-20 -10 0 10 20 -20 -10 0 10 20
atroéagTacn amo pétwto CS (cm) atmoaTaon amo pETwto CS (cm)

Ewova 15 (a) Suykevtpwaon CS(%) katd Bapog tou e€nxdn amnd tig §éoelg SetyuatoAniag yia 6Aeg
Ti¢ SokUEC, (B) Zuykevipwan CS(%) mou e€nxn amo tic Béaeic detyuatoAnpiac kavovikomotnuevn
LE TNV ap)LKN CUYKEVTPWON CSnom(%) O€ Ox€0N LiE TNV amdoTaon Tou UETWITOU CS amo TNV EKAOTOTE
Jeon betyuatoAnyiag

Me BAon T CUVOALKA ATOTEAECLOTA TWV HETPNOEWV CUYKEVTPWONG KATA BApog mupLtiog

CS(%) amo tig detypatoAnieg mpokUTTEL:

e H Umapén plog KopurmuAng tumou S otn oxéon Béong SetypatoAnilog (CUYKPLTIKA HUE TO
pétwro CS) kal cuykEVTpwong Katd Bapog CS(%) oto uypd twv mépwv. H Umapén tipwv CS
Alyo peyoAUtepwy tTNG ovopacoTIKAG CSnom amodidovtat otn (moAl pikpr)) palo aAotiol Kot
xpwpotog ota Seiypata, oAd ot Stadopomolioelg eival ApEANTEEC YOl TIPOKTLKEG

edapuoyEg.
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e Je Selypota and B£oelg omou to peEtwro CS dev £xel ptdoel oto onpeio SetypatoAniag (<
—2cm) SV TPOKUTITEL OUCLWENG CUYKEVPTWON KAtd Bapog CS(%), evw to mocootd CS = 0% ot
arnéotaon 4cm mpLy To petwro CS.

e  Je delypata amno Boelg 6mou to pETwo CS éxel mpoomepAoeL To onpeio SetypatoAnyiag (=
2cm) Sev mpokUTITEL ouoLwdNG dLadpopd ot cUYKEVPTWOTN Katd Bapog CS(%) os oxéon e TV
OVOUAOTIKN T TNE (Stadopd < 20% amod TNV OVOUOOTLKA GUYKEVIPWON), av Kal Xpeldletal
anootaon ton pe 10cm amo to pétwro CS, waote n tun tng CS(%) va €xel dtadopd pikpoTepn
ard 10% TNG OVOUAOTIKNG TG

e J& pua TepLOXM TAXoug 4cm (2cm TPV KOl HETA TO HETWTO CS), MPOKUTITEL La UETABOTIKN
{wvn OTLG TWHEG ouyKEVPTWONG CS(%), He evOLAUEDEG TWEG OUYKEVTPWONG (amd undev €wg
80% TN OVOUAOTIKIG), LE TIC LLKPOTEPEG TILEG OTA KOTAVTN TOU petwrou CS.

e  Mepdaon ta avwTEPW, TPOKUTITEL OTL N TTPOG Ta Avw 1A elomtieon g CS pe xopnAn udpauAikn
KAlon TMPAKTIKWE EKTOTIEL TO VEPO QMO TOUC TOPOUG TNG AUMOU, UE ULOL ULKPOU TIAXOUG
petaBatikn {wvn, EL6LIKA 0TO KATAVTN Tou petwrou CS og cupdwvia pe tn BLBAloypadia (m.x.

Gallagher and Lin, 2009)

JUYKPLTIKN aéloAOynon TwV AIMOTEAECUATWY TWV SOKIUWY ELOTTIECNC

Mépav TwV apXKWV TIAOTIKWVY SoKLHwY, £ylvav dekatpeic (13) SokIUEG eloTtieong og apuwon
Sdokipla Slepeuvwvrag TG emidpaocelg Sladopwv mapayoviwv. ESw mapouoialovrat
EVOELKTLKA KATIOLO AMTOTEAECHOTA TWV SOKLUWVY ELOTIEONG 08 OPOUC LETPOULEVWV TTAPOXWY,
L€wbdoug kat Béong petwmou CS ava (evyn, TPOKELUEVOU va avodelyBouv oL HEAETOUUEVEG

emOPAOELG.

Ztnv Ewkova 16 mapouaotdletal n enidpaocn tTng apxXkng udpauALKn ¢ KALONG io 0TNV LETPOULEVN
napoxy Qmes kol otn Béon tou petwnou CS otnv edadikry otiAn. H dokwury No4d
TP ALY LOTOTIOL BNKE XPNOLLOTIOLWVTOG XANAR apxkn udpauAikn kAlon io = 0.05, evw n Aokun
No8 pe apketd uPpnAdtepn io= 0.23. Ta StaAupata CS kat otig Suo SOKIUEG elyxav mapooLlo
XPOVo YEANG. Katd to apyikod otddlo Tng lomieong, n uPnAotepn udpauAikn kAlon odnyel oe
auénuévn mapoyxn, n onola otapatd otav to LEwdeg tou StaAupatog CS pBaoel og TIun ion
pe 5-7¢P, avefdptnta amo Tnv ap)kn udpaulikn KAion io. ZUVOALKA, N amdoTacn ou Slavuet
1o StdAupa CS péoa otig edadikég othAeg eivatl MOAU peyaAltepn yla tn SOKLU HE ThV

uPnAotepn udpauALkn KAlon, otov (610 CUVOALKO XpOVO ELOTILEDNC.

XXV

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



0.80 10 100
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Ewkova 16 Entibpaon apxiknc udpauAiknc kAionc ip (o) otnv UETPOUUEVN TTOPOX!) OE OXEON UE TO
Xpovo (8) atnv amootacn mou dtavuel to StaAuua tng upLtiac ueoa otnv eSa@ikr otnin, ue Baon
ELOTIEDELC UE SLHAUUNT LIE TTOPOLOLOUG XPOVOUG VEANG (bokiuéc 4 kat 8)

Mo oxed0v OAeg TIc SOKIUEG eloTTieoNC, N TTOPOXT Qmeas LELWVETAL e€atTiag SUO SladopETIKWY
pnxaviopwyv dnAadn tnv avénon tou Lwdoug Kat TN StadopeTikn MUKvOTNTA TWV SU0 LYPWV
(CS kat vepoU). Mpokelpévou va e€aleldBei n emidpaon tou L€WSoug otn porj, otn Aok No9
10 Wwboeg mapepelve otabepod kal ioo 1.47cP (pe kat@AAnAn emloyn tng kKavovikotntag NaCl
KoLt tou pH tou dtaAbpatog CS). H Etkova 17 Seiyvel Tnv emidpacn Tou Xpovikd aufavouevou
LEwbooug otnV Mopoxn Qmeas KOL OTNV LETATOTILON TOU HETWIOU TG CS, KaBwe yla tn AoKiun
No9 n mapoxn UELWVETAL POVo Aoyw tNn¢ Sladopdg mukvotntag tou dtoAvpatog CS Kal tou
vepoU, evw yia Tn Aok Nod n mapoxn Qmeass EMNPEALETAL KAL ATIO TNV aAUENON Tou EWwdoUG
¢ CS. Kat ot 800 Sokueg €xouv TV dla apxkr udpauAikn kAion (io = 0,05) kat tnv Sl
USPAUALKA QyWYLLOTNTA KAl WG €K TOUTOU, OL OPXLKEC TOUC TLUEC TOU Qmeas TIPOAKTLKA
ocupumnintouv. Qotdoo, N apoyn otn Aokiu No4d PELWVETAL ypNYOPOTEPO KOl TEAKA OTOUATA
peTa 3.4 wpeg otav to LEWoeC £xel pBAoeL pia TR 7cP, evw otn Aokiuy No9 n slomison
ouveyiletal mepaltépw, oaAAA pe TIOAU HELWMEVN TTapoxh, KATL TIou odnyel o€ pla eAadpwg

MOVO HEYOAUTEPN aMOOTACN TOU HETWITOU TG CS péoa oTo Sokiplo.
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Ewkova 17 Entibpaon avénong téwbdoug tou StaAvuatog CS: a) oTnV UETPOULUEVN TTAPOX! O OYXEOTN
UE 10 Xpovo (B8) otnv armootaocn mou Stavuel To StaAuua TG nupttiag uéoa atnv edapikn otnin,
ue Baon ewoniéoelg ue dStaAvuata ue Stapopetikn ouykeévipwon NaCl kat pH (Sokiuéc 4 ko 9)

Ta amoteAéopata Twv SOKIUWV lomieong o appo (100%M31) kat tAvwdn dppo (85% M31 &
15%D6) pe xprion tou idou dtahvpatog CS kal tng idlag apxikng udpaulikng KAiong io,
datvovtat otny Elkova 18. H Qmeas LELWVETOL QCUUTTTWTLKA LE TO XPOVO KAl OTLG 2 SOKLUEC KoL
TEALKA N por oTapoTd TV iSLa xpovikn otypun, SnAadn otav to LEwdeg £xel pOBAoEL pia TIUn
lon pe 4-7cP. Oa mpénel va avadpepbel edw OtL To pétwmo tng CS otn Aok NolS Sev
urmopolos va mopatnpnBet svkola, Opwg n dadopd otnv USPOUAIKY aywylUoTnTa
avtikotontpiletal Eekdabapa oTig SLadopETIKEC AMOOTACELG TTOU SLdvuaoe to Stahupa CS. Auto
UTIOSELKVUEL OTL N eloTtieon eivat SUvatn Kal oTig INVWEELG Appoug, aAa amaltel uPnAOTEPEG

v8pauliké kAioelc A / kat StaAbpata CS pe peyallTepouc XpoOvoug YEANG.

0.12 10 20
(a) — k=2.84x10“m/s (#4) | | (B) — k=2.84x10“m/s (#4)
i - - k= 113x10mis (#18) | o ‘:E;16 B - - k= 1.13x10"m/s (#1S)
1 o 0w T 13¢
46 < Q12
= o
|, ¢ 5 I
148 g 8p o
i o 3 | » -
— - '/
-2 2 4 et
(«n] od
B »
»
0 0 1 ‘ 1 ‘ 1 ‘ 1
0 1 2 3 4
XPOVOC (WPEC) XPOVOG (WPES)

Ewkova 18 Entidpaan tng uSpauALKnG aywyLLoTnTAS ToU €6APOUG: () OTNV UETPOUUEV TTAPOXT) OE
ox€on Ue To xpovo, (8) atnv amdotaon mou SLavueL To SIHAULA TNG MUPLTING UEoa aTNV ESAPLKN
otnNAn, ue Baon elomiécelg tou (Stou StaAvuatog CS o€ SLapopeTIKOUG E6APLKOUG OXNUATIOUOUS
(6okiuéc 4 ko 1S)
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AVaAUTLKN TTPOCOLOLWON TWV HOVOSLACTATWY SOKLLWV ELOTIEONG

H evotnta auth eniyelpel plo avaluTLKr ipocopoiwon Tng loTtieong Twy StaAupdatwy CS ou
MEAETNONKE HEOW TwWV 1A SOKIUWV. H OXNUOTIKI OITEKOVLON TWV TAPAUETPWY TWV SOKLUWV
og Tuxalo xpovo Katd Tnv elomieon tou SlaAupatog CS mapouoidletal otnv Ewkéva 14.
JuyKekpléva, KaBwg to StdAupa CS swodyetal amno tn de€apevr eloddou, Kveltal mpog Ta
TMAvVW eKTomi{ovtag To vepd Twv mopwv. Etol, pe tnv mapodo tou xpdvou to StaAupa CS
koataAapBavel pia meploxn tng edadikig otAng e LYPoG Loo pe Lg (<L, Tou cuvoAikoU Uoug
tou Soklpiou). Auth n meploxn opiletal amod TNV KAtw va tou €6ddouc kal to opl{ovtio
UETWTTO TOU StaAupatog CS. ITtnv mepLo)r auTH, oL topolL yepuilouv pe To dtahupa CS, to omoio
givat Baputepo (mukvdtnta CS, pg> 1000 kg / m3) kat pe peyahutepo EWEeC amod To vepd
(L€wbdeg CS, pg> 1.0cP amd tnv apxn tng elomieonc). MNa cuviBn mocootd CS auTEC KU paivovtat
WC: pg = 1021- 1048kg / m3, apxiKéC pg = 1.24¢P - 1.39¢P yia CS = 5-10% avtiototya (o€ T=25°C).
Me aMa AoyLa, n elomieon evog Stadbpatog CS os KopeopEVo MOPWEEC LEGO amoteAel éva

TPOPBANUA pong UTIO cuVORKeG LETABAAAOUEVOU LEWEOUC KOl TTUKVOTNTAG.

l'evikevovtog To vopo Darcy, ot Post et al (2007) éhaBav untddn tnv pon Aoyw SladopeTikig
TIUKVOTNTAG UYPWV, UE XPNON HLOG LECNG TTUKVOTNTOG YLOL TO UYPO TIOPWV TIoU oAAGlEL 600
TPoXwpPA N elomieon. Kavovrag to (610 ot Agapoulaki et al. (2015) kal yia évo Lo LEWEEC yLa

TO UYPO MOPWV TOU emiong aAAGTeL 600 TTPOXWPA N ELOTiiedN, poTeivouy Tt oxéon:

Clcalc=kp—wg |:(p_th1_h2j|_£p_g_leg A (2)
(el +1Ly ) [ Lo P,

omnou h; kat h; elval ta petpnuéva udPaUALKA UPN TTOU AVTLOTOLXOUV OTLG BAveg eloddou Kot
€€660ou Twv Sokiwy, K n mepatdtnta tou £8ddouc (m?), g n emtdyuvon tng BapltnTog
(m/s?), ug TO (Xpovikd au&avdpevo) Ewdeg tou Stahvpatog CS (kg m/s), pw T LEWSEEC TOu
VypPOU TwV MOPWV TIPLY TNV gloTtieon (kg m/s), Ly to Uog péxpL To pétwro tou StaAvuatog CS
(m) (6mou L=Ly+Lg), Lw To UP0C TNG 0TAANG OTO omolo Sev €xel ptaoel To StaAupa CS (m), pw N
TIUKVOTNTA TOU LYPOU TwV OPWV TipLy tnv elotticon (kg/m?3), pg N mukvoTnTa Tou SLaApaAToC

CS (kg/m3) kot A to euBado tng smubdvelag kabeta otn StelBuvon g porg (m?).

H avwtépw avaluTikn AUon mou avantuxBnke amno toug Post et al. (2007) kot tpomomnolnenke
amno toug Agapoulaki et al (2015), mapoucialetal otig Etkoveg 19 kat 20 w¢ Qeac Seixvovrag
OTL AVOTTOPAYEL LKOVOTIOLNTLKA TLG LETPOUHEVEG TLOPOXEG Qmeas YL TLG 4 EVOELKTIKEG ELOTILECELG
TIOU TIOPOUCLACTNKAV OVOAUTIKA OVWTEPW. XTA OXAMOTO QUTA HE OCUVEXN YPAUUA Kol

oUMBoAa mapouctdletal n mapox Qelc OMWE UTIOAOYIOTNKE XPNOLUOTIOLWVTIAG WG TLUEG
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LEWOOUG TIG LETPOUUEVEG (Mmeas), EVW UE SLAKEKOUUEVN Lalpn YPOUUN Ttapouactalovial ot
aVOAUTIKEG TIPOBAEPELS TNG Qealc ME TWEC LEWSOUE CS OMWE AUt EKTLURONKE amo tn oxéon (1)

Kot ta Staypappota oxedlacpol tng Evotnrog 4.

JUVeENWGE, N avaAuTikn oxéon (2) mpoobidel emapkn akpifela otnv mPoPAedn TG TAPOXNS
Qumeas, AKOWN KL v SV UTTAPYOUV SLaBEaipeg PeTproelg Tou LEwdoug tng CS, Kal og auThVv TV

neplmtwon pnopel va xypnotpomnotnBet n pebodoroyia tng evotntag 4 (kat n e€iowon 1).

0.12 0.80 i
- ®)
A © Qmeas o °© Q
‘\ - Q°a|° (umeas) 0.60 [ —_ Qcalc (umeas)
0.08 —\ -+ -
/\U? " Qcalc (“calc) @ u -+ - Qcak; (“cam)
E/ 5 0.40
© 0.04 °
0.20
000b——L + L | a 0.00 |
0 1 2 3 4 0 2 4 6

XPOVOG (WPEG) XPOVOGS (WPEG)

Ewkova 19 MetpoUUeVn Qmeas KoL EKTIUWUEVN TTOPOXN Qealc (UE XPHION TOU UETPOUUEVOU EWSOUC
(Umeas), kKaGwW¢ kat Tou extipwuevou armd tnv Eéiowon (1) (Ucac)) o€ oxéon ue tov xpovo, yia tig
bokiueg (a) No4 [ip=0.05, k=2.54x10“m/s, u=f(t)] kat (8) No 8 [ip=0.23,  k=3.1x10"m/s, u=f(t)].

(a) s
a
o Qmeas B o Qmeas

- Qcalc(“meas) 0.03 o - Qcalc (umeas)
— 0.08 - Qcalc (“calc) — A ° - - Qcalc (ucalc)
£ L
5 E 0.02 -
© 0.04 © i

0.01
0.00 : 0.00 Lo
0 2 4 6 8 0 1 2 3

XPOVOG (WPEG) XPOVOGS (WPEG)

Ewkova 20 MetpoUUEVN Qmeas KOl EKTIUWUEVN TToPOXN Qealc (UE XPHION TOU UETPOUUEVOU 1EWSOUC
(Umeas), KoGWG kAl Tou extipwuevou aro tnv Eéiowaon (1) (Ucic)) O ox€on pe tov xpovo, yia Tig
bokiuéc (a) No9 [ip=0.05, k=2.83x10*m/s, u=otad.] kat (8) No 1S [ip=0.05, k=1.13x10*m/s, u=f(t)].
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6. APOUNTIKH) TTPOCOMOLWGCH TNG KNXOVLKIG OITOKPLONG OTOLOEPOTIOUNUEVWV

edadwv ot eninedo edadwov oo eiou

H punxaviki oupnepidpopd Twv otabepomolnuévwy edadwv £XeL OMOTEAECEL QVIIKEIPLEVO
S1eBvolg €peuvag HOALG Ta teheuTala 15 xpovia. H épsuva auth £wg twpa givol oxedov
QTTOKAELOTIKA TIEPAUATIKAG duonG. Qotoco, n edappoyn tng véag nebddou PeAtiwong
edadwv otnv mpan xpelaletol emuTAéov Kal pa peBodoloyio oplOUNTIKAG TPOCOUOLWAONG
NG OELOULKAG cuTEPLDOPAC TOU oTabepomolnpuévou e6AdOUG, e AMWTEPO OKOTIO T XPHoN
NG Yl To oXedLacpo €pywv MoAltikou Mnyavikol. ITOX0C TG mopouoag evotnTag ival n
Slatunwon kat n Slokpipwon tg aflomotiag plog tétolag aplbuntikng pebodoloyiacg,
Baolwlopevn apXIKA Ot OUYKPLOELS UE TELPAUOTIKEG UETPNOEl ot eminedo edadikol
otolyeiou. EAAelel €€ELOIKEVEVOU KOTAOTATIKOU TIPOCOUOLWHATOC VLo OTABEPOTIOLNEVES
QUUOUG, eTLXELPEiTal eVAANOKTIKA N «€UPUNGCY XPNON EVOG UTIAPYOVTIOC GOPLOTEUUEVOU
ipooopoLlwpatog kplowung kataotaong, NTUA-SAND (Andrianopoulos et al. 2010a, b), mou
£XeL amOdEellel TNV IKOVOTNTA TOU va TEPLYPAdEL EMAKPLPWE TN LOVOTOVIKN KOl OVAKUKALKNA

cupunepldopd appwdwy edadwv.

H «gudung» xprion Tou MPOCOUOLWHATOC CUVIOTATOL OTNV EKTEAECN GUIEUYUEVWY SUVOULKWY
ovVaAUCEWV Xpnolpomolwvtag TN HEBoSo Twv MeMepACUEVWY SLOPOPWV TPOTTOTOLWVTOC
OPLOWPEVEC O TIC TAPAUETPOUC TNG MPogopoiwaong. Onwce €xel Ndn avadepbel otnv Evotnta
3, n otaBepomnoinon pe CS €xel WG AMOTEAECUA ULat TTLo SUOTUNTN KAl ALYOTEPO GUGTOALKN

CUUTEPLPOPA CUYKPLTIKA LE To (610 £6adog xwplg otabepomnoinon.

ErutAéov, cupdwva pe melpapata mou ekave o Towhata (2007, 2008) og Seiypata kabapng
KOAAOELSOUG TIUpLTLAG UTIAPXOUV EVOEIEELG OTLTO UALKO AUTO €XEL CUMTILECTOTNTA, O€ avtiBeon
ME TO vePO TO OMOLO €lval MPAKTIKWCG AOUUTiECTO. Ta QMOTEAECUOTA TWV TELPAUATWY
Kotadelkviouy OTL N avtoxn Tou i8lou Tou UALKOU glval OUCLAOTIKA OUEANTEQ, EVW O AOYOG
™G a€oVIKAG TPOC TNV MALUPLKA Ttapapopdwan, SnAadn o Adyog tou Poisson, mpokUTTEL (00G
pe 0.3. Eival énAadn mbavo, otL n aviox oe peuctonoinon BeAtwvetol efattiag tng
CUUTTLECTOTNTAC TNG TUPLTiaG oToug TOpouC. To yeyovog autod pmopel va slooxBel otnv
ouleuyuévn aplOuntikn avaluon péow tNE avénong TG CUUILECTOTNTOC TOU LYpoU TWV
mOpwV. Juykekpluéva, ocUpdwva pe T Bswpla tou Biot, mou amoteAel ™ PBdon NG
ouleuyuEvng avaAiuong, aANGZoVTOoC TNV TLUN TOU HETPOU CUUTTLECTOTNTAC TOU UYPOoU TTIOpWV,
UTIAPXEL Apeon emibpoon OTI( AVANTUCOOWEVEG TILECELG TIOPWV KOL W €K TOUTOU OTNV
OUVOALKN amoKpLon tou otaBepomolnuévou edadoug, Pe BAon TNV apxn TWV EVEPYWV

TAOEWV.
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Me Baon, Aoudv, Ta MapAnavw, Yo TV apLBUNTIK TPOCOUOLWoN TNG OELCULKAG ATOKPLONG
™G otabepomolnpévng ARUOU HE TO KATAOTATIKO Tpocopoiwpa NTUA-SAND, éxouv
xpnowtomownBel tpelg (3) StadopeTikég Mpoaoeyyioel Bewpwvtag UeTaBoAéC eite otov

£5adLKo okeAeTo (A 1 B) 1 oTo LYPO TwV TopwV (IN):

(A) n avénon tng adidotatng Oetikng otabepda¢ hy Tou MAACTIKOU METPOU TOU
TIPOCOUOLWLATOG YLo TOV £8adIKO OKEAETO TNG AUUOU, E TN AoyLKr) OTL Ta otaBgpomolnpéva

edadn epudaviouv mo dvotuntn cuunepidpopd.

(B) H peiwon tng adiactatng Oetikng otabepdg Ao TIOU UTELOEPXETOL OTO OGUVTEAEOTH
SL00TOALKOTNTAC D TOU TPOCOUOLWHMOTOG, HE TN AOYLKN OTL To otabepomolnuévo £6adog

gudavilel Alyotepn ouoToALKA cUpMEpLpOopA.

(M) H pelwon tou pétpou cuprmieototnTag K uypou moOpwv o€ ox€on HE autd tou vepou, Ky,
amobidovrac otL n KoAAoeLldA G mupLtia dpaivetal va €Xel HeyoAUTEPN CUUTLECTOTNTA ATO TO

VEpo.

Ytnv Ewkova 21 mapouctdleTal n oXeTIKN avénon Tng aviiotoong oe PpEUCTONOLNGCN 0 OPOUG
Sladopdg CSR yla ouykekplpuévoug KUkAoug ¢doptiong (Ni) avapeoca ota (duotkd) pn
otaBeponolnpéva Kol ota avtiotolya otabepormnotnpuéva edadn. Onwe dpaivetal otnv ewkova,
N HéyLotn TN tng dtadopd petaf otabeponolnpévou Kal pn otabepomnotnuévou edadoug
KUpaivetal mept to 0.20, pe ta dedopéva twv Diaz-Rodriguez et al (2008) va amoteAolv pia
KOAN péon ekTipnon tng emidpaong tng otabepomnoinong oe dpoug Stadopdg CSR. Emiong pe
Bdon ta anmoteAéopata auTa, N ENiSpacn TwV apXLKWV cuvBNKwv (oXTLKNG TukvoTnTag Dy Kot
apXKAG KaTtakdpudng evepyol tdong o’vo) &g Stadaivetal kaboplotikn. Ta anoteAéopata
TWV TPLWV (3) mpooeyyloswv Mpocopoiwaong yla TiG PEATIOTEG TILEC TWV TTAPAUETPWY OTWG
QUTEG TpoékuPav amd Stadikacia dokiung — AdBoug mapoucialovral otnv Ewkova 22, amno
Omou yivetal cadeg OtL Kat ol TPelg (3) autég odol eival ev duvapel KATAMNAEG yLa TV
npocopolwon NG ocuunepldpopd tou otabepomoinuévou edadoug. Emonuaivetatl 6tL n
otoxevuon tng Babuovounong nrav ta Sedopéva twv Diaz-Rodriguez et al (2008) og autr TV

poonadeLa.
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+— DA=5% CS=10% (Gallagher and Mitchell 2002
L [— DA=5% CS=5% (Gallagher and Mitchell 2002;
+— DA=2% CS=10% (Gallagher and Mitchell 2002
+—+ DA=1% CS10% (Gallagher and Mitchell 2002,
+—+ DA=1% CS=4% (Kodaka et al 2005)
DA=5% CS=14.5% Dr=40% (Diaz-Rodriguez 2008)
DA=5% CS=14.5% Dr=60% (Diaz-Rodriguez 2008)
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Ewova 21 Ertibpaon tn¢ CS oto Adyo avakukAikwv taoswv CSR mou amalteital yia peuotornoinon
yia Sedougvo kade popa aptduo kukAwv Ny (bebouéva: Diaz-Rodriguez et al 2008, Kodaka et al
2005 and Gallagher and Mitchell 2002).

0.4

x x x Aedopéva (Diaz-Rodriguez 2008)

o o o NTUA-SAND (A,/2.67)
NTUA-SAND (4h,)

e o o NTUA-SAND (K=K,/50)
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Ewkova 22 Enibpaon tng CS oto Adyo avakukAikwv tdoswv CSR amaitoUUEVO YL pEUCTOTTOiNoN
yia dedouévo kade popa aptduo kUkAwv N kat oUykpilon Ue aptBuntikég avaAvoelg ue to NTUA-
SAND yia Tiuéc mapauétpwy Ag/2.67, 4ho kat Ku/50 (6ebouéva amno: Diaz-Rodriguez et al (2008))

7. AplOuUNTKA TPOCOMOIWOoN TNG HOVOSIACTATNG OEIWOHIKAG OTOKPLONG
op{ovriag otadepornonpévng eSapLkig oTPwong

Jtnv mopouoa evotnta Slepeuvatal n akpifelo ™ aplBuntikng mpocopoiwaong tng

UNXAVIKAC cupmepldopdg Twv otabepomolnuévwy pe KoAAoeldr mupttia (CS) edadwv ot

T(POPBAAATO CUVOPLAKWY TLUWY, UE «EUPUA» XPAON TOU KATOOTATIKOU TIPOCOUOLWATOG

NTUA-SAND, 6nwg mapouclaotnke otnv Evotnta 6. MNa to okond auto, Eudaon divetal otny

npoocopolwon piag Suvaplkng Sokwung duyokéviplong eminedng otabepomolnuévng
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eSadikng otpwong utod Sléyepaon PACNC, TTOU AVTLOTOLXEL 08 CUVONKEG OELOULKNG ATTIOKPLONG

eheubépou mebiovu.

JUYKeKpLEva, N Sokun mou Ba e€etaotel, Se€nxOn amd toug Gallagher et al (2007a) kot
TpOKeLtal yla SokLpn duyokevtplotr) pe appo Nevada No.120, n omnola otaBeponol|Onke pe
Slahupa CS=6% (Ludox-SM®). Ta tn Sokuur, XpnollomolnOnke éva PeTaAALKO Soxeilo pe
gUKaumnta towpata (Laminar box), kat Staotaoelg og katodn 460mm emni 370mm Kot Uog
(oo pe 260mm. Itnv Ewova 23 amelkovileTal n Topr Tou eUKaUnTou doxeiovu, kabBwg emiong
KOlL OL BECELG TWV OPYAVWY HETPNONG EMITOXUVOEWV KAl LETATOMICEWY. Na TN HETpnon Twv
opllOVTLWV emITa)UVOoewV TomoBetnBnkav névie {evyn enttayuvvoloypadwv (AH) oe Stadopa
0PN, evw yLa TG opl{OVTLEC KOl KATAKOPUGDEG LETAKLVAOELG Xpnolpomotnonkay névie LVDTSs,
TECOoEpPA yla UETPNON TNG MAsUpLKNG e€amlwong (LH) kal povo €va otnv emipavelo tou

e6adoug yla tn pEtpnon twv kabilnoswv (LV), Bewpwvtag Tic opoldpopdeg.

509 ® Accelerometer
—m VDT
qu
5
b E AHIO ;%06";— $ AHY s lg LHA " 1.5¢cm
= aw . WML
— : = 40cm
c B AHE B R A =
2 = 40 cm —-LH2-—
U — AHA e # AHI = 5.0cm

Input Motion

Ewkova 23 Awataén kat opyava UETPNRonG oto doxeio tou uyokevtploty (Gallagher 2007a), os
UOVASEC TPOOOUOLWUATOC

ApLOunTIKA) Tpooopoiwon Suvapkig SokLuRg puyokEvtpilong

H aplBunTikr mMPooopolwon Tou MELPANATOG PUYOKEVTPLOTH TIOU TTOPOUCLACTNKE AVWTEPW,
£ylve pe 1o Aoylopikd FLAC (Itasca Inc. 2011), pe xprion TOU KATOOTOTIKOU TIPOCOUOLWHATOC
NTUA-SAND, to omnoio BaBuovoundnke katdAAnAa ywa aupo Nevada (Andrianopoulos 2006).
O kdvvaBog mou xpnotpomowdnke eivatl dtaotdocswv 23x10m pe (wveg eppadoll 1x1im. Ot
KATw KOpPoL Tou Kavvapou mou avtotolyolv oe BaBog 10m Seopeltnkav o PETOKIVNON
KOTA TOV X Kol Tov ¥ afova AOyw tou avévéotou mubpéva tou umoSoxEa Kol EMELSH) HEOW
outwv emBARONKe n dtéyepon BAong tng SOKLUNAG. ITa MAEUPLKA cUvopa deopelTnkav Koo'

Y og oL akpaiol koppol Tou kavvapou (uEBodoc tied nodes) oto (6o P oG, wote va divouv
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v (6la opllovtia Kol Katakopudn petatomion. Me outé Ttov TPOmMO Umopouv va
TPOCOOLWOOUV CWOTA 0L CUVOPLAKEG CUVORKEC TToU eTIBAAAEL TO eUKapmTo doxeio (Laminar

box) tou puyokeviploth.

2tn Baon tou kavwvaBou emPANONKE NULITOVOELSNG opllOvTIOL SLEYEPON UE WEYLOTN TLUA
gmutayuvong ton pe 0.20g kat cuyvotntag 2Hz kot Bewpnbnke apyikn amocBeon (local
damping), 6nAadn aveaptntn thg ouxvotntag, 2% yla tnv appo Nevada. Emonpaivetal ot
n xenon tou NTUA-SAND yla tnv MPOOOMOLWON CUVEMAYETOL OTL TIPOKUTITEL ETULITAEOV

UOoTEPNTKNA amooBeon avaloya e TV évtaon tng Sléyeponc.

Ma TNV aplBuntikr mpooopoiwaon Tou otabepomolnuévou e6adoug xpnolponolénkav ot
TPeLg (3) mpooeyyioelg ou mpoavadEpOBnKav otnv evOTNTA 6 KAl TILO GUYKEKPLUEVA: (a) TNV
avénon tng otabepdg ho Tou TMAQOTIKOU HETPOU TOU TPOCOUOLWHATOC YL TOV CUUWEN
okeAeto, (B) TN pelwon g otabepdg Ao TNG SLACTOALKOTNTOG TOU TIPOCOUOLWUOTOG LA TOV
OUUWEN oKeAeTO, Kat (y) TN Helwon Tou PETpou cuprieototntag K=Kw/n tou uypol twv
TOpWV. ApXLKA €EETAOTNKAV OL TIHEG TWV TMOPAUETPWV TIoU amédwoav BEATIOTO TNV
cuumnepldpopd Tou otabeponolnpévou e5AdouC yLo aVaKUKALKES SOKLUEC eSadikol otolyeiou
(Ao/2.67, 4ho kat Kw/50), opwg mapatnpndnke ott n avapodupovounon twv otobspwv tou
npooopolwpatog (ho kat Ag) Kal Tou YETPOU cupTtieong K tou uypol mopwv pe Baon poévo
Soklpég edadikol otolyelou eival moloTIKA 0pBEC, OAAQ TIOCOTIKA UTIOEKTLHOUV TNV
amodotikotnTa TNG BeAtiwong oto MpOBANO CUVOPLAKWY TIHWV. MapoAa auTd, TPOoEKUYE
OTL HOVO N Helwon tou HETPoU cupmieong K tou uypol Twv MOPWV WG CUVAPTNON TNG
ouyKkévtpwong rupttiag CS (%) katd Bapog (yia cuvnBelg TIUEG 5-10%), umopel va amoteA€oel
£va eviaio mAaiolo mpooopolwaong yla TPOoBANLATO CUVOPLAKWY TILWY, KABWE LovVo eKkeivn
TpooeyYilel TOOO TIG EMITOYVUVOELS, 00O KAl TIC MOVIUEG UeTATOTioELG (TT.X. KoOWnoeLg) tou

otaBepomnoinpévou péoou.

Mo cuykekplpéva, akolouBwvtag Tn AoyLKA TNG LELWONC TN TLUAC TOU SLalpétn Tou PETPOU
CUUTTLECTOTNTAC TOU UYPOU Twv MOpwV Ky, SltepeuvnOnke mBovh cUCKETLON AUTAC TNG TIUAC
ME TNV TN TNG ouyKEVTpwong CS(%) katd BApog oto SLAAupa TTIoU XpnoLlonolionke oto
meipapo. Kotom mapapeTplkwy ovaAloEwWY IOV £ylvay TO00 yLa To neipapa tng Gallagher
(2007a) 600 kat yla to meipapa twv Conlee et al (2012) mou napouctaletal otnv Evotnta 8,
MEOW SoKIUAOTIKWVY TiPpoPAEPewv poékue n akoAouBn oxéaon yLa TNV EKTiNGCN TOU LETPOU

K:

K=K, /[(CS(%)+2.25)-100 | (3)
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Omou: Ky, To HETPO OUUTILECTOTNTAG TOU VEPOU TwV NOpwv oo pe 2.1x10%Pa kat CS(%) n tiun

TNG CUYKEVTPWONC Katd Bapog koAhoeldoug mupttiag (my. yia 6% katd fapog CS=6%)

Mo TNV TR TG ouykévtpwong koAoesldoug mupltiag CS=6% mou Xpnolponolonke oto
neipapa twv Gallagher eta al. (2007), mpokUmtel n T 825 yla Tov SLatp€tn n Tou PETPOU
CUUTTLECTOTNTAC TOU UYpoU TwV MopwvV Ky otn oxéon (3). EmumAéov mapouaotaletal Kot n TLn
Tou Slatpétn 50, n onola pogkuPe amo tn Babuovopunon pe BAoh avoKUKALKEG SOKLUEG OTNV
Evotnta 6. Zta oxfuata mou akoAouBoUv mapouctdlovtol To OMOTEAEGUATO TWV AVAAUCEWY
yla TG U0 autec TIpEC (Kw/825 kat Kw/50) og dpouc xpovoioTopLwy EMLTOXUVOEWY Kol AGyou

UmeprLEcewv OpwV (Ewkova 24), kaBwg Kal og 0poug xpovoiotoplwy Kablfoswv (Elkova 25).

ATO TIC ouyKplioelg otig Elkoveg 24 kal 25 mPokUTTE TO00 N EMOPKWE EMITUXNG TIPOCOMOoiwoN
yla Stapétn n=875, 600 kal n mpoavadepBeloa UTOEKTIUNGN TNG OMOSOTIKOTNTAG TNG
otaBepomnoinong ya n=50.

—— Aedopéva (Gallagher 2007a)

— NTUA-SAND (K=K,/825)

NTUA-SAND (K=K,/50)
1

0.6 |
o 03 F 05 |
é 0 ..=
® .03 F 0
06 F K, /825 K, /825
0 2 4 6 8 10 12 14 -0.50 2 4 6 8 10 12 14
t:sec t:sec
06 | 1
03 | 5|
e I T
o6 b K, /50 K,/50
06 1 1 1 1 1 1 _05 1 1 1 1 1 1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
t:sec t:sec
(a) (B)

Ewkova 24 ZUykplon TwV XPovoioToplwV ETMITOYUVOEWY, ONMw¢ UETPnOnkav o Badoc 2m oto
neipaua (Gallagher 2007a) ue ta avtiotoyo amoteAéouatra Twv aptdunTIkKwv avaAUoEwy yla
Kw/825 kat Ky/50 kot oL avTioTOLYEC XpOVOIOTOpPie¢ TOU AOYoU TMIECEWV MOPWV ry A0 THV
aptduntikn avadvon oe Badoc 1.5m (dev unmapyouv kataypapec oto neipaa).
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=

g 2 F —— Data (Gallagher 2007a)
%" ——— NTUA-SAND (K,/825)
S4F NTUA-SAND (K,/50)

Ewkova 25 JUykplon twv Ypovoiotoplwv kathlNoswv OMwc UETPATNKAV OTNV EMLPAVELX TOU
ebapouc oto neipaua (Gallagher 2007a) pe ta avtiotolyo omOTEAECUATY TWV oPLTUNTIKWV
avadvoswv yia Ku/825 kat Ky/50.

8. AplOUNTIKA) TPOCOMOIWON OCEIOUIKAG QTOKPLONG OTOOEPOTIOMEVNG
OTPWONG UTIO KN KAlon

Mépav TNG aplBUNTIKAG Mpooopoiwong TG 1A OEOULKNAG amoOKPLoNg otaBepomolnuévwy
edadwv, n omola mapoucldotnke otn Evotnta 7, otnv mapouvca evotnta Slepeuvdtal
nepaltépw n «sudung» xprion tou NTUA-SAND yla TNV TIPOGOUOLWON TNG OELOULKNAC
anokplong otabeponotnpuévng edadikng oTpwaong UTO Uikpn KAlon pe Baon kataypadeg and
pla OElpa amo SOKIUEG PuUYOKEVTpLoNG otabepomolnpévng eSadlkig oTPWONG UG ULKPN

kAlon (Conlee et al, 2012, Conlee, 2010).

To mpooopolwpa amoteAeital and U0 CUUMETPLKA Tpavr Ue KAion 3° Tpog éva KEVIPLKO
KavAAL TAaTtoug 3m , onwg dpaivetal otnv Elkdva 26. Ta mpavn anmoteAouvtal amnod 3 oTPWOELS:
() pia kdtw otpwon maxoug 0.75m mukvig dupou Monterey No.0/30, (B) pio evSiapeon
oTpwon maxoug 4.8m amnod peuctonowowun aupo Nevada Nol120 kat (y) pla ermudavelakn
oTpWonN Maxoucg 1m cuumnayoug, I\ uwdoug apyilou Yolo loam. ZuvoAikd mpaypatonolionkayv
800 SokLEG pe ovopaaieg CTCO1 kal CTCO2. Ztnv mpwtn Sokiun (CTCO1) ot dppot Nevada kait
Monterey oto aplotepo mpavég otabepomnoibnkav pe Ludox-SM® CS=9%, evw oto 6e€ld
TPAVEG MapEPELVaY Ta avtioTowa (puoka) pn otabepomnotnuéva edaodn. Itn SeUtepn SOKLUN
(CTCO02) ol i6Leg OTPWOELG TOU pLOTEPOU Mpavol¢ otabepomnoBnkav pe Ludox-SM® CS=4%,
evw oTo 6€€L0 MPaVEC oL ev AOyw oTpwoelg otaBepomotrifnkav pe Ludox-SM® CS=5% (Conlee
2010). Mo tnv kataypadrn TwV YXPOVOIOTOPLWV ETIUTAXUVOEWV, TILECEWV TOPWV KO
LETATOTIOEWY, OTn PEUCTOMOLNOLUN otpwaon tomofethBnkav 10 emitaxuvoloypadot, 9
UETPNTEG TILECEWV TIOPWV Ot Katakopudn Siataén os kKaBe mpavég, KabBwE Kol PETPNTEG
opwovtiwv (Horizontal LP/LVDT) kat katakopudwv (Vertical LP/LVDT) petatomnicswv otnv

EMLPAVEL TOU TIPOCOUOLWHATOC Yl TNV KTiUNONn tng oplldvtiog e€AmAwong Kol Twv
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kaBunoswv, avtiotolya. H yewpetpia twv SUo Sokuwv napouctaletal otnv Ewova 26 pall

E TIG BE0ELG TWV HETPNTWV TIOU TOTOOETAONKAV GTO MPOCOUOLWHAL.

To npocopoiwpa UToPANBNKE 0 eVVLA OELOULKEG SLEyEPOELG O HUYOKEVTPLKI EMLTAXUVON
15g. KaBe pla Siéyepon amotedolvrav amo eikoot (20) nuitovoeldeic KUKAOUG cuXVOTNTOG
2Hz (neplodog T=0.5sec). H akoAouBio Twv CELOUIKWY YEYOVOTWY armoteAolvtav amd 9
Eexwploteg Sleyepoelg pe SLadOpPETIKEG PEYLOTEG TIUEC TNG emutayxuvong Baong (PBA) mou
epapudotnkav dtadoyxlkd oto mpocopoiwpa. H mapovoa Statplpr Ba emikevipwBel oTig
peoaiag évtaong dleyépoelg 3 kat 4 pe péylotn enttayuvvon Baong 0.1g kat 0.19g avriotolya,
yla tnv dokwunp CTCO1, ol omoieg £movTtal TwV PLIKPAG €évtaon Sovioswv 1 Kal 2 pe PEYLoTN
gmtayuvon Baong 0.007g kat 0.03g avtiotolya mou dev €Xouv MPOKTIKO evoladEpov. Agv
TIPAYLATOTIOL BNKAV TIPOCOLOLWWOELC YLa TLC UTtOAoLeg SleyEpoel tng CTCO1, kaBwe n apxikn
VEWUETPLA aUTWV SV NTAV TILA N YEWHETPLA OXESLATUOU KoL KATIOLEG OTTO TIG SLEYEPOELG ATAV

£€QLPETIKA LOXUPEG KL LKPOU TIpaKTLKOU evladépovtoc (m.x. 1.28g).

Yolo loam

Loose Nevada
sand

Dense Monterey sand

Ewkova 26 [cwueTpia kal GEOELG UEPNTWV TIPOCOUOLWUATOG SOKLUWY PUYoKevTplot) CTCO1 kat
CTCO2 (Conlee, 2010)

o TNV 0pLlOUNTIKY Tpooopolwaon Tou melpapatog CTCO1 xpnotpomnotnOnke to Aoyloutko FLAC
(Itasca Inc. 2011). O ka@vvaBog mou emAEXONKe £xeL SUVOALKO UAKOG 24.75m (0TO MPWTOTUTIO),
TO péyLloto UYPog Tou KavvaBou sival 6.73m Kal amoteleital and 676 otolyeia petaBAntol
gupadou. MNa tnv aplOUNTIKY MPooopolwon Twv dU0 AUUWOWV CTPWOEWV TOU OPLOTEPOU
nipavoUlg rou otaBepomnot|Onkav pe kKoAAosld upLtia, TpomomnoLdnkay oL TapAapeTpoL Ao,
ho, kat K=Kyw/n akohouBwvtog tn Aoyik mou avadEpdnke otnv Evotnta 6, aAAd xapv
ouVTOULag Ba TmapoUCLAoTOUV LOVO OL TEAIKEG avaAUOELG TTou UTOBETOUV TNV Helwaon Tou
METPOU CUUTILECTOTNTAG TOU UYPOU TWV MOPWV WG CUVAPTNON TG CUYKEVTPWONG CS(%) katd
Bdpog mou xpnoldormoleital, cUpdwva pe tnv E€lowon (3), mpooéyylon n omoia, OMwg

amodeiyxtnke, UMopel va amoteAéoel Eva eviaio mMAaiolo mpooopoiwong TG amdkpLong Twv
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otaBepomnolnpuévwy edadwv. H Tipn tou Slalpétn mou Ba mapoucLactel eival n tiun n=1125
TIou TPoEKUE yla cuykévipwon mupttiag CS=9% amo tnv efiowon (3). ZUpHPwWvVA PE TOUG
Persoff et al (1999) n udpauAlkn aywylotnTta Tou otabepomolnuévou edddoug yla
ouykévipwon mpttiag CS=9% mpokurrel ton pe 3x10°m/s, dnhadn n otabepomnoinpévn
QUUOG amoKTA USPAUALKN aywyluotnta apyilwv. Ma ta ¢uoikd appwdn edadn (Nevada,
Monterey) BswpriOnke ion pe 2.94x10°m/s, evw yia to Yolo loam n T Atav 1.97 10°m/s
Télog, otn PBacn tou kavvaBou emiPANBnKe nuitovoeldng Sléyepon He HEYLOTN TLUA
grutayuvong ton pe 0.10g kot ouxvotntag 2Hz, TOU AVTLOTOLXEL OTLC ETUAEYUEVEC SLEYEPOELS
™¢ akoAouBiag kot ewonxOn apyxkn amoocBeon (local damping), dnAadn avefaptntn tng
ouxvoTNTaC, 2% yLa T U CUVEKTIKA e8adn katl 10% yia tnv erudavelakr otpwon (Yolo loam)

KoL ota SUo mpavr).

ATo TIg mopakdtw Ewkoveg 27 kal 28 Swadaivetal otL n i tou K=K,/1125 tou pétpou
CUUTTLECTOTNTAC TOU UYpPOU TWV TOPWV TIPOOEYYIlEL KOVOTIOINTIKA ThV OmOKPLon TOu
otaBeponolnuévou aplotepol mpavoug pe CS=9%. Tuykekpluéva, n Elkova 27 mapouotdalet
OUYKploelg og Opoug XpovoloToplwv emtayuvong otnv  emudpavela tou  edddoug
(z=0.6m,x=10.0m), evw n Ewova 28 oe Opoug kKabuwnoewv (x=10.4m) kol opOVTIwv
UETAKLVAOEWV KOVTA oTo Tolywpa (x=10.4m). EvSladépov mapouatdalel Kal n TAUTOXpova
LKOVOTTOLNTLKN) TIPOCOMOLWaN TG amokplong Tou pn otoabepomotnuévou deflol mpavoug,

6eSopévou otL umtapxel aAAnAentiSpaon petafy Twv U0 Mpavwv.

—— Aedopéva (Conlee et al 2012)
—— NTUA-SAND (K=K, /1125)

>1a0EPOTTOINUEVO TTPAVEG Mn oTaBepoTroinuévo TTpaveg

0.4 0.4
ACC-T4 (z=3.5m, x=8.9m) (@) ACC-U28 (z=3.4m
02 F 0.2
=] ()]
o 0 o 0
o o
© ©
02 F 0.2
0.4 | | | | | | 0.4 | | | | | |
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20
0.4 0.4
ACC-T1 (z=5.7m, x=8.9m) () ACC-U25 (z=5.5m, x=8.9m) ®)
0.2 02 F
(o] [o)]
o (3]
© (]
02 F 02 |
04 Il Il Il Il Il Il 04 Il Il Il Il Il Il
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20
t:sec t:sec

Ewkova 27 ZUYKPLON TWV XPOVOIOTOPLWVY ETILTAYUVOEWY 0w UETPRINKav yia Stopopetika Badn z
o€ SLOPOPETIKEC ATOCTACELG X QIO TNV KEVIPLKN UEUBpavn oto neipoaua CTCO1 (Shake 4 twv
Conlee et al 2012) ue ta avtictoiya amoteAéouata Twv aptIunTikWy avalvoswy yia K=K,/1125
OTO OTAUEPOTTOLNUEVO APLOTEPO TPAVEC.
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—— Data (Conlee et al 2012)

— K=K, /1125
KaBI{AoEIg 04 OPICOVTIEG UETATOTTIOEIG

012 | VT-3 (x=4.8m) (@) HT-3 (x=4.8m) v

0.09 | OTOBEPOTTOINUEVO TTPAVEG 0.2 OTABEPOTTOINUEVO TTPAVEG
E 0.06 |
e IR TRTAMATITY R E—

o il Ln.lJ' addda bl ruLLLlJ—
MR NMRSNEN
-0.03 Al 1 1 1 1 1 0.2 1 1 1 1 1 1

0.3 0.4
VU-1 (x=10.4m) HU-1 (x=10.4m) (5)
un-oTaBepoTroinuévo UN-0TOBEPOTTOINUEVO TTPAVEG
0.2 [ pavég 0.2 |
01 b 0
Kakn AgiIToupyia opyavou
0 I I 0.2 I I I L I I
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20

t:sec

Ewkova 28 ZUyKpLon TwV xpovoioToplwVv KoSt{Noewv Kol Twv opt{OVTIWV UETATOMIOEWY OMWC
uetpndnkayv oto neipaua CTCO1 (Shake 4 twv Conlee et al 2012) otnv enpavela Tou €6apoUC O
SLOPOPETIKEG QATOCTACELG X OTTO TNV KEVIPLKN UEUBPAVN, UE TA AVTIOTOLYQA QUTOTEAECUATA TWV
aptIuUNTIKWV avaAvoswv yio K=Ky/1125 oto ot depomotnUEvo apLloTEPO TTPAVEC.

EruuAéov, SiepeuvnBnke n alomiotia Tng peBodou mpocopoiwong Twv otabepomolnUeévwy
eSadwv Kal yla TEPUTTWOoELG Pe GAAeG TEG CS. Mo To okomd autd Ba xpnolpomnolnbel to
neipapo CTCO2 twv Conlee et al (2012). 3to meipapa autd diatnpeital n (dla yewpetpia, oAAd
og avtibeon pe to CTCO1, otabepomotlovvtal kot ta SU0 Tpavh, TO APLOTEPO LLE CUYKEVTPWON
nupttiog CS=4% kot to &e€l pe CS=5%. H nuitovoeldng Siéyepon mou eruPAnOnke otn Bdon
elye péylotn T erutdyxuvong 0.15g kat ouxvotnta 2Hz, dnAadn Alyo mio Loxupn amod
Sléyepon 3 tou CTCO1 mou mapouaotdotnke mpLv. H aplBunTikh mTpooopoiwaon Tou TEPALATOC
CTCO2 éywe oto FLAC (Itasca Inc. 2011) opoloTponwe He ekeivn yla to CTCO1, evw n
otaBepomnoinon oNXONKe PE TNV HELWON TNG CUMMLECTOTNTOG TOU UYpol Twv Mopwv K
(ouykpltikd pe ekeivn tou vepou Ky) AapBdvovtag umov Tn cuykéVTpwaon mupLtiog mou
umnpxe os KaBe mpaveg pe Baon tnv E€iowon (3). Etol mpoékupav ol TipeC Kw/625 yia to
oplotepd Kat Kw/725 yia to 8efi mpavég. EmumAéov, ol SLomepatotnTed Twv AUPWOWV
CS=5%

OTPWOEWV ToU otabepomolNOnkav He OuykEvIpwon Twptiag CS=4% Kot

urtoloyiotnkav 108 kat 5.1x10° m/s avtiotowa cuudpwva pe toug Persoff et al (1999).
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—— Acedopéva (Conlee et al., 2012)
—— K=K, /625, K=K,/725

0.4 0.4
ACC-U4 (z=3.5m, x=8.9m) (a) ACC-T28 (z=3.4m, x=8.9m) (B)
02 |
o
o O
o
©
02 |
CS=4%
04 1 1 1 1 1 1
6 8 10 12 14 16 18 20
0.4
ACC-C49 (base) (v) ACC-C49 (base) (3)
02 |
o (o]
o O o O
(8] [E)
(1} ©
-02 F
CS=4% CS=5%
_04 1 1 1 1 1 1 _04 1 1 1 1 1 1
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20
t:sec t:sec

Eikova 29 SUyKplOn TwV XPOVOIOTOPLWY ETUTAYUVOEWY ONMwWG UETPNUNKaV oo TouG
enmtayuvaotoypapouc U4 kot T28 oto neipaua CTCO2 (Shake 3) (Conlee et al 2012) ue tic
QVTIOTOLYEG QO TIG aptTUNTIKES avaAUOELS: yia K=Kw/625 yia To aplotepd mpaveg pe CS=4% kot
K=Kw/725 yia 0 5€€16 mpavécg e CS=5%.

—— Aedopéva (Conlee et al., 2012)
—— K=K,,/625, K=K,,/725

0.12 0.4
0.09 E VT-3 (x=4.8m) (a) HT-3 (x=4.8m) (B)
' CS=4% 0.2 _CS=5%
g 0.06 | g
» 003 | s rorcmorteR OB
0 _W
_003 1 1 1 1 1 1 _02 1 1 1 1 1 1
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20
0.12 0.4
0,09 VU-3 (x=4.4m) (v) HU-3 (x=4.4m) ®)
’ | CS=4% 0.2 CS=5%
g 0.06 | ’
" W ° 0 TAADAY T I DO
0
-0.03 1 1 1 1 1 1 -0.2 1 1 1 1 1 1
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20
t:sec t:sec

Ewkova 30 SUykplon twv ypovolotoptwyv kathlnoswyv kal Twv opt{OVTiwV UETATOMICEWY ONTWS
uetpndnkav oto nieipaua CTCO2 (Shake 3) (Conlee et al 2012) ue To avtioTolyo AMOTEAECUATA TWV
aptIUNTIKWV AVOAUCEWV YLa SLOPOPETIKEG TIUEC TOU UETPOU cuuriectotntac: Ky/625, Ku/725 yia
TO aPLOTEPO MPAVEG e CS=4% kat to Se€lo mpaveg pe CS=5% avtiotoya
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OL ouykploelg kataypadwVv Kal TPOCOUOLWOEWY O OPOUC ETILTAXUVOEWV Tapouatalovrtal
otnv Elkéva 29, evw oe 6poug kabnoswv Kat opl{ovTiwy petatomnioswy otnv Ewkova 30. Ano
TI¢ ouykploelg Sladaivetal OtL N ev Aoyw datvopevoloyikn pebodoloyla mpooopoiwaong
umopel va amodwoel TN OELOPLK amokplon twv otabepomolnuévwy e8adwv Kal ot

TIPOPBANLATA CUVOPLOKWY TLUWV.

9. (Maopartikn evicyuon emtoyUVoewv otadepomnonpévwy edadwv

210X0¢ Tou TapovToG kedadaiov elval 0 KABOPLOPOG TWV EANOTIKWY GACUATWY ATOKPLONG
otnv enidpavela otabepononpévwy edadwv, mou Ba prmopovcav va xpnotponotnbouv yia to
oxedLaopnd Kataokevwv MoAttikou MnyxavikoU. EAAelPeL oxeTIKWY Kataypadwy, yivetal pia
TPOOTAOELN EKTIUNONG TWV EAACTIKWY GACUATWY OXeSLAoUOU yla otabepomnolnpéva e6adn
pUe BAon SUVAULKEG OUTEUYUEVEC EAOOTOMAQOTIKEG OVAAUOELS. Mo TO OKOTO aUTO, yiveTal
xprnon tng Babuovounuévng aplBuntikng peBodoAoyiog Twv TMPONYOUUEVWV EVOTHTWVY,
SnAadn ylvetal moapauetpikn Slepelivnon HE XPHON TOU KOTOOTOTIKOU TIPOGOUOLWHOTOG
NTUA-SAND (Andrianopoulos et al. 2010a, b) ywa aupo Nevada pe D=40% Kot KOTAAANAN
OMOUELWON TOU HETPOU cupTieonc Tou uypou mopwv K (BA. E€lowon 3), yla pla edadikn

otAAn LPoug 9m umo 11 MPAYUATIKEC SLEYEPOELC.

JuvoAlka efetaotnkav 4 edadwka mpodik: (a) 9Im duowol ebdddoug, (B) 9Im
otaBepomnolnpévou edadoug, (y) 6m otabepomoinuévng otpwong mavw and 3m (puoikov)
un otaBepomoipévou edddoucg kat (8) 3m otabBepomolnpévng oTpwong MAVW amoe 6m
(dpuowol) pn otabepomowévou edadoug, ta omola umoPAnBnkav ot 11 Sieyépoelg
BaBupovounuéveg oe 3 emimeda evepywv EMITAXUVOEWV aerr Loa e 0.25g, 0.125g kat 0.025g.
Mo TNV aplBUNTIKA TPOooUoiwan TNG OELOKLKNG ATOKPLONG TNG 0THANG 9m e Xprion tou FLAC
(Itasca Inc. 2011) pe kavvaBo Staoctdoswy 3m i 9Im pe {wveg pnkoug Im kat UPoug 0.5m,
pe e€aipeon ta onueia ov Bplokovrtatl ot Siemidaveleg otabepomolnuévou Kat pn edadoug
(6nAadn os BaBog 3m kat 6m) 6mou o kavvaPog eivol TUKVWHEVOS pe {wveC SLACTACEWY
1x0.25m. H mpooopoiweon tng otabepomnoinong EyLve PUe LELWHEVN TLUH OTO HETPO CUUTTIEDNG
TOU LYpOoU TTOPWV K CUYKPLTIKA HE TNV TN Ky Tou vePOU, XpNOLUOTIOLWVTAS TNV TN 975 wg
SLaLpétn TNG, MLa TN Tou avtiotolyel og CS=7.5% (uéon Twun tou cuvBoug elpoug CS=5-
10%) pe Baon tnv e€lowon (3). Emiong, n Stamepatotnta tou otabeponotnuévou edadoug yla
TN Héon ouykévipwon rptriog (CS=7.5%) ektiuriOnke w¢ 8x10°m/s, pe Bdon toug Persoff et
al (1999).
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To oUvolo Ttwv avaAucewv tng OtatplBrig e€etdlel tnv emnibpacn NG MABONTIKAG
otaBepomnoinong, Tng évracng tng SLEYEPONG, TWV ouVBNKWY oTPAyyLoNG, TOU TIAXOUG TNG
otaBepomnonpévng e6adkng oTpwong KaBwg Kot TNV enidpacn TG LEPKNG (eMmibaveLaKn G
povo) otabepomoinong. Itnv mapoloa  €KTeVH) TEPIANYN, xAapwv ouvtouiag, Ba
TIAPOUCLACTOUV CUVOTITIKA HOVO T amoteAéopata Twv avoaAUoswv Tou adopolv otnv
enidpaon tng madntikng otabepomoinong, tng £viaong tng SLEYEPONG Kol TwV oUVONKWV

OTPAYYLONG.

Juvenwe, yla vo e€etaotel mOoo guvoikd emdpd n otabepomoinon otn CEOULKN AmOKpLon
plag pevotonololung appwdoug otpwaong, e¢etaotnkay TPeLS (3) mepumtwoelg otnAng UPoug
9m kopeopévng appou Nevada pe D=40%: (a) (dpuoikig) un-otabepomotnuévng, (B) mMAnpwg
otaBepomolnUévng He OuyKEVTpwaOn Tupltiag CS=7.5% kata Bapog kat (y) (duokng) un
oTOOEpPOTMOLNUEVNG AUUOU HE TNV Ttapadoxh TANPWS otpayyl{opevwy cuvOnkwy. Kat oTig
TPELG OUTEC TIEPUTTWOELS ETUPANONKav otn Bdon tng ot 11 Siey£poelg tou poavadEpOnkay,
oAAa edw moapoucLdlovtal aVOAUTIKA QMOTEAECUATA HOVO yla pia €€’ autwv, TN OXETIKA

xapunAoouyvn Siéyepon Northridge pe ae=0.25g.

Ta anoteAéopata mapouvotdlovral otnv Elkdva 31 og 0pouc Adyou paoUaTIKNG Evioxuong
kopudng mpog Baon Asa,, art’ omou ¢aivetal OTL Ol TIHEG TwV GACUATIKWY QUTWV AOYWV yLo
T=0 (ouvoTtTIKA Ay) YLt TO HUOLKO KOPECUEVO £6adOG UTIO TARPWCE OTPAYYL{OUEVEG CUVONKEG,
TO oTABEPOTOLNEVO KAl EV CUVEXELD TO PUGCLKO KopeopEvo £6adog mpokumTouy (oot pe 1.2,
1.0 kat 0.4 avtiotoya, &nAadn n péylotn emttayuvon oto ¢Guctkd £€6adog amouelwveTaL
£€VTOva, OTO OTOBEPOTOLNUEVO TIAPAEVEL TIPOKTIKWG OUETAPANTN KAl oTto £€6adog PE TIg

TIANPWC oTpayyLlOPEVEG oUVONKeG evioxUeTaL eAadpwc.

EruuAéov, og 6pouc LElomeplddwv oTHANG, MPOKUTITEL OTL N 6THAN 9M Tou oTtaBepomolnpuévou
e6adou¢ pe T=0.47sec elval oxedov i6ta aAAd edadpwg auénpévn and tnv Wolomepiodo tng
yla puoLko Kopeopévo €8adog e TARPWE otpayyllopeveg ouvBnkeg (Ts=0.45sec). Auta ta
anoteAéopaTa UTIOVOOUV OTL TO otaBepomnolnpévo €5adog avamTUooeL TTPAKTIKWE LNOEVIKES
UTIEPTILEDELG TIOPWV KOl OXETIKA HILKPT ATOOBEDN, OTWG O0XeSOV OTLG MANPWE OTPAYYLIOMEVES
ouvlnkeg, oe mANpn avtiBeon pe 1O PUOKO Hn-otabepomolnuévo £6adog, Omou
OVAMTUOCOVTAL CNHAVTIKEG UTEPTILECELS TTOPWVY, KAl peucTonoinon mou odnyel og €viovn

amopeiwon tng TaAdviwong.
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H=9m - a=0.25g
PUOIKO
oTabepoTroinuévo
mAfpPNG aTpayyion

25

1.5

AS,

N
LI e s O O

0.5

é

0 Ll Ll
0.1 1

IdloTrepiodog, T (sec)

Ewkova 31 Qaouatikol Aoyol emipavelag npo¢ Baon Asa yla Tt otnAn twv 9m umo Sieyepon
Northridge ue ae;=0.25g yia: (a) puotko édawog, (8) otadeporotnuévo edagpog kat (y) @uotko
£Sapoc Ue mAnpwc¢ otpayyl{OUeVeG oUVINKEG.

AKOUnN, SlepeuvnBNKe n CUCXETION TNG OELOWLKNG oupmepldopdg tou otabepomolnuévou
£8adoug pe ekeivn Tou dpuaikol edddouc Pe Kol xwplg TANPN otpayylon, aAAd yla eninedo
£vtaong S1éyepong MoAU UIKPOTEPO, TTIOU OVTLOTOLXEL 08 ae#=0.025g. EToL, mapoatnpwvtag tnv
Ewova 32, n omoia avadépetal Eava otn Siéyepon Northridge pe aes=0.025g, mpokUMTEL
TANPNG TAUTLON TNG AMOKPLONG Tou $UaLkoU e8ddoug pe TMANPWE oTtpayyL{OUEVEC CUVONKEC
ME TNV amokplon tou otabepomolnuévou edddoug, oto omoio TAEov avamtiooovtol

UNOEVIKEC UTIEPTILECELC TIOPWV.

H=9m - a,,=0.025g
PUOIKO
oTaBepoTToinpévo
TARPNG OTPAYYIoN

IS
LRRIRR N NLR R RE LA NN AR RN R RN RN LR RN RN R RR R RN IR R RN R AR RRLRS

0 T A | L TR R N A |
0.1 1
I1d10mrepiodog, T (sec)

Ewkéva 32 Qaouatikoi Aoyol emipavelag npog Bdaon As, yia ™ otnAn twv 9m umnd Siéyepon
Northridge pe ae=0.025g yia: () puoko €dapog, (6) otadepomnoinuévo €dagog kat (y) puUOoLko
£5apoc¢ ue mAnpwc otpayyt{oueves oUVINKEG.

JUYKEKPLUEVQ, N TIUA Tou daopatikol Adyou yia T=0sec, Atol ASa(T=0)=A AauBAVEL TNV TIUN
2.2 ywa 1o otabepomnotnuévo £6adog Kal to Guoko £6adog ud MANPWES oTPAYYLIOUEVES

ouvOnkeg, svw ylo to duolkd £6adog tnv Tt 1.4. Av kot to duotkd £dadog dev
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PEUCTOMOLELTOL YL TN XAUNANG évtaong SlEyepan, elval epdavic N Helwpévn Suotunaotia tou
ME TNV av&non tng LoLomeplodou tng oTtAANG Twv IM amod TNV LLomepiodo TG ya Tig SUo AANEG

neputtwoelg (Ts=0.26sec) oe T,=0.48sec.

TN OUVEXELM £YLVE KOTAOTPWON ONMAWV TIOAU-TIAPAUETPLKWY OXECEWV EKTIUNONG TNG
gvioyuong tou elaotikol GACUATOC OMOKPLONG TNG EMUITAXUVONG Of OTABEPOTOLNUEVES
OTPWOEL, UEOW OTATIOTIKAG emefepyaciog Twv OeSOUEVWVY KAl OMOTEAECUATWY TWV
aplOUNTIKWV avaluoewv. Alvovtag Epudaon otic mPoBAEPELS yia TIANPWG OTABEPOTOLNUEVES
OTPWOELG, UTTOPOUV VA EKTLUNOOUV TIOAU-TIOPAPETPIKEG OXECELG EKTINONG TOU Asy VEVLKNG
epapuoyng. ITn yevikr popdr Tou o paopatikog Adyog As, Umtopel va amotunwBel pe Baon 3
UeyEDBN: tnv blomepiodo Ts, TNV evioxuon tNG UEYLOTNG emutayuvong Aq=Asa(T=0) Kkal tn
MEyloTn dacpatik evioxuon Asap=Asi(T=Ts). Ma TV Npocopoiwon Twv apLOUNTIKWY
OQTOTEAEOUATWY XPNOLUOTOLEITOL N aVOAUTIK) ox€on Tou €xel mpotabel amd Toug
Bouckovalas & Papadimitriou (2003), n omoia OHWE XPNOLOTOLEL TOL KOVOVIKOTIOLNUEVA WG
TPOG Aq HEVEBN A'ss, A'sap. H oxéon auth, n onoia ekdpdletat and tnv (4) xpnotuonoteital

€6w Kat yla ta otaBepomnotnpéva edadn e tn Babuovopnon twv Asa Kal Asap TTOU 0KOAOUBEL:

sa (4)

‘EtoL, cUMEXTNKAV Ta amoTeAéopata yia TARPwG otaBepomotnueveg pe CS eSadikég oTPWOELS
Twv 3m, 6m kot 9m umd tig 11 mpoavadepbeilosg Sleyépoelg pe évtaon Stéyeponc (ikpn) 0.1A
KoL (Héon) 0.5\ pe £udacn oTLG TIEG TWV TPLWV (3) GNUAVTIKWVY HEYEBWV: Ts, Ag, A'sap= Asap/Aq.
Ermonuaivetal edw otL ta Ssdopéva amd T avaAUoelg yla peydAn €vtaon Sléyepong
(aef=0.25g) bev eAndOnoav umodn yla tnv efaywyn Twv oXECEWV, KABWE oL avoAUOELg
UTIOSELKVUOUV £VToVa UN-YPAUULIK cupmepldopd tou otabepomoinuévou edadoug Kal n

oplBuntikn pebodoloyia dev €xel emapkws SlakplPwOel yia Tétolag évtaong SleyEPoeLc.

Mpoékue OTL N oxéon Tou poPAEneL tnv olomepiodo Ts TNG otabepomolnpuévng eSadikng

otAANG, kat Sivetat amod:

T(s)= OL[Htr (m)]o.sg' omov o =0.04(1+%j (5)

xliv

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



Jtnv mopouca evotnta, €udacn Silvetal otnv evioxuon TNG HEYLOTNG EMITAXUVONG
Ax=As:(T=0). YioBeteital n oxéon twv Bouckovalas & Papadimitriou (2003), wg yevikn oxéon
€KTIHNONG Tou peyéBoug Aq Twv duoikwv edadwv, ou edw Ba Babuovounbel Eava yla ta
otaBepomolnpéva. H oxéon autn yla tov Adyo A €XelL TN yevik popdn (Bouckovalas &

Papadimitriou 2003):

A = (6)

-0.8
a
Omou vyl To otaBeponownuévo €dadog maipvel TLUEC: C1=0.26(0.1+LﬁJ Kol

g
a 0.4
C,= 3.10(Lffj
g

Jtnv Ewova 33 mapouctalovial ol TIHEG ToU A, OTwC Tipogkupav amd TIC aVAAUOELS
(cbpPola) kot amd tn oxéon (6) (YPOMUUEG) ylo EVEPYEC ETUTOXUVOELS a.r=0.025g Ko
ae#=0.125g, avtiotolya. Onwg sival epdpaveg, n popdn tng e€lowaong (6) £xel puoikr onpaoia,
LE TNV €vvoLa OTL N apXLKN TNG TLN yia Ts/Te=0 eivat mavta povada (MARpwe akapmtn edadikn
oTAAN), EVW yla TNV TR ouvtoviopol (Ts/Te=1) n eflowon mpoPAEmeL tn péylotn Suvath
evioyuon. MapaA\nAa, n oxéon Unopel va amodwoel akOpN KoL TNV Lelwaon TN evioxuong Ue
TEPALTEPW aUENON TNG eVEPYOU ETUTAXUVONG aeff (T.X. PAETE Sladopd LeTAlU ae#=0.025g Kal

ae#=0.125g otnv Ewova 33).

TéAog, yla tnv oAokAnpwon tng pebodou oxedlaopol amatteltal Kal o mPoaSlopLoPOg TNG
MEYLOTNG PACUATLKNG EVIOXUONG Asap, N}, OTIWE AVOPEPETAL TILO TIPLV, TNG KOWVOVIKOTIOLNEVNG
TWAG AUTAG A”sap=Asap/Aa. ZTATIOTIKA eMeEpyacia TwV TIHWV A'say 08AyNoE otnv Slatinwon

™G akdAouBng oxéong eKTiUNONG TOUG:

C, C
* T “
Al =1+C, (T—} H(m)® (%J (7)

omnou Co=3.97, Cy=-1, C;i=0.4 ka C,=-0.2
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0  a,=0.025g
0 O a,~0.125¢

! ! ! !
0 0.5 1 15 2 25

Ewkéva 33 Evioyuon tng pEylotng emrayuvong amdé t Baon otnv  Kopupn Tng
ota¥epornotnuevngedbaikng otnAng Aq OMwe MPOEKUYE amo Ti¢ avaAuoelg (cUuBoAa) kat aro tnv
g€iowan (6) (ypaupuég) yia aef=0.025g kat ae;=0.125g avtiotoya.

MPOKeLUEVOU VAl YIVEL TILO KATOVONTOG O TPOTIOC XPAONG Kal N afloTioTia TNG MPOTEWVOUEVNG
pneBOSOU eKTiUNONG TNG PACUATLKAC EVioXUONG 0TABEPOTOLNUEVWY OTPWOEWY, akoAouBouv
£va (1) evOelKTIKO TapAdelypa epapUoyng TG Kal n cUYKPLON TOU LE TO ATMOTEAECHATA TWV
avalUoswv yla tnv dLEyepan Coyote Lake. H oUykplon mapouoidletal og 6poug Gacpatikol

Aoyou srudavelag mpog Baon tng otabepomnolnpévng oTthANG.

H Sladikacia mou akoAouBnBnke Ntav n €€nG: ApXLKWE umoAoyiotnkav pe Bacn Tig MoAL-
TIAPOAUETPLIKEG OXEOELC Kol pe Sedopévn tn deomolovoa mepiodo tng Siéyepong Coyote Lake
(Te=0.42sec), TNV evepyd EMITAXUVON aeft KaL TO UYPOC TNG oTtabepomotnuévng otnAng Hy=6m
(evdewkTikd), n Slomepiodog g otANg Ts kat ot Adyol A, kal A'se,, avtiotoya. Etol
BaBpovounBnke n MARPWE Kavovikomolnuévn daocuatikh evioxuon A'se wg MPOG TNV
KOvovIKoTtolnpévn blomepiodo tnG Kotaokeung T/Ts, Kal otn ouvéxelo MPoékuPe n TeAKA
daopotikn evioxuon Asq(T) pe Bdaon Tig mpoPAredBeioeg TIES TwV Ay Kot Ts. H KapmOAn Asq(T)
TIOU TIPOEKUPE OUYKPLONKE LE TNV KOUTTUAN TOU avtioTolyou Gpacpatikol AOYoU TwV OXETLKWY
QVaAUCEWY, QIT OTIOU TIPOKUTITEL LKAVOTIOLNTIK CUMPWVIA UE TG AEMTOUEPELG OPLOUNTIKES

ovaAUloELC.

Emionuaivetal OtL oL MPOTIVOUEVEG OXECELG AMOTEAOUV OUGCLAOTIKA avo-Babpovopnon Twy
oxéoswv twv Bouckovalas and Papadimitriou (2003). H avaBaduovopnon kpibnke avaykoia
KUPLWG AOYyWw TNG ouénuévng SLooTIoPAG TOU TPOKUTTEL amd TN XPAoN TWV OXECEWV

Bouckovalas and Papadimitriou (2003) yla ctaBepomnolnueva e5adn.
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- (@) a,,=0.025g - H=H,=6m - @) a,,=0.125g - H=H,=6m
4 7 TTOAU-TTOPAPETPIKEG OXETEIG 4 é TTOAU-TTOPAUETPIKEG OXETEIG
F avaAuoeig F avaAuoElg

Sasurlsabas

b | b L
0.1 1 0.1 1

Id10Trepiodog, T (sec) I1d10TTepiodog, T (sec)

Ewkova 34 SUykpton ekTiunGevTog AOyou QaouUaTIKIG EVIoYuong Asq (UTTAE KaUITUAN) UE TO AOYO Asq
Onw¢ MPOoEKUPE amo TIC avaAuoels (KOkkwvn kaumuAn) yia t™ Sieéyepon Coyote Lake o€
otadepormotnuévn otnAn rmaxous 6m e (a) ae=0.025g kat (B) ae=0.125g.

10. Zewopwkny omokpwon  srudavelakng OspsAoAwpidag  enmi

otaOepornonpévng eSadkig oTpwong

JUudwva HE TOUG LOXUOVTIEG OQVILOEIOUKOUC Kavoviopolg, o edadn pe kivbuvo
peuoTonolnong, N KOTAOKEUN TEXVIKWV £pywv He erudoavelokry Bepehiwon, eival
OMAYOPEUTIKA XwpPIg¢ TNV €K Twv Tpotépwyv BeAtiwon tou €6ddoug. ITOXOC TOU MAPOVTIOG
kedalaiou sivatva ltepeuvnBel n oelopikn anokplon emnidavelokng BepeAloAwpidag n onola
e6paletal mavw oe otabepomolnuévn otpwon, Kabwg Tétoleg BepeAlwoelg sival oL TTAéov
OUVNBELC YL KTNPLOKA £pya, €L8IKA 08 MOAALOTEPEG SeKAETIEG. EMELSN YLA TO CUYKEKPLUEVO
NTtnua Sev unapyouv nepapatikd dsdopéva Stabéopa otn BLBAloypadia, n pebodoloyia
miou Ba akoAouBnOei sival apywg aplBunTikr, akodouBwvrtag tnv Sltadkocia mpocopoiwang
TIOU KOTAPTIOTNKE Kol Bobpovounbnke oe mponyoUpeveg evotntec. Me dAla Adyla, n
otaBeponoinon MPOCOUOLWVETAL PE MELWON TOU PETPOU CUUTILECTOTNTAG TOU UYpoU TWV
nopwv K pe Baon tnv efiowon (3), wg mpog tn ouykévipwon CS(%) katd Papog. H
npocopolwon €ywve e xprion tou Aoylopikou FLAC (Itasca Inc. 2011), evw xpnotonotonke
TO KOTAOTATLIKO Tpocopoiwpa NTUA-SAND (Andrianopoulos et al 2010a, b), To omoio €xet
BaBuovounBet katdMnAa yia duuo Nevada (n omola Bewpeital OtL amoteAel TO
peuotornolioluo €6adog). To emudpavelako Bepéllo (MESNo) Bewpeital anelpounkng Awpida
MAQTOUC 3m, Apo XpnolUoToleltal avaAuon eminedng mapapdpdwong pe Kavvopo

Staotaoswyv 106m emi 9m.

H Swadlkacio mou akoAouBrnbnke oTIC eMIUEPOUC OVAAUCELS TEPLYPAYETOL TIOPAKOTW.
ApXLIKWC, UTtoAoyloTtnke N dEpouca LKAVOTNTO ToU ESIAOU o€ (Ppuaikn)) pn otabepomolnpuévn

otpwon aupou Nevada pe avaAuon UTO MANPWCE oTpayyLlopeveg ouvOnkeg (Bepeiiwon emnt
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Aaupou). H dpépouca wkavotnta tou appwdous eddadoug BepeAiwong (e D=40%) Tou éSAou

mAdToug B=3m, npogkuPe ion pe qu=601KPa.

21N OUVEXELQ, TipayaTomnolBnke duvaplkn availuon pe dléyepon Baong yla tdon £6pacng
Aettoupylag g=200KPa, to omoio avtlotolyel of (OXETIKA HIKPO Yylo GUUOUG) OTATLKO
ouvteheoty aodaleiag FS=qui/g=3. Mo TO0 MESNO EeMNEXTNKE Ml TOAU MIKPH TWUA
Slanepatdtntag ion pe 10°m/s mpoketpévou va BewpnBei adlanépato (m.x. okupdSepa).
ESw Ba mapouaciactolv dU0 avaluoelg avadopadg, pia yia (puoikn) un otabepomotnuévn
KOPEOGUEVN OTPWON AUUOU KoL pia yia MARpwC otabepormolnuévn, oL Omoieg anote AoV Kal
TI¢ avaAuoelg avadopdg ya g=200kPa kat FS=3 (ayvowvrtag tnv omola Betikn enidpaon tng
otaBepomnoinong otn otatiky d€pouca kavotnta). Na 1o ¢uoikod £€8adog slonxdn TN
Sianepatdtnroc k=3.31x103m/s (n omola avtiotoel o pio xov8pOKOKKN GLLLLO), EVW YLaL TO
otaBepomnolnpévo £€6adog pe KoAoeld mupltia cuykevtpwong CS=7.5% (uéon T tou
amo8eKToU VPOV CUYKEVTPWOEWY CS=5-10%) ektiuriBnke tun Stamepatotntag ky=10°m/s
(Persoff et al 1999). lNa TNV MPOCOUOLWECN TNC OELCULKAG ATIOKPLONG TNG ARUWSEOUG CTPWONG
xpnotpomnotBnke to NTUA-SAND pe TG SUVOLIKEG TLHEG TWV TIHPAUETPWY TOU yLla AUUO
Nevada (Andrianopoulos et al, 2010a,b), evw ywo TN OEWOUIKA OMOKPLON TOU
otaBeponowinpévou £6adoug UeTAPANONKE TO UETPO CUMIIECNC TOU UYPOU TwV TIOPWV
cUudwva pe tn oxéon: K=Kw/n (e€lowan 3), 6mou n= (CS(%)+2.25)x100 = 975. Ita MAEUPLKA
ocuvopa deopeltnkav kad’ LPog ol akpaiol kouPoL (LEBodo¢ tied nodes) wote va Sivouv tnv
16La oplovtia Kal katakopudn petatonion oto (dlo UPog. Katomwy, yia tig SUo avaAuoelg
avadopdg emPAnBnke otn Baon Tou KavvaBou nuitovoeldng dteyepon 10 kUkAwv (n=10), pe
MEYLOTN TWN emutdyuvong lon pe 0.15g kat meplodou T.=0.15sec kal Bewpnbnke apxikn
anooPeon (local damping), 6nAadn aveaptntn tng ouxvotntag, 2% yla Tnv appo Nevada.
Mpokelpévou va SlepeuvnBel mepattépw n enMibpaon TwWV XOPOAKTNPLOTIKWV TNG SLEYEPONG Kall
tou edadoug otV amokpon Tou TESWOU emi  otaBepomOlnUEVNG  OTPWONG,
TPOYHOTOTOONKAV  TIAPAMETPLKEG  OVAAUCEL], TO  OJOTEAEOMATA TWV  OMOLWV

napouctalovral avaluTtika oto Kedpdlaio 10 tng mapovoag Statplpngc.

EvSelktika edw, otnv Elkdva 36 cuykpivovtal oL xpovoloTopieg emitayUvoswy otny emidavela
KoL o€ Badn 3m kat 6m KAatw armnod 1o nESAo (mAdtouc Bi=3m), kabwg Kot o€ peydAn anootacn
and auto (mepimou 42m=14B; amo to PECOV TOU) £TCL WOTE VO ATMOTUTIWVOUV OUVONKEG
OELOULKAG amokpLong eAeVBepou nediou. Napatnpeitat 6Tl KATW armod to mESNo Slatnpolvtat
TO XOPOKINPLOTIKA TNG OLEYEPONG TOCO Yyl TO KN OTOOepPOmMOLNUEVO OCO KAl ylo TO

otaBeponownpévo £6adog, UE ML MLKPN OMOMElwon TNG MEYLOTNG EMITAXUVONG OTNV
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empavela otnv mPwtn nepintwon. AvtiBeta, oto eAeVBepo medio 1o otabBepomnolnpévo
£6adoc epdavilel evioxuon tng emtayxuvong mAnoiov tng enidavetag (BAEne Evotnta 9), evw
t0 (puokd) un otabBepomoinuévo esudavilel €vtovn amopeiwon NG TaAdvtwong. H
ouuneplpopd enefnyeital anod Ti¢ YpovoloTopieg Tou AOYOU UTIEPTILECEWY TIOPWV Iy (Ekova
37) ano o6mou daivetal OTL MPOKUMTEL peuatonoinon tou ¢puacikol edadoug os Badn z<3m
KoL L8LKA TTANoLoV TNC emidAveLag, o avtiBeon e To oTaBEPOTIOLNUEVO OTIOU OL UTIEPTILECELG
elval TPOKTIKWG HNOeVIKEG Ttavtou. Toviletal €6w OTL N UEWWHEVN TR Tou Adyou
UTIEPTILECEWY TIOPWV Iy KATW MO TO MESIAO CUYKPLTIKA HE TNV OvTloTOL(N TN TOU OTO
eAelBepo medio odeiletal otnv avnon tng evepyol Katakopudng taong o’y Adyw Tou

doptiou avwdoung Tou nedilou T0c0 o0To HUCIKO 600 Kal oTto otabepomnolnuévo £dagdoc.

Jtnv Elkova 38 mapouaialovral oL xpovoloTtopleg Twv KaBlloewv otnv emiPAVELA KATW OO
o MESIAO Kal oto ehelBepo medio. Mapatnpeital Ot ot KaOWNOoEIC KATW amd To TESIAO
TPOKUTITOUV KOTA TN SldpKela tng dovnong Adyw Satuntikng $optiong kot oxt Adyw
OIMOTOVWONG UTIEPTILECEWY UETA TO TEAOG TNC. Elval cadwg peyalltepeg yia tn GUOLKN o€
ox€on e T otabepomolnpévn Gupo, n onoia Seiyvel onUavTika BeATwUEvn cupmepldopd.
MdaAwota n amoAutn T TN TeAkAG Kabilnong otnv mepimtwon tg PUOLKNAG OTPWONG
KPLVETAL OMAYOPEUTIKA PeYAAn (mepimou 13cm) yia TV oplaAn Asltoupyla TG KATOOKEUNG O
outnv tv avadopd oavaluong, ot avtiBeon pe outv otnv TEepIMTwon Tou
otaBepomnoinpévou e6Aadoug mou eival evtog, ev Suvapel anodektwy, oplwv (mepimou 4cm)
€L6LIKA yloL TN OXETIKA ULKPN TN ouvteleotn aodaleiag FS=3 mou eneléyn edw. Emiong,
T(POKUTITOUV 0XE60V UNSeVIKEG KBl oeLg oTo eAeVBepo TeSio Omou dev UTIAPXEL EMLDOPTION
KOl OTATIKEG SLATUNTLKEG TAOELG (0TO opllovTLo Kot KaBeto eminedo), kaL autd TG00 yla To
duolkd 600 kot yla to otabepomolnpévo £6adoc. To yeyovog OTL €lval QO UOVTEG OL
kaBnoelg eAeuBEpou Ttedlou CUYKPLTIKA e EKEIVEG KATW aTtO TO MESIAO €lval AVOUEVOUEVO,
KO [E TN AOYLKN KAl PE BACN TMEPAPATIKA AMOTEAECHOTA VLo pEUCTOTIONUEVA £6AdN (TT.X.

ouykplon Velacs No. 1 évavtl Velacs No. 12, BA. Andrianopoulos et al 2010b).

ErumAéov, ekteAéotnKav SUVOUIKEG OUTEUYHEVEC EAAOTOMAQOTIKEG OVAAUCELS OL OTOLEC
KOTESELEOV TTWC Ol BAGCLKEC TIOPAUETPOL TIOU €MNPEAIOUV TNV ATOKPLON TOU CUOTHUOTOG
BepehoAwpidag- mAnpoug otabepomolnuévou eddadoug eival n deondlovoca mepiodog TG
SlEyepong Te, N HEYLOTN emutayuvon Baong (PGA), o otatikdg cuvieAeotng aopaleiag (FS) kat
n umapén r UToKeievnNG U otaBepomolnuévng oTpwaonG. AAEC TAPAUETPOL OTIWE O APLBUOG
KUKAWV $OpTIONG KoL N OXETIKN TUKVOTNTA Tou edddoug mpwv tn otabepomoinon &ev

npogkuPav wg LeyAaAng onuaocioc.
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Ewkova 35 Zuykplon xpovoiotopiwv emitayuvoewv o€ Stapopa Badn katw amo 1o mESIAo
(aptotepn otnAn) kat oto eAevBepo nebio (beéia otnAn) yia otadepomotnuévn (kOkkivo) kat un
otadepornotnuévn (UnAe) edapikn otpwan vyoug 9m umo tnv ibla oelouikn Stéyepon Baong.
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Eikova 36 SUykpLon xpovoioTopiwV TOU AOyoU UNTEPTILEGEWYV TTOPWV I, O€ Slapopa Badn Katw armo
10 MESIAO (aplotepn otriAn) ko oto eAevBepo medio (deéia otnAn) yia otaedepomnotnuévn (kokkLvo)
kot un otadepormoinuévn (UnAe) edapikn otpwon UYoug 9m umo tnv (Sla oelouLkn) SLEYEPON

Baonc.
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Ewkova 37 Zuykplon xpovoiotopiwv kadi{noswv katw amo to nEddo (aptotepn otnAn) kat ato
eAevVepo mebio (bekia otnAn) otnv empavela ¢ oTadepOmolnUeVNG (KOKKwvo) kot un
otadepornotnuévn (UnAe) edapikn otpwan voug 9m umo tnv ibla oeloukn Stéyepon Baong.
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11. Zuunepaopato

Ta Baolka cuunepaopata tne BLBAloypadikng avaokomnong mou adopouv ota PEOAOYIKA
XQPOKTNPLOTIKA TNG KOANOeLSoUg mupttiag CS (Kepddaio 2), kaBwg Kal otn HNYOVIKA

cuumnepldopd Twv otabepomnolnuévwy e CS edadwv (Kepdadato 3) cuvolilovtal mapakaTw:

e  HkoAAoeldng mupttia (CS) eival évog olwvol IaviKog oTtabepomotntic, KaBweg EXEL OYXETLKA
XAUNAO KOOTOC (CUYKPLTIKA PE QAN XNULIKO EVEUOTO), VW SLOOETEL AMOSEKTH XNULKA
cuotaon (meplBaAAovTikwe aodaAng) Kal KATAAANAQ PEOAOYLKA XOPOKTNPLOTLIKA (XaNAG
OpXLKO LEWOEC TOU ETUTPEMEL TNV ELOTUECN KoL HETATPON Ot YEAR oO€ €vav
TipokaBopLopEvo Xpovo)

e  To kwbdecTou StaAlpartog CS kol wg eMakoAouBo o Xpovog YEANG eMNPEAlOVTAL GNLOVTLKA
oo TNV TLWA Tou pH, TV cuykévtpwaon CS(%) Katd BAPOG KoL TNV GUYKEVIPWON OAATWY
oto Stalupa. Kabweg n TR tou €wdoug auvfavetal, n amootaocn ewomieong tg CS
MELWVETAL SpapaTikd, evw Ue XapnAn udpaulikn kAion n elomieon teppatiletal otav n
TN tou L€Wwooug PTAoEL O TIHEC PEPKWVY Alywv cP. EKTOC amod to €wdeg, pio aAAn
ONUAVTLKA TIApAUETPOC o Stadpapatilel onuaviikd polo otny elomieon tng CS eival n
uSpavALkn KAlon, evw n eloTtieon oe PeYAAEC AMMOCTAOELG UITOPEL va ipaypatomnolnBst av
10 LEwdeC mapapeivel o€ XAUNAEG TILEG YLA TOV AVAYKALO XPOVO.

e  Me Baon epyaotnplakég SokLUEG o eminedo eSadikol otolxeiou, oL oTaOEPOMOLNUEVES
pe CS dppoL £xouv pn pndevikn avtoxn oe avepnddiotn OAWpn, n omolo Paivel
au€avopevn 600 auvfavetal n cuykévipwon CS(%) katd BAapog mou xpnoldomnoleitat. Ta
OMOTEAEOATO UTIOSELKVUOUV LILOL €V YEVEL TILO SUCTUNTN KoL TILo SLaoTtoALlkn cupmepldopd
oe oxéon ue ta duaoika edadn mou unmoBAROnkav otnv dla doption UTO (SLEC apPXLKES
ouvlnkec poptiong.

e H otaBepomnoinon plog dupou pe CS odnyel oe pikpr avénon (10% katd péco 6po) Tou
£AAOTIKOU PETPOU SLATUNONG (O UIKPEG AVAKUKALKES SLATUNTLKEG TTAPAUOPDWOELS), CAAA
Sev dpaivetal va £xel oNUOVTLK EMSpaON OTIC KOUMUAEG LELWONE TOU KAVOVLKOTIOLNLEVOU
METPOU SLATNONG KAL AUENONG TNG UOTEPNTLKNAC ATTOCPECNC E TNV AVAKUKALKY SLATUNTIKNA
napapopdwon.

o  AMO AVOKUKALKEG SOKLUEC (TPLOEOVIKEG, QARG SLATUNONG KATY) 0t OTOOEPOTOLNUEVEG
QUHOUG TIPOKUTTEL OTL N PeUCTOMOoinon mopatnpsital PeTd amd éva peydAo aplOpo
KUKAwv dopTiong o avtiBeon UE TIG Un O0TAOEPOTMOLNUEVEC AUUOUG Ttou uTtoBARONnKav
otnv 6la ¢poption umd Tig (Blec apxlkEG oUVONKEG KAl OTIC OMOLEC N peucTtomoinon

TIAPOUCLACTNKE HETA Ao Toug Alyoug povo kKUkAoug doptionc.
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Ta amoteAéopata amd T SOKIWEC PETPpNoNnG LEwdoug ou ekteAéatnkav oto MN.0. yla éva

HeyaAo eUpog Stohupdtwy CS kal mapouoialovral oto Kepalato 4 cuvolilovral wg e€Ng”

e O xpovog VéEANG (tg) twv SlaAuvpdtwy CS ennpedletal and téooepelg (4) Baoikoug
TIOPAYOVTEG, TNV OUYKEVTpwon CS(%) katd Papog, tnv mpoobrkn NaCl (oe 6poug
KOVOVLKOTNTAG), To pH Kal tnv Beppokpacia T tou StaAvpoatog. H cuykévipwaon CS(%), n
kavovikotnta NaCl kot n Bepokpacia €X0UV LLOVOTOVLK HELWTLIKN eNibpacn oTov tg, EVW
N T Tou pH €xeL un povotovikn enidpaon. O KaBopLopog Tou tg (MO HEPLIKEG WPEG EWG
OPKETEC NUEPEG) UMOPEL va TpaypatomnolnBel pe KatdAAnAn MPocapuUoyn AUTWV TWV
TECOAPWV (4) MOPAUETPWV.

e [l 6Aoug Toug cuvduaopoug [CS(%), kavovikotnta NaCl, T], unapxet pia TR tou pH
(pHopt) TOU 08NyEl oTOV EAGYLOTO XPOVO YEANG (tgmin). H TLUN TOU pHopt EMNpedleTal amo tnv
ouykévtpwon CS(%) kat tnv kavovikdtnta NaCl aAAd oxt ano tn Beppokpacia T.

e H apxk TiuA Tou wdouc (Ho) elval Yevikwe pLKpoTtepn amd 1.5¢cP (yia CS<10%) kat
ekppaleTal amo Pl auENTIK cuvaptnaon TG cuykevtpwong CS(%) kata Bapoc.

e Me Baon TG SOKIWEC HETPNONG LEWOOUC TIOU €KTEAECTNKAV TIOU €ivol CUMUPATEG HE
UeTpnoeLc TnG BLBALoypadiag, mpoteivovtal pia oelpd SLaypopUATWY oXeSLaopol Kal pia
TLOAU-TIAPAUETPLKA OXEON YL TOV UTIOAOYLOMO TOCO0 TOU tg 00 KO TNG TANPOUG KAUTTUANG
LEwooug — xpovou, yla Se60UEVEC TIHEG TWV TPoavadEPDEVTWY TECCAPWY TIOPOUETPWY

[CS(%), kavovikotnta NaCl, T, pH]

ATO TIG HovoSLaoTateg SOKLUEG eloTtieon Stalupdtwy CS o AUpUOoUG Kal IAUWEELG AUIOUC O
eSadkég otAeg SladopeTikwv LPwV TIoU Tipaypatonolibnkav oto M.0. kot peAeTOnkav

oto KegpaAato 5 mapatnpnOnke otL:

e Hduvartotnta elomieong evog Stahvpatog CS og appwdelg edadikég oTRAEG e€apTdTal amo
NV USPAUALKH aywyLloTnTa Tou £8Add0oUc, T XAPAKTNPLOTIKA Tou StaAuuatog CS mou
Xpnoluomoleitat kat tnv uSpauAwkn KAlon. Mpokelpévou va emuteuxbel n lomieon tou
StaAvpatog CS otnv emBuunth andotacn, Ba MPEMEL va TPOCAPHOOTOUV KATAAANAWG Ta
XOPAKTNPLOTIKA Tou SltaAvpartog (pH, kavovikotnta NaCl, CS(%), T), kabBwg yla TLEG
Lwbdoug mavw amo 4-7cP n elonieon teppatiletal (TOUAAXLOTOV yla TO €UPOC APXLKWV
uSpavAtkwyv KAioewv mou e€etdotnkav: 0.03 wg 0.23).

o [lpokelpévou va oxedlaoTel n elomieon entdonou, Ba mpénel va AndBolv undyn dvo
XOPAKTNPLOTIKA £VOC StaAupatog CS: n avénon tou Ewdouc (n omolia eival cuvaptnon Twv

tecodpwv (4) napapétpwv [CS(%), kavovikdtnta NaCl, T, pH]) kat To peyaAutepo £161k6
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Bdapog Tou [mou eival cuvdptnon tng ouykévipwaong CS(%)] cuYKPLTIKA LE TO VEPO TOU
EKTOTULLEL.

o H elomielopevn mapoxn tou Sdtalupartog CS katd tn SLAPKeLA TNG £loTiieong Umopel va
TIPOCOUOLWOEL LKAVOTIOLNTIKA PMECW TNG AVAAUTIKAG ox€ong tTwv Post et al (2007) onwg
TpormomnolNBnke amno toug Agapoulaki et al. (2015), n omoia PBaociletal oto vopo Darcy
TPOTOMOLWVTAS TOV KATAAAnAa wote va Aaufadavovral urmtodn To XPOoVIKA aufavOopevo

LEwOEG KoL TO HeyaAUTEPO £16IKO BApog Tou SLaAUpaTOG CS GUYKPLTIKA LIE TO VEPO.

EAAeleL e€elSIKEUEVOU KATAOTATIKOU TPOCOUOLWHOTOC VLo 0TOOEPOTOLNUEVES AULOUC, OTO
Kepaldato 6 smuyelpeital evaAAaKTIKA N «EVUNGY XPHON EVOC UTIAPXOVTOG GOPLOTEUUEVOU
TIPOCOUOLWUATOC YO AUUOUG HETA amo KATAAANAEC TPOMOMOLAOOoELS. Mo auTto To AOYo,
Xpnotpornol0nke to mpooopoiwpa kpiotung katdotaong NTUA-SAND (Andrianopoulos et al.,
20103, b) Stepeuvwvrag dUo (2) Baoikég 0doug mpooopoiwonc: (a) tTnv avaBabuovopnon Twy
OTOBEPWVY TOU TIPOCOUOLWHATOC YL ToV e60dLKO OKeAETO (amodidovtag tnv 1o SUCTUNTA KoL
Alyotepo cuaToALKA cupnepldopad) Kot (B) Tn Helwon Tou HETpou cupmieonc K tou uypoU Twv
TIOPWV, CUYKPLTIKA UE TNV T Ky Tou vepol (amotumwvovtag tn Stadalvopevn auvénuévn
CUUTTLEOTOTNTA TNG TIUPLTIOG OUYKPLTIKA HE TO VEPO OTOUG TIOPOUC). JUYKPLOELS e
EPYOOTNPLAKEC AVOKUKALKEG SOKLUEG edadikol otolxeiou uTodelkvUouy OTL Kal oL Suo (2)
oUTEC ool Tpooopoiwong elval ev Suvapel KAatdAANAeg yla TV TMPOCOHOLWCN TNG
OVAKUKALKAG cupmepldopdg Tou otabepornoinuévou edadouc. AvtioTolya, TIPOCOUOLWVOUV
OWOTA TN OXETLKNA HElwon TNG SLOGTOALKOTNTAC KAL TNC EVOOOLUOTNTAC TOU oTaBepomotnuévou

£84doug UTIO povoTtovikn dopTLon.

Enetta, oto KeaAato 7 kol oto Kepadato 8 diepeuvartal n akpifela Twv dVo autwv odwv
npocopolwong oe MPOPAAUATA CUVOPLOKWY TLLWV CUYKPIVOVTOC TA QIOTEAECLATA OO
OXETIKEG OUTEVYUEVECG LN VPOUUKEG VAAUCELC OE KWOLKO TIEMEPACHEVWY Sladopwy LE TIG
OVTIOTOLYEC UETPAOEL amo OSUVAUIKEG OSOKLWWEG ¢uyoKEvTplong Tou adopolv o€
otaBepononpéveg AUUOUG. 2To KeaAato 7 Sivetal épudacn otnv 1A oelopikr] amdkpLlon piag
otaBepononpévng appwdoug otpwaonc (Gallagher et al., 2007) otnv omolia sudaviletal n
ouvnBw¢ mapatnpolUevn evioxuon TNG OELOWLKNG Kivhong AOyw Hn- peuctomoinong tou
e6adoug. Ito Kepddato 8 mapouctaletal n amokplon piag otpwong otabepomotnuévou
ebadoug umo pikpr kAion (Conlee et al., 2012), otnv omoia mapatnpolVIdL €AAXLOTEC
petartornioslg kal kabllnoelg oe avtiBeon pe 1o MAUPLKWG e€amAoUpevo Kal kablavov
peuotornolnuévo €dadog dlag yewpetpiag umo tnv dla Siéyepon Baong. H ouykplon Twv

TIPOCOUOLWOEWV HE TA TELPAPATIKA OMOTEAEGHATO UTIOSELKVUOUV OTL:

liv
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e Havapabuovounon Twv otabepwV TOU TTPOCOUOLWUOTOG KaL TOU HETPOU cuTieonc K Tou
uypoU mopwv Tou Paoiletol povo oe avakuUKAIKEG Soklpég edadkol otolxeiou
amoSEIKVUETAL UEV TIOLOTIKA aKPLBAG, AAAA UTIOEKTLUA TTIOCOTIKA TNV OIMOSOTIKOTNTA TNG
otaBepomnoinong o MPOBANUATA CUVOPLOKWY TLHWY,

e [apoAa autd, poévo n pelwon tou pétpou oupnieong K (= Kuw/n) Tou uypol Twv Mopwv wg
ouUVAPTNON TNG CUYKEVTPpwOonNG mupttiag CS (%) kata Bapog (yia ouvnBelg TLwéEG 5-10%),
glval kavr va mpoodEpel MOGOTIKA akpLBelc TPOPAEYELS TNG UNXAVIKNAG CUUTIEPLPOPAG
otaBepononpévwy edadwv Kal yia ta Vo efetalopeva TPOPBARUATH GUVOPLOKWY TLLWV.

e H mpotewopevn ddoatvopevohoylky peBodoloyia aplBUNTIKAG TPOCGOUOIWONG TNG
SUVOULKNG amokplong otabepomnolnuévwy edadwv Pmopel va ebapUooTel Yo To VP0G
TWV oLVONKWV TwV e€eTacBEVTWY SOKIUWY PUYOKEVTPLONG OTLG oTtoieg faoiotnke, SnAadn
ylo Ta 6UVH BN TOGOOTA CUYKEVTPWONG KaTd Bapog CS (=4-10%) Kal yLal KPHG KoL LECALAG

£vtaong Steyéposlg (Ue péylotn emttayuvon 0.20g)

21N OUVEXELD, 0TO KeadAato 9 £ylve MOPOUETPLKN aplBUNTIKN Stepelivnon TG 1A OELOULKAC
anokplong otabepomolnuévwy edadlkwv OTPWOEWY HE XPAon Tou w¢ Avw TAdLoiou

npooopoiwang, amn' 6rmou npoékue OTL:

e H osloplkn amokplon MANPWSG otaBepomolnUévng oTpwaong mPoosyyilel tnv avtiotown
anokpLlon tou ¢pucikol e6Aadoug und MANPWE oTpayYL{OUEVEG CUVONKEC, KAl LAALOTA yLa
ULKPNG évtaong Sleyépoelg ol SU0 aUTEG amokploelg tautifovral (UNSevikn avamtuén
UTIEPTILECEWVY TIOPWV KoL OTLC SUO TIEPLITTWOELG)

e H daopatiky evioyuon tng emtaxuvong (emibdvelo mpo¢ Pacn) o TANPWS
otaBeponoinpéva €dadn elval TOLOTIKA TApOUOLla HE eKelvn Twv otabepwv pn
otaBeponoinpévwy edadwy, ONwg ot dpylrol. Mo mapddelyua, pLo abénon g évtaong
™¢ Siéyepaong mpokaAel alénon tng tolomeplddou tng edadikng otHANG Ts Kal Helwaon TNG
daopotikng evioxuong sfattiag Tng auENUEVNG KN YPAUULKOTNTOC, EVW TTAPATNPOUVTAL
Kot dawvopeva cuvtoviopol otav n olomnepiodog tou £8ddoug Ts mpooeyyilel ™
Seonodlouoa nepiodo g SLEyepong Te.

o Y& ueplkwC (Movo emipovelakd) otabepomolnpévn OTPWaON, N OELOULKN omoKpLon
KoBopiletal Kuplwg amd tn CUUTEPLPOPA TNC UTOKE(PEVNG N oTaBepomoLnpEVNC
oTpwWOoNG, n omola, ov £XEl EMOPKEG TIAXOC Kal peuvotormolndei, odnyel oe évtovn
omopeiwon NG TaAdviwong otnv entdavela tou edadouc.

e Me Bdon TG 66 TMAPAUETPIKEG OPLOUNTIKEC QVOAUCEL TIOU TpayHaTomnolonkay,

T(POTELVOVTOL TIOAU-TIPAUETPLKEC OXETELG YLOL TOV UTIOAOYLOUO TNG GACHATIKAG EVioXUONG
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¢ emtayuvvong (emidavela mpog Baon), oL omoleg xpnotpomnolovv wg dedopéva ta
XQAPOKTNPLOTIKA TNG SLEyepong (evepyog emitayuvon, deomolovoa meplodog Te) Kal TO
TLAX0G TNG otaBepomolnpuévng otpwong Hy. H avaykaldtnta KatdoTpwong VEWV OXECEWY
TLPOKUTITEL ATTO TO YEYOVOG OTL OL 18N UTIAPXOUTEG OXETELG yLa Ta oTtaBepa, GuaIKA e6adn

oényoLv og auénuévn dLacmopd Otav XpNoLUomoloUVTaL Yo otabspomolnuéva eSadn.

TéNog, oto KepaAato 10 €ylve MAPAUETPLKN OPLBUNTIKY SLEPEVUVNON TNG OELOULKAG OTOKPLONG
emipavelakng BepeAloAwpidag emi otabepomolnpuévng otpwaong, Le xprion tou idlou mAatciou

daLvouevVoloyIKAC Tpooopoiwaong, Ke Ta akOAouBa cuumepaopaTa:

e H mAnpng otaBeponoinon tou edadoug BepeAiwong HELWVEL ONUAVTIKA TIG KaBLlNoELS,
CUYKPLTIKA HE QUTEC TIOU OVOEVOVTAL 0g £va Pn otaBepomolnpévo £6adog. Qotdoo,
TIOLOTLKQ, KaL OTNV TepinTtwon Ttou otabepomnotnpévou edadoug (Onwe Kat o ekeivn Tou
un otobeporolnuévou), ol Kabnoelg Tou Bepehiov sival amotéAeopa SLATUNONG Kol
gudavifovral katd tn Siapkela tng SiEyepong, dnAadr dev oxetilovral pe Thv anotévwon
TWV UTTEPTILECEWV TWV TIOPWV HETA TO TEAOC TNG SLEyepong.

e H oslwopikn emtayuvon otnv Stemidavela edddoug — Bepeliov elval onuUaviikr ota
TANpwC¢ otaBepomnotnpéva edadn Kal cuykpioln He ekelvn ota pun otabepomnolnuéva. Ito
eAelBepo medio Tou Bepeliou n CELOULK ATOKPLON €lval apkeTd StadopeTikn (M.X. TO Un
otaBepomnoinpévo £6adog mapoucLAleL ONUOVTLKI OMOMEiWoN TNG emitayuvong e€attiag
¢ pevotornoinong, avtibeta pe to otabepomnoinuévo £6adog), os cupdwvia pe Ta
gupnuato tov Kepadaiou 9.

o O kaBunoelg kata tn Slapkela NG SlEyepong auvavovtal e alEnon TNG EMITAXUVONG
Baong, tng 6eomdloucag mMeplOdou KAl TOUu oplOpol Twv KUKAwv ¢optiong, He
ONUAVIKOTEPN TNV eMidpacn Twv SUo MpwTwv. AvtiBeta, alnon Tou oTaTkol CUVTEAEOTH
oodaleiag i/ Kol TG OXETIKAC TIUKVOTNTAG TNG AUpou (TpLv Th otabepomoinon) HeLWVEL
TI¢ KON OELG LeTA TN otaBepormoinon.

o Av 1o Bepéllo ebpaletal oe PepKWE (LOVO emidavelakd) otabepomolnévn oTpworn, ot
ETUTOYUVOEL; OTNn OTABun €6paocng pmopel va amopelwBolv, Adyw TNG UTOKELUEVNG
mOavwe peUCTOMOLACLUNG oTpwonG. Qotdoo, pia emipavelakr) otabepomnoinon Amnelpou
TIAATOUC Kall TIAXOUG Loou e To eUpog Tou Bepeliov &g Selyvel EMAPKNG VO ATTOUELWOEL TLG
oslopkEG KaBLlnoelg, evw, avtibeta, yla maxo¢ otabepomnoinong Suthdcto tou elpoug

Bepeliou mpokUTTTEL OXESOV TO TANPEG OXETIKO OdeNOC 0E OpoUG KOOITNOEWV.

Ivi
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Chapter 1

INTRODUCTION

1.1 Soil improvement against liquefaction

Liquefaction is a phenomenon in which the strength and the stiffness of a granular saturated
soil are dramatically reduced due to large excess pore pressure development. This
phenomenon may appear in non-cohesive soils (gravels, sands, non-plastic silts) and is
considered these days one of the most important reasons for structural failures during
earthquakes. For this reason, according to existing seismic codes (e.g. EC8), the construction
of civil engineering structures is prohibited on soils which are at risk of liquefaction, unless the

soil is first improved.

Depending on the particle size and the fines content of the problematic soil, the appropriate
liguefaction mitigation method should be employed. Figure 1.1 presents a list of currently
available soil improvement techniques for liquefaction mitigation based on the soil type and

range of grain-size distribution, as reported by Idriss and Boulanger (2008).
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90 PARTICULATE GROUTS J 50
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Figure 1.1 Available soil improvement techniques for liquefaction mitigation (Idriss and Boulanger,
2008)
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In practice, the list of currently available liquefaction mitigation techniques for undeveloped
sites is longer that what is shown in Figure 1.1. The reason is that when the site does not
contain a structure or a lifeline, there is no technical problem hindering the application of a
multitude techniques. The choice is really a matter of cost- effectiveness, rather than a matter
of applicability. In general, the available ground improvement techniques against liquefaction
can be categorized depending on their mitigation concept into the following groups: (a)
densification methods, (b) stabilization/ grouting methods, (c) methods increasing drainage,

(d) confinement/ strain reducing methods.

In the first category (densification methods) the soil density is increased by the application of
mechanical force or vibration. Pertinent methods include dynamic compaction, vibro-
compaction and preloading, although the latter is not so effective for non- cohesive soils.

Obviously, these methods are only applicable at non developed sites.

The category of stabilization/ grouting includes (among many) deep soil mixing, injection of
chemical grouts and premixing. This type of improvement technique serves three purposes:
firstly to increase the strength and cohesion of the granular soil by increasing its load-bearing
capacity, to decrease the permeability of the soil and to lower its compressibility. These
methods can be applied at developed sites but the equipment size may not fit the available
space, while their application can cause structural problems (footing upheave) due to high

pressure grouting.

Drainage increasing methods aim to increase dissipation rates for the excess pore water
pressures that are generated during shaking, or simply to modify the dissipation patterns and
thus alleviate potential damage from pore pressure redistribution. (Idriss and Boulanger
2008). The main goal of the drain installation is to dissipate pore pressures which develop
during any cyclic loading and thus reduce the liquefaction risk of the soil formation, and
secondly to reinforce the foundation soil since the mean shear strength of the mixed
formation is increased (if gravel drains are installed). Unfortunately, such methods cannot

mitigate liquefaction under the whole structure or developed area.

In the confinement methods, the soils under a structure are enclosed with the help of
surrounding sheet piles or walls, and hence cannot easily spread outwards in case of shear
strength loss. It can be applied for small structures, but the confinement is not sufficient if the

structure is quite spacious. Similarly, strain- reducing methods employ stiff inclusions, which
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reduce the straining of the surrounding untreated soil, but do not necessarily disallow

liquefaction (unless the inclusions are very closely located).

Based on the above, at developed sites (e.g. under a structure, around pipelines) the very
large majority of these techniques proves inapplicable or problematic. In such cases,
underpinning (micropiles), grouting (high pressure injection of viscous grouts) or
prefabricated drains (installed without vibration) are usually prescribed (Gallagher and

Mitchell 2002), but even these may prove problematic, as described below.

Particularly, underpinning has been used effectively in many ground improvement
applications in order to increase the bearing capacity and reduce settlement, i.e. for
strengthening existing foundations. A micropile is a small-diameter (typically less than 300
mm), drilled and grouted non-displacement pile that is typically reinforced. It is constructed
by drilling a borehole, placing steel reinforcement, and grouting the hole. Micropiles are
traditionally used in foundation retrofit and rehabilitation projects due to their high flexibility,
ductility, capacity to withstand extension forces, as well as their good performance during
earthquakes (Wang et al., 2008). Micropiles are used mainly as foundation support elements
to resist static and seismic loads. This method essentially falls within the confinement category
of liquefaction mitigation techniques, if the micropiles are used at the perimeter only, and in

the related strain- reducing methods if they are used throughout the plan view.

(Jet) grouting is a method of constructing soil piles, by the following procedure: (a) break-up
of existing soil structure by a grout (viscous fluid) injected into the soil at high pressure, (b) in-
situ mixing and partial replacement of the soil particles with a hydraulic binder (slurry). The
grout (or viscous fluid) used for the break-up of the geomaterial can usually also constitute
the necessary binder for the formation of the soil pile. This method improves the mechanical
properties of the soil using the fluid jetting with very high kinetic energy and creates a
homogeneous mass of a high strength reinforced soil — stabilizer material. This type of
stabilization does not face problems of equipment size fitting in the available space (e.g. like
for deep soil mixing), but may create structural problems from footing heave due to the used

high pressures.

Prefabricated vertical drains consist of synthetic (usually) band-shaped material that is
installed vertically into soft soils. The drains are approximately 10cm wide by 5mm thick and
composed of a plastic strip with drainage channels, wrapped in a filter fabric. The installation

of the drains is performed using vibratory hammers and/or static methods, and the wick drain
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layout typically consists of a triangular or square pattern. This type of drainage technique
cannot always be installed underneath the whole of an existing structure and hence its benefit
may only be partially effective especially for large structures. tin addition, clogging may affect

their long-term effectiveness if the soil has condisiderable amount of fines.

To conclude, all existing mitigation techniques focusing on developed sites cannot readily
mitigate liquefaction effects underneath the whole structure and in some cases structural
problems may arise. Moreover, operation is obstructed during improvement works (a
problem for critical infrastructure like hospitals) and the mitigation of large areas, like the
waterfronts of large cities in seismically active areas like Greece, Italy, Turkey built before the
70’s (when seismic liquefaction was first identified as a measurable potential risk) is generally
of prohibitive cost. The next section presents one possible alternative technique, without
many of the foregoing drawbacks, named passive (site) stabilization whose concept was first

proposed by Gallagher (2000).

1.2 Passive (site) stabilization

Passive (site) stabilization concerns the low pressure injection of a stabilizer-enriched pore
fluid with time-increasing viscosity at the up-gradient side of a developed site followed by
delivery under the structure via groundwater flow. The enrichment of the pore fluid with the
stabilizer (environmentally safe nano-particles) with different possible chemical compositions
(like colloidal silica and clay particle mixtures) alters the mechanical response of the soil
skeleton—pore fluid system, making it less vulnerable to plastic strain accumulation related to

seismic liquefaction.
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Figure 1.2 Concept of passive stabilization, via augmented (induced) groundwater flow.
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The delivery of the stabilizer in place as a pore fluid may be performed either by natural
ground flow, or more realistically by altering it using boreholes with high and low hydraulic
head on either side of the developed site (see Figure 1.2). Based on this concept, it becomes
possible to stabilize the whole area underneath a structure, and this without obstructing its
normal operation. Given the low gradient flow, no high pressure injection is necessary and
hence no structural problems are expected. This also means that there is no need for
specialized equipment or personnel. For the same reasons, this technique may be used for
improving the ground at shallow depths and around urban lifelines (e.g. pipelines under
pavements). In addition, its cost is expected to be sufficiently low and practically comparable

to that of chemical grouting.

Basic prerequisites for potential nano-size solutions for use in passive (site) stabilization are:
a) time-increasing but controllable viscosity, b) non-toxicity, c) high durability and d) low cost.
Applying these basic criteria reduces the list of candidate nano-size solutions to the following:
colloidal silica, clay particles, bio-grouts, chemical grouts, zero-valent iron. Based on Gallagher
(2000), a series of chemical grouts may be excluded for various reasons (e.g. acrylamide
because of its toxicity and cost), while zero-valent iron because it is highly sensitive to
oxidation and thus raising issues of durability. In addition, the use of bio-grouts is attracting
attention in the literature (e.g. Paassen et al., 2009), since micro-organisms in the pore fluid
may catalyze chemical reactions leading to the precipitation of calcium carbonate crystals
turning sand into stone. Such procedures may be used for liquefaction mitigation, but issues
of durability arise since these chemical reactions may be reversed. The same may occur with
other microbial processes that produce pore-blocking bio-films (Gallagher, 2000). Hence,
based on the literature, the use of two (2) stabilizers has so far taken the lead: a) mixtures of

nano-size clay particles, and, most commonly, b) colloidal silica.

The characteristics of the former have been outlined by Papadimitriou & Agapoulaki (2014),
while details may be found in: Haldavnekaret al. (2004); El Mohtar. (2008); EI Mohtar et al.
(2008a); El Mohtar et al. (2008b). In summary it is mentioned here that, the use of bentonite
(high plasticity clayey particles) in small percentages per weight (3-5%) in water solutions
creates a thixotropic mixture. This mixture may be permeated as a pore fluid only if its
viscosity is small enough, e.g. after its alteration with sodium pyrophosphate (EI Mohtar 2008).
This chemical alteration is not permanent (given hydrolysis of sodium pyrophosphate) and
hence the enriched pore fluid regains its thixotropic nature with time. Cyclic testing depicts

that for the same relative density and cyclic stress ratio, sand with bentonite exhibits
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increased liquefaction resistance, which increases as a function of the percentage per weight
of the bentonite, as well as with time due to the thixotropic nature of the mixture (El Mohtar
et al. 2008b). Rheometer testing shows that the thixotropic pore fluid exhibits elastic response
with non-zero shear modulus (Haldavnekar et al., 2004). Hence, its existence in the pores
seems to obstruct grain sliding (as compared to clean water), leading macroscopically to
excess pore pressure generation only under very large cyclic shear strains. This improvement
mechanism is backed by limited microscopic measurements, but it is still unclear whether it is
the same with that of sands with high plasticity fines, that also show similar increase of
liguefaction resistance. Element testing focuses on permeation and cyclic response exclusively
on sand samples stabilized with small percentages of bentonite. No physical modeling has
been performed for the study of this type of stabilizer, while there is no measurement of
permeability changes when the thixotropic pore fluid is in place. Nevertheless, there are tests
showing that if the improved soil liquefies due to intense shaking, its cyclic strength is regained
with time (self-healing material). In order to avoid problems related to quality control of
chemical alteration, smaller clay nano-particles may be used, like laponite, i.e. synthetic, high

plasticity clay, with particles one order of magnitude smaller than that of bentonite

This Thesis deals with the use of colloidal silica as a stabilizer and its basic characteristics are

the subject of the following paragraph.

1.3 Colloidal silica

Colloidal silica (CS) is a dispersion of silica particles (size 7-22nm usually) in water. At a
concentration of 5-10% per weight, a colloidal silica aqueous dispersion has initially density
and viscosity values slightly higher than that of water. While its density remains constant its
viscosity increases with time and thus colloidal silica becomes a permanent gel abruptly after
a controlled amount of time ranging from a few hours to a few months. Before gelation, the
viscosity remains small (allowing its low pressure injection in place; see Figure 1.2), while the
duration of this pre-gelation period is affected by the percent per weight of silica, the size of
the silica particles, the pH and the normality of ions (e.g. Na*, Ca**) in the dispersion (Gallagher
2000a). Colloidal silica is non-toxic, biologically and chemically inert and is considered quite

durable, in general.

Figure 1.3 presents a schematic illustration of a silica particle (HsSiO4). Due to its small particle
size and its negatively-charged surface, electro-static forces between the particles control the
response of the dispersion. Gelation occurs by the formation of siloxane (Si-O-Si) bonds

between silica particles, releasing H,O into the solution. The procedure of gelation is
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perpetual, and the time required for its formation depends on the intensity of the electro-
static interaction between the particles. Hence, it may be controlled by introducing ions
and/or by altering the pH of the dispersion, since these two parameters affect the repulsive
forces between the silica particles in the dispersion. For example, the introduction of NaCl in
the silica dispersion reduces the double layer of water attached to the silica particles that is
created by the electro-static attraction of bipolar H,O molecules. As a result, the repulsive
forces between silica particles are reduced, thus accelerating the formation of siloxane bonds,

i.e. the prerequisite for gelation.

There are 3 common types of colloidal silica in the literature of passive (site) stabilization:
Ludox®-SM, Ludox®-HS-40 and Ludox®-TM. The basic properties of these CS types are
presented in Table 1-1. In comparative terms, Ludox®-SM is characterized by the largest
specific surface (345m?/g) and the smallest particle size (7nm), thus minimizing its gel time.
Based on Gallagher (2000), these characteristics lead to smaller required concentrations per
weight to create a firm gel, thus making this type the least costly among the 3 foregoing Ludox
colloidal silica types. For this reason, Ludox-SM® was selected as the optimal Ludox CS type
for use in this Thesis. An overview of the literature for the chemical and rheological properties
of Ludox-SM® can be found in Chapter 2. The same Chapter also includes the pertinent

literature on the injectability of CS in granural soils.

Table 1-1 Properties of Ludox colloidal silica solutions (Gallagher, 2000)

Ludox-SM Ludox HS-40 Ludox TM
$10,/Na,O (by weight) 50 95 225
Stabilizing counter ion Sodium Sodium Sodium
Particle charge Negative Negative Negative
Silica (as Si0,), weight % 30 40 50
PH 10.0 9.7 9.0
Viscosity (cP) 5.5 16 40
Average Particle Size (nm) 7 12 22
Specific Surface Area (m”/g) 345 220 140
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Figure 1.3 Schematic illustration of a (colloidal) silica particle with negatively charged surface (Silco
Inc, 2005)

Macroscopically, once the CS gels in the pores of the sand, the thus stabilized sand is
characterized by reduced straining (e.g. at large cyclic shear strains, see results of triaxial tests
in Figure 1.4. Also, the gel drastically reduces the permeability of the virgin soil (Persoff et al.

1999).

Figure 1.4 Axial strain during cyclic triaxial loading (with a Cyclic Stress Ratio: CSR=0.27): a) pure
(Monterey) sand, b) (Monterey) sand stabilized with colloidal silica (10% per weight), from
Gallagher (2000).

Mechanical element testing in the literature focuses on cyclic tests, mostly on sand samples
stabilized with different (small) percentages of colloidal silica (e.g. Gallagher and Mitchell

2002; Kodaka et al. 2005), but lately testing has been extended to silty sands (Diaz-Rodriguez
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et al. 2008). Pertinent physical modeling has been performed in the centrifuge (Conlee et al.
2012; Pamuk et al. 2007) and in field conditions (Gallagher et al. 2007a). These tests provided
promising but partially inconclusive results. For example, despite the stabilization, excess pore
pressures did nullify effective stresses of the stabilized-soil in the field test (Gallagher et al.
2007a), while settlements were reduced but not eliminated. An overview of the literature for

the mechanical response of stabilized sands and its simulation can be found in Chapter 3.

1.4 Scope of Thesis

The long term goal of this Thesis is to aid in establishing passive (site) stabilization as a practical
tool for engineers worldwide, when dealing with seismic liquefaction. To do so, this Thesis
attempts to fill a number of literature gaps on the use of colloidal silica for this novel ground
improvement technique. Particularly, the successful application of passive (site) stabilization
lies on the delivery of the CS solution at the right place during a predefined time (see concept
in Figure 1.2). Hence, a first goal of this research is to enrich the laboratory experiments that
already exist in the literature that are related to the rheological properties of CS and its
injectability in granular soils. Both these experimental efforts ended with simple analytical

tools for predicting these critical elements for designing passive stabilization.

As this novel ground improvement technique is currently still at an experimental stage
worldwide and in lack of a reliable dedicated constitutive model, this Thesis also explores the
potential of using a state-of-the-art constitutive model for simulating the cyclic response of
sands passively stabilized with colloidal silica. Its successful use is verified via comparisons
with element tests, but mostly with the results of two independently executed series of

centrifuge tests.

Having this novel numerical tool at hand, it is then used parametrically for analyzing two (2)
very fundamental issues for using this ground improvement technique in practice. The first is
the amplification of seismic motion at the ground surface of stabilized soil layers, since limited
data from the literature indicate that amplifications may appear which would affect the
intensity of seismic loading reaching the structures founded on such soils. The second issue
deals with the seismic response of footings laying on passively stabilized sand, an issue of
obvious importance for practice which has not been investigated in the literature, and its

study was made possible with the new numerical tool.
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1.5 Contents of Thesis

This first Chapter 1 outlined the concept of passive (site) stabilization for liquefaction
mitigation, the basic characteristics of the optimal stabilizer material (colloidal silica) and the
scope of this Thesis, i.e. to aid in making this novel ground improvement technique applicable

in practice.

In order to better understand the stabilizer material (colloidal silica), Chapter 2 presents the
chemical, rheological and mechanical properties of pure colloidal silica (CS) found in the

literature, as well as its injectability in granular soils on the basis of the literature.

Chapter 3 outlines the existing literature data that refer to the monotonic and cyclic response
of stabilized soils, as well as the behavior of stabilized soils under dynamic excitation (e.g.

centrifuge tests).

In Chapter 4 the rheological properties of CS are presented through viscosity measurements
conducted for a wide range of CS solutions at the University of Thessaly. These tests enrich
the literature measurements by also considering temperature as a controlling factor on top of
the percentage per weight of CS in the solution, the pH and the normality of cations. In
addition, a simple analytical methodology for predicting the viscosity versus time curve of CS

solutions is proposed.

Chapter 5 investigates the injectability of CS solutions by executing one-dimensional column
injection tests in the laboratory at the University of Thessaly. These tests were performed in
sand and silty sand columns of different heights, injected with different solutions of CS. These
tests study the effects of hydraulic gradient, CS (%), pH value, hydraulic conductivity, as well
as the salinity of the sand (prior to injection) on the flow rate and the travel distance of CS
solutions. Hence, they complement the literature, while they aid in validating an analytical

tool for predicting the flow rate in practice.

Then, Chapter 6 explores the potential of using a state-of-the-art constitutive model for sands
(NTUA-SAND) for predicting the behavior of stabilized sands, by appropriately adjusting
different aspects of the simulation components. This work is performed on the basis of

literature results from element tests.

In the sequel, the established numerical methodology is used for simulating dynamic
centrifuge tests on stabilized sands. Firstly, in Chapter 7, this methodology is used for

simulating a test on the 1D seismic response of a uniform stabilized sand layer, and then, in

10
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Chapter 8 the same methodology is used for simulating multiple tests on the laterallyll
spreading response of passively stabilized layers towards a free face. In all cases the

simulations show reliability of the numerical methodology.

Chapter 9 studies the 1D seismic ground response of stabilized sands. In lack of pertinent data
other than the centrifuge experiment in Chapter 7, this study is performed numerically by
parametrically employing the verified numerical methodology. The study includes the effects
of layer thickness, intensity and duration of shaking, as well as of other parameters and ends

with a set of multi-variable relations for predicting the pertinent spectral amplification.

In addition, Chapter 10 employs again the verified methodology for studying a very common
problem in the practice of civil engineering, that of the seismic response of shallow footings
but when these lay on stabilized sand. Unfortunately there are no measurements related to
this problem. Hence, the study is performed purely numerically and focuses on the effects of
layer thickness, seismic intensity, footing factor of safety as well as other parameters and

shows the effectiveness of passive (site) stabilization for reducing seismic settlements.

Finally, Chapter 11 includes the main conclusions of this research effort and proposes issues

for further investigation in the future.

11
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Chapter 2

LITERATURE REVIEW OF COLLOIDAL SILICA PROPERTIES AND ITS
INJECTABILITY IN GRANURAL SOILS

2.1 Chemical properties of Colloidal Silica

Colloidal silica (CS) is a suspension of silica nanoparticles (size: 7-22nm, depending on the type)
in water. When CS is diluted in water at a concentration of 5-10%per weight (p.w.),
immediately after dilution it has viscosity and density slightly higher than that of water, while
it forms rapidly a firm gel after a specific amount of time (named gel time), which can vary
from a few minutes to several months or even more. This gelling procedure is caused by the
formation of siloxane bonds between silica nanoparticles. During this time, before the

IM

formation of a firm gel, viscosity values remain low, allowing CS to “travel” through the soil
pores to the desirable location without the need for high pressure injection. The time required
for gelation (gel time) of a specific type of CS can be adjusted by altering the CS(%)
concentration in the solution, the pH value, salt (NaCl or other) concentration (Gallagher
2000b), as well as the temperature of the solution (Agapoulaki and Papadimitriou. 2015).
Colloidal silica is also nontoxic, biologically and chemically inert, odorless, non-flammable,
durable and does not require special equipment for preparation and application of the
solution within the context of passive site stabilization. For better maintenance, CS should be

stored in a dry environment of 20-25°C until its mixture. The durability of CS is estimated from

Whang (1995) as higher than 25 years, but it is still an issue requiring further investigation.

As mentioned in Chapter 1, at least three types of CS were tested in the literature in regards
to viscosity evolution and the time required for gelation (gel time) in order to choose the
appropriate type of CS for the application of passive stabilization. Further investigation was
conducted by Gallagher (2000), who compared the following CS types: Ludox-SM®, Ludox-HS-
40®, Ludox-TM®. Some of the details of this comparison effort are presented in Chapter 1,
whereas this Chapter (and this Thesis) emphasizes on Ludox-SM®, which is the most

commonly type of CS used in the literature of passive stabilization.

Many attempts have been made to explain the rheological behavior of CS solutions. According

to ller (1979), the formation of silica gel follows three steps. Firstly, the monomers Si(OH)4
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polymerize (or else condense) and form colloidal particles. The structure of a CS monomer is

presented in Figure 2.1.

OH

I

HO - Si - OH
I
OH

Figure 2.1 Monomer of colloidal silica.

Colloidal silica particles, then, grow in size through polymerization which can lead either to
particles of massive silica or the particles link together into chains, then networks thus
eventually transforming the liquid into a gel. More specifically, according to ller (1979) the
formation of silica gel takes place in two stages. In the first, initially formed Si(OH), condenses
to form colloidal particles. In dilute solution, a further slow increase in particle size is the only
change, but at low concentrations (i.e. CS=1%), these initially formed particles are able to
condense together in order to give a very open but continuous structure, extending
throughout the medium, thus offering a certain degree of rigidity upon it. In both stages of
polymerization, the mechanism is the same: condensation to form Si-0-Si links, but in the first
stage, condensation leads to particles of massive silica, while in the second, since it is not
possible to fit two particles accurately together over a common face, the number of Si-0-Si
linkages between particles is fewer in number than those within the particles themselves.
They are merely sufficient to bind adjacent particles together, in a fixed position relative to

one another, and thereby lead to a rigid, highly porous, tangled network of branching chains.

At low pH values (4<pH<7) the surfaces of the monomer are not intensively charged, they do
not repel each other and siloxane bonds, chains and gel networks are formed. More
specifically, at pH values of 5-6 the monomer is converted rapidly to particles, which aggregate
and finally gel. The polymerization reaction is presented in Figure 2.2. Hydroxyl ions (OH") at
pH values smaller or equal to 7 result from self-ionization of water, an ionization reaction in
water or an aqueous solution, in which a water molecule, H,0O, deprotonates (loses the
nucleus of one of its hydrogen atoms) in order to become a hydroxyl ion, OH™. The hydrogen
nucleus, H*, immediately protonates another water molecule to form hydronium, H3O" at
small concentrations. This hydroxyl ion takes the H* from =Si-OH and transforms it to the
negatively charged =Si-O", which reacts with CS monomer (Figure 2.1) and a siloxane bond is

formed, as shown in Figure 2.3. As it is concluded from behavior the reaction of Figure 2.3,
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siloxane bond formation produces hydroxyl ions (OH") which acts as a catalyst and will be used
again at another reaction (Figure 2.2).

O|H O|H

OH-Sli-OH+OH'—> OH-S|i-O'+H20
OH OH

Figure 2.2 Monomer reaction with hydroxyl ions producing water (polymerization).

0|H OH OH 0|H
I I
HO -Si-O + HO -Si-OH ->H0-Si-O-S|i-OH+OH'
| I
OH 0|H OH OH

Figure 2.3 Siloxane bond formation between a monomer and the polymerization product of Figure
2.2.

When hydroxyl ion concentration is high, i.e. at high pH values (>7) and in an alkaline
environment (e.g. in the presence of NaOH), most of the =Si-OH groups have become =Si-O
and there are no monomers like those in Figure 2.1 to allow for siloxane bond formation (the
reaction of Figure 2.3). According to ller (1979) at pH > 6-7 the ionization of polymer species
is much higher so that monomer polymerizes and decreases in concentration very rapidly,
even in a matter of minutes at 25°C. At the same time, the particles grow rapidly to a size that
depends mainly on temperature. However, if no salt is added no aggregation or chaining
together of particles occurs because they are similarly charged and mutually repel each other:
If salt is present, for example NaCl, =Si-O- react with Na+ forming Si-ONa which is hydrolyzed

to Si-OH and can be used in the polymerization reaction of Figure 2.2.

The typical effects of pH and salt concentration effect on gel time of CS are presented in Figure
2.4. Curve ABC shows the behavior of CS when no salt is added and a rapid gelling at pH value
of 5-6 is observed. At pH > 7, a gel cannot be formed since particles repel each other. When
salt is added, as presented by the DEF curve, the gel times become smaller. In addition, at low
pH values the salt addition has a relatively small effect and in a region of pH=5-6 the minimum
solution stability is higher, with the term “stability” referring to the ability to resist change in

its properties over time.

The growth of the primary particles occurs by an Oswald ripening mechanism, where particles

grow in size and decrease in number. This particle growth depends on solubility, which, in
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turn, depends on both pH value and temperature. Generally, for a chemical reaction to occur,
there must be collisions between atoms or molecules to form a product, in this case a gel. In
order for the collisions to occur the atoms or molecules must have enough kinetic energy. The
average kinetic energy of molecules can be measured in terms of temperature. Molecules
with a high temperature have a greater kinetic energy than molecules with a low temperature.
According to Karol (2003) chemical reactions slow down as temperature decreases and this

can lead to a twofold decrease in gel time as temperature increases for almost 8°C.

T

RELATIVE GEL TIME

Figure 2.4 Gel time curves of colloidal silica solutions with (DEF) and without (ABC) salt addition
(ller, 1979).

2.2 Rheological properties of Colloidal Silica

The time required for gelation of a CS solution is of vital importance, as it defines available
time for injection and delivery of the solution. In the literature, this time and more specifically
the time from the end of mixture until CS viscosity increases rapidly and transforms the
solution into a firm gel is called gel time. Gel time is considered to be the most important
parameter for CS injection, because the CS solution should be delivered at the target location
at the right time and then be transformed into a firm gel, thus ending the injection process. If
the gelling procedure is delayed, then the CS solution will overtake the target location leading
to increased cost due to extra material being used. On the contrary, if it gels prematurely,
then the stabilizer will not be able to reach the target location and the stabilization will not be

materialized, even though some material has been injected.

For the quality control of a low pressure injection of CS, the total gel time is not the only

parameter that should be taken into account. The viscosity value at the initial stage of
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injection should also be considered, because this value is directly linked to the injection
velocity of CS in the soil. Particularly, as viscosity increases, the velocity of CS decreases even
if the hydraulic gradient remains constant. As a result, rheological properties of CS solutions
(from the mixing of silica particles in water all the way to gelation) is the main factor

controlling the successful application of passive stabilization in practice.

The time required for gelation depends on the interaction rate between the particles and

according to Gallagher (2000) it is a function of several parameters. The most important are:

. Particle size of CS, with an increasing effect

. CS(%) concentration in the solution, with a decreasing effect

. lon concentration in the solution in terms of normality N with a decreasing effect

° pH of the solution with a non-monotonic effect

. temperature of the solution with a decreasing effect (Agapoulaki and Papadimitriou, 2015)

The effect of particle size of CS is presented in detail in Chapter 1. Gel times of CS solutions
recorded in the literature have a minimum value of 30 minutes (Noll et al. 1992) but the upper
limit is practically undetermined, as gel time is remarkably increased for very low (<3) and high
(>8) pH values. As stated before, solutions with a high pH value with no addition of salt cannot
essentially form a gel, and hence such alkaline environments can be used for storage of CS

prior to mixing.

Figure 2.5 presents typical viscosity versus time curves of CS solutions from the literature.
Observe that the viscosity — time curve has an initial almost linear part which begins from the
initial viscosity value (slightly higher than water) until a value of 3-6¢P and then it increases
rapidly to a few thousands cPs, where a firm gel is formed. This type of rheological response
is general and holds true for any combination of CS(%), salt concentration, pH, temperature
which can lead to gelation, and is observed in all pertinent literature studies (Gallagher and
Lin 2005, 2006, 2009; Gallagher et al. 2002; Jurinak and Summers 1991; Koch 2002; Persoff
1999). Despite the fact that all CS solutions have the same qualitative rheological response,
the time required for gelation differs significantly. For example, in the results of Figure 2.5,
the gel time ranges between 10 and 19 hours approximately. In practice, this gel time (tg) can
be defined as the time until viscosity reaches a value of 100cP (compatible with the definition
of Gallagher, 2000), because the time required for the formation of a firm gel after this

moment is essentially negligible.
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Figure 2.5 Typical viscosity versus time curves for solutions with CS(%)=5 and different normalities
and pH values (Koch 2002).

The pH value is an important parameter which affects gel time, as shown in Figure 2.6, where
the gel time ranges from a couple of days up to several tens of days. Based on the chemical
properties of CS (see Section 2.1) and the research conducted by ller (1979) it is widely
believed that the minimum gel time can be achieved by adjusting the pH value between 5 and
7 (with or without salt addition). However, it is important to underline that the effect of pH is
not monotonic. As shown in Figure 2.6 and Figure 2.7 shows that the minimum gel time is not
observed at the minimum pH value but at a value between the range of 5.5 and 6.5 (Gallagher

2000).

lon normality, namely the quantity and ionic strength of salt in the solution is also an
important parameter affecting gel time. Normality is defined as the concentration of an
aqueous solution or how many gram equivalents of the ion are diluted into one liter of the
solution. This effect is monotonic, because as normality increases gel time decreases for the
same combination of CS(%)-pH. This effect is shown in Figure 2.7 where the effect of NaCl on
gel time isillustrated for four different normalities of 0.1N, 0.03N, 0.01N and ON. It is observed

that for the same pH value higher normalities lead to smaller gel times.
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Figure 2.6 Effect of pH on viscosity versus time curve for a solution with CS(%)=5 and normality
0.1N (Lin 2006).

Figure 2.7 Gel time curves for different NaCl normalities for solutions with CS(%)=10 and different
pH values (Gallagher 2000).

The concentration of CS (%) per weight in the solution also affects gel time and is a parameter
directly connected with the cost of passive stabilization. Similarly with salt addition, its effect
is monotonic because as CS (%) concentration increases, the gel time decreases, for the same

combination of N- pH.

Temperature is also an important parameter affecting gel time, but it has not been
investigated in detail in the literature. Apart from ller (1979) who defines temperature as a

major parameter controlling the solubility of silica, Otterstedt and Greenwood (2005) have
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also depicted this effect for a specific (N,CS,pH) combination. However all studies related to
passive stabilization with the use of CS consider this variable as negligible. This effect has been
recently investigated by Agapoulaki and Papadimitriou (2015) and is presented in detail in

Chapter 4.
2.3 Mechanical behavior of gelled colloidal silica

Towhata (2007) performed a series of unconfined compression strength tests in order to
understand better the mechanical behavior of gelled CS without the presence of soil. The
samples used were 7cm in height, 4.7cm in diameter and 129g in weight. Typical results of the
tests are presented in Figure 2.8 andFigure 2.9 2.9 in terms of deviatoric stress versus axial
strain and lateral versus axial strain, respectively. It is observed that unconfined compression
strength of gelled CS is negligible, somewhat higher than 5kPa and thus cannot explain the
improved mechanical behavior of stabilized soils. In addition the shear modulus of gelled CS

is quite low, in the order of a few hundreds of kPa, on the basis of these tests.

In order to measure lateral and axial strains two sets of laser displacement transducers were
placed at 1/3 and 2/3 of the samples height and sheets of white paper were placed at the
surface so that the reflection of laser beams was facilitated. Figure 2.9 shows that the ratio of
axial to lateral strain, or else Poisson’s ratio is approximately equal to 0.3, which means that
the material itself has volume compressibility (Poisson’s ratio equal to 0.5 corresponds to
uncompressible materials). If this compressibility is verified via more appropriate procedures,
then it may be considered a possible explanation for the increased liquefaction resistance of

stabilized soils.
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Figure 2.8 Stress- strain relation of gelled CS as measured in an unconfined compression test
(Towhata 2007a).
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Figure 2.9 Lateral- axial strain relation of gelled CS as measured in the unconfined compression
test of Figure 2.12 (Towhata 2007a).

In order to use colloidal silica as a stabilizer it should transform into a gel at a predefined time.
This means that the appropriate solution properties should be chosen, namely pH,
temperature, salt and colloidal silica concentration. In order to investigate the properties of a
silica solution for grouting in crystalline rock at relatively shallow depths Axelsson (2006)
performed measurements on colloidal silica solutions (with CS(%)=35, CaCl,(%)=2.9 and
pH=10, not specified if it is Ludox-SM® or other) at low temperature, 8°C, and three different
relative humidities (RH=75%,95% and 100%). The goal of the experiment was to measure
some of the most important mechanical parameters of CS solutions: drying shrinkage,
compressive strength, modulus of elasticity, shear strength and flexural strength. The
measurements of compressive strength are shown in Figure 2.10 and indicate a significant
increase from 0.6kPa after one day up to 5kPa after one week. This increase continues as

curing time increases and differs depending on the RH of the sample.

Figure 2.10 Compressive strength of CS solutions at 8°C as a function of curing time for three
different relative humidity RH values (Axelsson 2006)
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Figure 2.11 shows the force versus deformation relation, which indicates a practically linear
elastic behavior and so the Young modulus was calculated from Hook’s law (Figure 2.12). For
the higher RH =100% the modulus seems to have a constant value of almost 3MPa but seems

to increase with curing time for higher RH values.

As implied from the combination of Young’s modulus values and compressive strength, the
failure mode becomes more brittle as strength increases. The measurements of the shear
strength are shown in Figure 2.13 and at the sample with the lower RH shear strength
increases after a time of 40 days. The evolution of shrinkage and flexural strength show that
shrinkage increases over curing time and this increase is faster as humidity lowers. An increase

of flexural strength is observed for samples kept at lower humidities.

Figure 2.11 Two examples of the failure mode for pure CS solutions (Axelsson 2006).

Figure 2.12 Measured Young’s modulus of CS solutions at 8°C as a function of curing time for three
different relative humidity RH values (Axelsson 2006).
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Figure 2.13 Shear strength of CS solutions at 8°C as a function of curing time for three different
relative humidity RH values (Axelsson 2006).

In addition, Scherer et al. (1988) measured the elastic modulus and viscosity of silica gels as a
function of the curing age using a beam-bending method. The gels used in this study were
prepared using a recipe developed by Klein et al (1984). Results showed an increase of shear
modulus with time due to the increase in bonds produced by condensation reactors which
continue long after gelation. Figure 2.14 shows this evolution of shear modulus. The gel time

was estimated to be 14 hours and is measured from the time the solution was mixed.
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Figure 2.14 Shear modulus evolution as a function of curing/ aging time (Scherer et al. 1988)

Drabarek et al. (2002) used constant shear rate and dynamic rheological measurements to
investigate how shear can affect the structural evolution of CS solutions during gelation. When
no shear is applied, both the storage/elastic (G’) and the loss/viscous (G”’) moduli increase

slowly prior to gelation due to the slow growth of particle size and network and then increase
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with a higher rate because the particle growth becomes faster than network formation. Also,
Drabarek et al. (2002) related gel time with the storage/elastic and loss/viscous moduli. Figure
2.15 compares the evolution of these two moduli with time for Ludox-SM® at pH values of 6
and 8. It is clear that for pH=6 gel time (180s) is less that this of pH=8 (4250s). However the
strength of the network for pH=8 seems to be higher (50Pa) than that obtained by pH=6
(23Pa).

Figure 2.15 Evolution of G’ and G” versus time as a function of the initial pH (open symbols, G’,
solid symbols G”, triangle pH=6, circle pH=8) (Drabarek et al. (2002)).

Finally, Huang et al. (2007) used stable aqueous emulsions prepared by emulsification
technique using colloidal silica particles combined with very small amount of emulsifiers. They
used three kinds of nano-silica sols (10, 20, and 100 nm, pH 9-10) were the products of Eka
Chemicals (Sweden). They investigated the effects of colloidal silica particle size and
concentration on the rheological behavior of the emulsion by measuring the dynamic
modulus. They found that the emulsions where CS was added, exhibited shear-thinning
behavior and for smaller silica particles and/or higher CS concentration this behavior became
more obvious. In terms of dynamic modulus, results showed that the smaller the particle size
and/or CS concentration the higher the storage modulus and lower the loss modulus, which

indicates that interparticulate interaction is stronger and elasticity is higher.

2.4 Injectability of Colloidal Silica in granular soils

A crucial parameter for the effective application of passive site stabilization is the injectability

of the CS, i.e. how fast, how uniformly and how far can CS be injected into granular soils. Saiers
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et al. (1994) concluded that CS delivery through a heterogenous media can be understood and
even predicted in a laboratory system. However, the in situ parameters that should be taken
into account are more complicated. According to many researchers, the main factor affecting
stabilizer injectability is the increasing viscosity of colloidal silica solutions which governs their

|II

ability to “travel” through the soil formation (Jurinak and Summers 1991; Gallagher and
Finsterle 2004; Gallagher and Lin 2005, 2009; Koch 2002; Lin and Gallagher 2006; Persoff et
al. 1994). The remainder of this section presents the main findings of various CS injection
attempts in the literature that were not always related to the use of CS for passive
stabilization. Then, in sections 2.4.1 and 2.4.2 emphasis is set on the most prominent studies
using 1D and 2D injection tests respectively, for the use of CS for passive stabilization, while

section 2.4.3 provides information on the hydraulic conductivity of stabilized sands after

gelation of CS in the pores.

Noll et al. (1992) performed pilot injection tests in order to investigate the formation of a
water flow barrier using colloidal silica solutions (Ludox-SM®) at a concentration of 5%. A box
3.6mx1.8mx1.2m was filled with sand with a mean diameter of 0.3mm, porosity n=0.3,
permeability k=3x102cm/s and an estimated gel time of t;=16h. Four injection and 6
extraction wells were used and colloidal silica was successfully delivered after 14 hours and

the final soil permeability was reduced top 4x10°cm/s.

Noll et al. (1993) performed a field scale pilot study to investigate the ability of colloidal silica
to stabilize contamination hot spots and construct horizontal containment barriers. The
injection and extraction wells system was determined to be a hexagonal array of extraction
wells with a single injection well located at the center. One central injection well was used and
six extraction wells were placed at a distance of 10 feet from the injection well. The injection
and extraction rate was 3 gallons per minute with a travel time of 20 hours. The sand layer
used was 9.15 m thick and had a permeability of 1.3x102cm/s with a porosity of 0.17 and
colloidal silica was Ludox-SM® diluted at a concentration of 5% per weight. Finally, the CS
traveled through the formation and managed to treat an area of 4.88 m diameter and 3.05 m

thick.

Persoff et al. (1994) performed 0.9m column injection tests with Hanford sand stabilized with
Nyacol 1440 colloidal silica solutions with a concentration of 50%, 20% and 13% and found
that gelation of the solution caused a rapid end of the injection procedure and only when CS

was diluted at a concentration of 13% was delivered through a distance of 0.9m. Taking into
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account the results of these laboratory tests, it is of vital importance that analysis of site

chemistry and heterogeneity should be conducted prior to CS injection.

Moridis et al (1996) conducted field testing in order to investigate the injection potential of
CS solutions into heterogenous unsaturated alluvial deposits of clay, silt sand and gravel.
Colloidal silica Nyacol DP5110 was used diluted at a concentration of 30% per weight with a
pH value of 6.5 and the results showed that CS solutions could successfully travel through

these soil formations.

Chaney et al. (1998) performed column injection tests with colloidal silica solutions with per
weight concentrations of 32.2%, 31.8% and 27.8% and a particle diameter 14, 7 and 8nm
respectively. Gel time in the soil was assessed by the injection tests in-soil columns and the
monitoring of gelling in the columns. They concluded that if gel time equals to 2 hours then a
CS solution with 2 pore volumes could be permeated with low pressures. On the contrary, if
smaller gel times are used (e.g. 1 hour), then the pressure required increases dramatically
reaching a value of 700kPa before the same volume can be injected. This is due to the

increased viscosity values related to the reduced gel times.

Manchester et al (2001) performed small and large scale laboratory testing with nine CS
variants with different particle size in order to investigate gel time, grout column injection and
saturated hydraulic conductivity of stabilized soils. Column injection results showed that in all
cases the CS solutions were able to travel through the columns and CS with larger particle size
did not cure as fast as these with a smaller particle size. This is because the larger colloid

particle size variants produce a more stable silica sol and therefore take longer to cure.

Koch (2002) performed two - dimensional box model tests with a central chamber filled with
Nevada No120 sand and two reservoirs for groundwater control. The CS used was Ludox-SM®
diluted at a concentration of 5% per weight. Results showed that CS delivery depends on
viscosity evolution, which is a function of gel time. More details of these experiments can be

found in paragraph 2.4.2.

Gallagher and Finsterle (2004) used the same set up to perform physical modeling
experiments. For their research 1.5 pore volume of 5% diluted Ludox-SM® was used and
delivered through the box during a period of 10 hours. Viscosity of CS was chosen so that it
would increase 10 times compared to its initial value after these 10 hours. These results
indicated that CS solutions could be delivered through loose sands using low head injection

and extraction wells.
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Gallagher et al. (2007b) performed a field test in order to investigate the ability of a 5% Ludox-
SM® CS solution to cover a travel distance larger than 4.5m. One central extraction and eight
injection wells which were equally spaced around the perimeter of the 9-m-diameter test area
were used in order to maintain an injection rate of 13L/min. The injection of CS was done with
a two stage bottom-up procedure and a 2m thick sand layer was saturated with CS. It was
found that the injection rate of the grout was highly dependent on the viscosity value of CS,
due to the permeability reduction caused by the increasing viscosity. Once viscosity values

were significantly increased, flow could not continue even if the injection pressure increased.

Gallagher and Lin (2009) via 1D injection tests showed that for low gradient (pressure)
injection of CS, the flow practically stops when viscosity has reached a value of approximately
4c¢P. This publication is based on Dr Lin’s PhD thesis (Lin, 2006), which is presented in more

detail in paragraph 2.4.1.

Moradi and Seyedi (2015) performed a similar box model test with silty sand mixtures of sand
with variations in silt from 0 up to 30%. Colloidal silica Ludox-SM® was again used diluted at a
concentration of 5% per weight. The box model had dimensions of 125x30x30cm and used
five low head injection and two extraction wells. The model was tested for four different soil
samples, the hydraulic gradient used was 0.03 and the viscosity of the CS solution was kept
constant at 1.5cP during its delivery. The tests showed that a change in hydraulic conductivity,
under identical conditions, can lead to a corresponding change in delivery time of CS solutions
and this change is highly dependent on the silt content of the soil formation. This can be

attributed to the change in the permeability of the soil due to the change in its silt content.

2.4.1 One dimensional injection tests (Lin 2006)

In his PhD thesis, Dr. Lin conducted 15 injection tests in cylindrical columns of 0.9m, 3m and

IM

9m length. The goal of this research was to investigate the ability of CS to “travel” uniformly
in liquefiable soil in adequate concentration in order to passively stabilize the soil. Loose
Nevada 120 and Ottawa 20/30 sands were used and also 5% or 10% per weight graded silty
sand. The CS used was Ludox-SM® at a concentration of 5% per weight, which according to
Gallagher and Mitchell (2002) is the minimum required concentration to effectively improve
soil strength. The tests investigated the effect of many parameters such as viscosity, pH, ionic
strength and hydraulic gradient and different soil types. The grain size distribution of the soils
used are shown in Figure 2.16 and the experimental set up is shown in Figure 2.17. The CS

solution was injected into the sample with low gradient using the inlet and outlet chambers.

The gradient was held constant during the entire test and it was chosen as a representative
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of in situ gradients. The CS was then injected after it was colored with red food dye for visual
observation. Chloride concentration, pH value, viscosity and flow rate were recorded during
testing. For estimating CS(%) concentration in the pores, samples of 5ml were extracted (from
sampling ports) and then burned at 200°C for 2-3 days. The remaining material after burning

was considered representative of the CS(%) concentration at the time of the sampling.
The injection tests led to the following conclusions:

. Viscosity and as a result gel time are strongly affected by pH value and ionic strength of
the CS solution. As viscosity increases, the travel time of CS decreases dramatically and as
the increasing rate is higher the time required until the end of the test becomes lower. A
viscosity value of 3.6¢P seems to cause an 80% reduction of CS delivery time when a low
gradient is used. Hence, when injecting CS solutions, the injection should have finished

when viscosity reaches this crucial value.

. Chloride concentration is a good indicator for the concentration of CS within the pores of
the column.
. Hydraulic gradient is of vital importance for the stabilizer transportation through the

porous medium. The flow rate of CS increases as the hydraulic gradient increases.

. In silty sand columns, the CS solution could not be easily delivered through the column.
Flow rate of CS depends on the permeability of the column and two times larger
permeability leads to a two-fold flow rate of CS.

. The long column tests proved that CS can be delivered through any chosen distance, when

using the appropriate CS solution properties to control the gel time.

Figure 2.16 Grain size distribution of soils used for 1D injection tests of CS in sand columns (Lin
2006).
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Figure 2.17 Experimental set up for 1D injection tests of CS in sand columns (Lin 2006).

2.4.2 Two dimensional injection tests (Koch 2002)

Koch (2002) investigated the ability of colloidal silica to be uniformly delivered into loose sands
using low gradient injection wells via 15 two dimensional tests. Nevada sand No120 with a
relative density of 40% was used in this study and as a stabilizer a CS solution (Ludox-SM®)
with CS=5% per weight. The model used has dimensions 30.5x76x26.5cm and is presented at
Figure 2.18. It consists of three parts, a central chamber where sand was placed and two
chambers on either side of the central one for the groundwater flow control. The flow length
through the sand was 46 cm and each water chamber has a length of 15 cm. As shown at
Figure 2.18 on the front size of the model small holes are used as sampling ports in order to

extract pore fluid during the test and estimate the CS(%) concentration.

After sand saturation, a hydraulic gradient of 0.04 was established and the CS was injected
through the inlet reservoir, which had holes on its vertical interface with the sand chamber
enabling horizontal injection. Here, one test will be presented with C5=5%, pH=6.3, 0.1N for a
total quantity of two times the pore volume of the sand. The gel time for this CS solution is 2
days, which corresponds to a travel time equal to half day. Gallagher (2000) defined the travel
time as the period of time during which the viscosity of the solution increases to ten times the

initial viscosity. The CS solution was colored with blue food dye for visual observation. Twenty
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minutes after the test began, the CS appeared at the lateral sides of the sand and after three
hours it appeared on the sand surface. Because of the slightly higher density of CS in
comparison to water, the stabilization tended to occur at the bottom half of the sand layer.

Figure 2.19 shows the CS travelling into the soil during the first ten hours

The tests showed that a minimum of one and a half pore volumes are required in order to
achieve full coverage of the box model at least for this injection setup and gradient. Also, the
required travel time depends on both the amount of the stabilizer needed for full coverage
and the injection rate and the adequate coverage depends on the injection and extraction
wells used. Finally, the right choice of CS solution properties is the most important parameter

for its delivery through the soil.

Figure 2.18 Experimental set up for 2-D injection tests (Koch 2002).
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Figure 2.19 (Dyed) Colloidal silica progression during a 2-D injection test (Koch 2002).

2.4.3 Hydraulic conductivity of stabilized soils

Persoff et al. (1999) conducted hydraulic conductivity measurements on stabilized sands with
different CS(%) concentrations and found that it becomes significantly lower than that of the
untreated sand before injection of CS. In particular, values of 4*10° m/s — 3*101° m/s were

measured for CS(%)=5-10% as presented in Figure 2.20.
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Figure 2.20 Permeability of stabilized sands in relation with CS(%) concentration (Persoff et al,
1999).
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Chapter 3

LITERATURE PREVIEW OF THE MECHANICAL BEHAVIOR OF STABILIZED
SANDS AND ITS NUMERICAL SIMULATION

3.1 Monotonic behavior of stabilized sands

The existing literature data that refer to monotonic behavior of soils stabilized with colloidal
silica are not sufficient to fully describe their response. However, these data clearly show that

colloidal silica solutions offer a significantly improved mechanical behavior.

Particularly, Kodaka et al. (2005) performed undrained cylinder torsional shear tests on
Toyoura sand (Di=40%, emax=1.17, emin=0.77, Dso=0.17mm) hollow cylindrical samples
stabilized with a CS solution with concentration of 4% the type of which (Ludox-SM® or other)
is not defined in the publication. Results showed that mechanical behavior of stabilized sands
seems to be comparatively more dilative and stiffer and has a higher shear strength compared
to the untreated sand sample under the same initial stress and density conditions. Figure 3.1

and 3.2 show this trend for the untreated and the stabilized sand, respectively.

Figure 3.1 Results of undrained torsional shear tests for untreated Toyoura sand for different
vertical effective stresses (a) Stress (1) — strain (y) relation (b) Mean stress o’ — shear stress T
relation (Kodaka et al. 2005).
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Figure 3.2 Results of undrained torsional shear tests for stabilized Toyoura sand for different
vertical effective stresses (a) Stress (1) — strain (y) relation (b) Mean stress o’ — shear stress T
relation (Kodaka et al. 2005).

Towhata (2007) performed laboratory shear tests in order to better understand the
mechanical behavior of stabilized sands using CS solutions. The specimens were prepared by
loose saturated sand and consolidated in Ko conditions in a container under a stress of 100kPa.
The samples were cured for 5 weeks and under sustained stress. The results of undrained
triaxial monotonic shear (for compression and extension) are shown in Figure 3.3, where the
dashed lines depict the untreated sand while the solid lines the stabilized with 4.5% CS

(uncertain whether it is Ludox-SM®).
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Figure 3.3 Results of monotonic undrained triaxial tests on stabilized and untreated Toyoura sand
(Towhata 2007)

Apart from these laboratory experiments, all other literature testing related to the monotonic
behavior of stabilized sands are unconfined compression (UC) tests. Persoff et al. (1999)

performed UC strength tests at stabilized sands, which were stabilized with CS and cured for
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7 days. The soils used were Monterey sand (D;=22%, €max=0.821, emin=0.464, Dso=0.44mm) and
Trevino sandy loam (Dso=0.095mm). The results showed that unconfined compression

strength increased as the CS(%) concentration increased, i.e. sands acquire UC strength.

Gallagher (2000) performed UC strength tests and unconsolidated undrained (UU) tests on
Monterey sand stabilized with four different concentrations of Ludox-SM® colloidal silica
solutions. The UC strength was again non-zero and ranged from 45kPa for a solution with
CS(%)=5 up to 223kPa for a solution with CS(%)=20. Similar results were presented by
Gallagher and Mitchell (2002), who performed UU tests on samples grouted with CS(%)=10

and measured strengths with an average value of 51kPa.

UC tests on Nevada sand (Dr=41%, €max=0.89, emin=0.51, D5o=0.15mm) were also conducted by
Gallagher and Lin (2005, 2009) on samples taken from most sections along the columns during
1D injection tests for CS solutions with CS(%)=5%. They found that stabilized sand had an
average strength of 47-67kPa with a standard deviation of 6-18kPa and 40-60kPa with a

standard deviation of 4.4-13.4kPa respectively.

Mollamahmutoglu and Yilmaz (2009) conducted UC tests on grouted samples with 70mm
diameter and 140mm height. The sand used in this study had a specific gravity of 2.62,
emax=0.985, emin=0.61 and was classified as poorly graded. Colloidal silica Meyco MP 320 and
table salt (for adjusting ionic strength) were used to stabilize the sand at different CS and salt
concentrations. It is interesting that no testing was performed at specimens with CS(%)=5
because of the soft gel that was reportedly formed. Typical results of these tests are presented
in Figure 3.4 where it is obvious that stabilized sands acquired UC strength for all combinations
of (CS, salt). This strength increased as the curing time increased but more or less stabilized

after 28 days.

Moradi and Seyedi (2015) performed UC strength tests on silty sand samples stabilized with
4.5% Ludox-SM® colloidal silica solution. The undisturbed samples were extracted from a box
model test and left curing for 6 weeks. Results showed an UC strength of 35, 60, 42 and 40kPa
for sand with 0, 10, 20 and 30% silt respectively. The UC strength was higher when the silt
content was 10% and as the percentage of silt increased, the UC strength decreased. The
authors claim that, at silt content of 10% the voids between the sand particles are filled with
silt and lead to an increasing strength, but as silt particles become abundant, they form a loose

bridge between sand grains. Typical results from these tests are shown in Figure 3.5.
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An overall review of these results is presented in Figure 2.1 in terms of UC strength (qu) versus
CS(%) concentration. It is observed that for all types of soil, stabilization offers a non-zero
strength which increases almost linear as the concentration of CS used increases. Of practical

interest are the data for C5<10%, which correspond to qu up to 90kPa approximately.

A more recent research was performed by Vranna and Tika (2015) who conducted undrained
isotropically consolidated tests on untreated and unconfined compression, as well as
undrained consolidated tests on stabilized silty sand specimens. The colloidal silica used was
Ludox-SM® at concentrations CS=6% and 10%. The soil used in that study was a silty sand with
non-plastic fines content of fc = 10%, Gs =2.653, emax = 0.682 and emin = 0.414, D50 =
0.30mm and Cu =4.13 and D,=31-37%. The results of the tests in terms of Mohr circles at peak
stress are presented in Figure 3.7 and Figure 3.8 where it is clear that stabilization increases
the strength of the stabilized specimens and this increase is due to the increase in both friction
angle, but mainly in the apparent cohesion. The same conclusions were drawn by Vranna and

Tika (2015b) for clean sand samples stabilized with CS=10% (Ludox-SM®).

Figure 3.4 Unconfined compression strengths of stabilized sand (with different CS and salt
concentrations) for different curing time (Mollamahmutoglu and Yilmaz 2009)
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Figure 3.5 Unconfined compression strengths of stabilized sand with CS=4.5% for different silt
contents (Moradi et al. 2015)
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Figure 3.6 Unconfined compression strength as a function of CS5(%) concentration for different
sands (data: Gallagher and Mitchell 2002; Gallagher 2000b; Gallagher et al. 2007a; Persoff 1999;
Moradi and Seyedi, 2015a)
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Figure 3.7 Peak shear strength envelopes for untreated and stabilized specimens with (a) CS =
6% and (b) CS = 10% (Vranna and Tika 2015a)

Figure 3.8 Peak shear strength envelopes for untreated and stabilized specimens with (a) CS =
6% and (b) CS = 10% (Vranna and Tika 2015b)

From a practical point of view, it is also important to evaluate the durability of passive
stabilization, namely the behavior of the stabilized sand after being subjected to cyclic loading,
as an indication of its potential degradation. Gallagher and Mitchell (2002) and Gallagher
(2000) performed UC tests on Monterey (No30) sand samples (D=22%, e=0.75) stabilized with
CS(%)=10% Ludox-SM®, which were previously subjected to cyclic triaxial loading. The
measured g, was correlated with the maximum double amplitude (DA) cyclic strain developed

during the preceding cyclic loading phase. It should be noted that DA is defined as the
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maximum strain difference during a whole compression — extension cycle. Figure 3.9(a)
presents this relation of g, with DA and in Figure 3.9(b) the qu values of Figure 3.9(a) are
normalized with the average qu of these samples before cyclic loading, noted as gmax (DA=0).
Observe that stabilized sand seems to retain its q, value if the maximum DA cyclic strain
caused by the cyclic loading is smaller than 1.5%. After this critical value (which corresponds
to a high intensity excitation in practice) as the maximum DA strain increases, the post-cyclic
gu value decreases and may reach as low as 40% of the initial (pre-cyclic) strength when the

maximum DA strain from the cyclic loading is as high as 5.5%.

Towhata (2007) performed a similar effort by executing undrained monotonic shear tests on
samples stabilized with CS solutions of CS=4.5% and 6.5%, which were previously subjected to
cyclic loading until a predefined level. As shown in Figure 3.10 these tests show that stabilized

sand is stiffer than untreated sand even after cyclic loading has been concluded.

Similarly, Mollamahmutoglu and Yilmaz (2009) performed UC strength tests after their
samples were subjected to cyclic loading. The results are presented in Figure 3.11 in terms of

gu versus cyclic stress ratio, CSR, and no significant loss of strength is observed as CSR

increases.
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Figure 3.9 (a) UC strength q, test results after cyclic loading versus double amplitude cyclic shear
strain DA(%) at stabilized samples with CS(%)=10 (b) normalized q. over the average q. of samples
before cyclic loading versus DA(%) of cyclic loading of stabilized samples with CS(%)=10 (data:
Gallagher 2000, Gallagher and Mitchell 2002)
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Figure 3.10 Results from undrained monotonic shear tests for stabilized Toyoura sand samples with
CS=4.4 and 6.5% after subjected to cyclic loading (Towhata 2007b)

Figure 3.11 UC strength results after cycling loading on stabilized sand samples in relation with the
CSR of preceding cyclic loading (Mollamahmutoglu and Yilmaz 2009)

3.2 Cyclic behavior of stabilized sands

The improvement mechanism of pore fluid enrichment with CS solutions has not been fully
understood microscopically, but results from laboratory experiments systematically indicate
the important contribution of CS on the increase of liquefaction resistance of stabilized soils.

For example, Gallagher and Mitchell (2002) first presented the results of cyclic undrained
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triaxial tests on Monterey 0/30 sand samples with and without the addition of CS solution.
Stabilization with Ludox-SM® led to a significant increase of liquefaction resistance in
comparison with untreated sand samples. Figure 3.12 (a) and (b) present the axial strain
evolution during cyclic loading for stabilized and untreated sand samples respectively.
Stabilized sand samples developed double amplitude axial strain DA=5% after 12 loading
cycles and at the 13" cycle they essentially collapsed. On the contrary, stabilized sand samples
with CS(%)=10 developed smaller axial strains which accumulated progressively during the

cyclic loading.
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Figure 3.12 Comparison of axial strain accumulation with loading cycles from cyclic (undrained)
triaxial tests with CSR=0.27 on Monterey sand (Dr-22%) (a) untreated, (b) stabilized with CS(%)=10
(Gallagher and Mitchell 2002)

Liao et al. (2003) performed cyclic undrained triaxial tests on sand samples which were taken
from a hydraulic fill site in Taiwan. The stabilized sand samples with CS concentration of
CS(%)=50 per volume developed liquefaction resistance 4 to 7 times greater than the

untreated samples. The effect of treatment with CS on liquefaction resistance further
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increased with an increase of curing time. As resulted from undrained triaxial tests performed
by Towhata and Kabashima (2001) on Toyoura sand (D=40%, emax=1.17, emin=0.77,
Dso=0.17mm), stabilized samples with CS(%)=4.5 had similar response in terms of strains and
liguefaction resistance with this of much denser untreated sands (with relative density of

almost 80%).

Kodaka et al. (2005) performed cyclic undrained torsional shear tests on sand samples
stabilized with CS(%)=4, the type of which is not defined in the publication (Figure 3.13). They
found that stabilized sand develops large strains even at the initial stages of loading, which do
not significantly increase as loading continues and do not lead to collapse or cyclic mobility of

the stabilized sample, unlike what happens to the untreated sample.
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Figure 3.13 Shear stress —shear strain relation for cyclic undrained torsional shear tests for Toyoura
sand (a) untreated (b) stabilized with CS(%)=4 (Kodaka et al. 2005)

Mollamahmutoglu and Yilmaz (2009) performed cyclic triaxial tests on stabilized sand with
Meyco MP320 colloidal silica with a concentration of CS=20% and 25% with different salt
concentrations. The stabilized sand samples were cured for 28 days and were then subjected
to sinusoidal loading with a period of 1s at cyclic stress ratios (CSR) of 0.13, 0.26, 0.39 and
0.52. None of the samples collapsed, even though the loading continued for 1000 cycles. The
pertinent results in terms of CSR versus the post-cyclic unconfined compression were

presented in Figure 3.11 and are not repeated here.

Corral and Whittle (2007) performed cyclic direct simple shear tests on Nevada sand with
D=40% after its stabilization with 5% of colloidal silica. They show increased liquefaction

resistance of stabilized sand which increases further as curing time increases. Similar results
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were presented by Towhata (2007) who showed liquefaction resistance curves for stabilized
sand with CS(%)=4.5 (not Ludox-SM®) at DA=2% and 5% and a relative density of 40%. These
results (shown in Figure 3.14were compared to the liquefaction resistance curve for untreated
Toyoura sand with D,=50% as reported by Toki et al (1986). It is obvious that for any maximum

DA strain value the liquefaction resistance of stabilized sand is significantly increased.
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Figure 3.14 Increase of liquefaction resistance of sand stabilized with colloidal silica (Towhata
2007b)

Diaz-Rodriguez et al. (2008) conducted a series of 21 cyclic simple shear tests under constant
volume on samples of untreated and stabilized Lazaro Cardenas sand, with CS(%)=14.4 (the
type of colloidal silica used is not defined). This is a poorly graded sand which contains fines
content of 11.5%, and has emax=1.17, emin=0.77, Ds;=0.17mm. The tests were conducted on
samples under different initial conditions, namely different initial vertical stress o’y and
different initial relative density Di(%). The results indicate a significant increase of the shear
strength of the stabilized samples and a corresponding decrease of excess pore pressure
development, leading thus to an important increase of liquefaction resistance. It is worth
noticing that CS has a more beneficial effect on sands with small relative densities and large
vertical stresses (Figure 3.15), namely it acts more effectively on sands which are most likely
to liquefy. On the contrary, the benefit seems to diminish for low vertical stresses and higher

densities (Figure 3.16).

A more recent research by Moradi and Seyedi (2015a) showed that untreated samples of
Firoozkooh No161 sand with 0, 10, 20 and 30% of non-plastic Firoozkooh silt liquefied under
cyclic triaxial loading, developed large deformations when liquefaction was triggered and
finally collapsed. The clean sand sample withstood a total of 7 cycles before it collapsed,

whereas the samples with silt content collapsed immediately after the 1% cycle. However, at
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stabilized sand samples with 5% of Ludox-SM® colloidal silica, axial strain was smaller and
none of them collapsed. The results of a clean sand sample are shown in Figure 3.17 in terms
of deviatoric stress versus loading cycles for the stabilized sand sample with D,=20% at
CSR=0.2. The corresponding results for the stabilized clean sand sample are shown in Figure

3.18.

Vranna and Tika (2015a,b) performed cyclic triaxial tests on a quartz sand (M31) stabilized
with CS (Ludox-SM®). Figure 3.19 presents, the CSR required to reach three levels of gpa =1,
2.5 and 5%, for various N values for the stabilized samples at a loose state with CS = 6% (Figure
3.19a) and 10% (Figure 3.19b), under p'o = 100kPa. The numbers of cycles required to reach
epa = 1, 2.5 and 5% are considerably different from each other for both CS = 6% and 10%.
Moreover, as observed in Figure 3.20 there is a remarkable increase of the number of cycles
for liquefaction for the stabilized samples as compared to the corresponding number for the
untreated. In the same figure, it is obvious that the NI values for samples with CS = 6% and

10% are very similar with each other at high CSR values.

Typical results are shown in Figure 3.21 and indicate that the untreated sand samples
experience much larger strain in fewer loading cycles, N, than the corresponding stabilized

samples with the same void ratio e = 0.696-0.700 and CSR = 0.43 value under ¢'0 = 100kPa.

The same researchers also conducted cyclic tests on quartz silty sand with non-plastic fines
content of fc = 10%.sands Figure 3.22 presents the variation of CSR with number NI for eDA =
5%, for stabilized and untreated samples under p’y = 100kPa. There is an increase of NI for
loose stabilized samples with CS = 6%, as compared to the corresponding of the untreated
ones. Furthermore, the NI for samples stabilized with CS=10% is higher and approximately

double the corresponding of the untreated specimens.
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Figure 3.15 Liquefaction resistance curves of untreated and stabilized with CS(%)=14.5 Lazaro
Cardenas sand subjected to cyclic constant volume simple shear tests with Dr=40% and different
initial vertical effective stresses (Diaz-Rodriguez et al. 2008)
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Figure 3.16 Liquefaction resistance curves of untreated and stabilized with CS(%)=14.5 Lazaro
Cardenas sand subjected to cyclic constant volume simple shear tests with D,=60% and different
initial vertical effective stresses (Diaz-Rodriguez et al. 2008)
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Figure 3.17 Axial strain during cyclic loading for untreated Firoozkooh Nol61 clean sand at
CSR=0.20 (Moradi and Seyedi 2015).
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Figure 3.18 Axial strain during cyclic loading for stabilized clean Firoozkooh Nol61 sand at
CSR=0.20 (Moradi and Seyedi 2015).

Figure 3.19 Variation of CSR, with number of cycles N, for stabilized samples with (a) CS = 6% and
(b) 10%, at various values of epa, at p'o = 100kPa (Vranna and Tika 2015a).
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Figure 3.20 Variation of CSR, with number of cycles, N, required for epa = 5% for untreated and
stabilized with CS=6,10% M31 sand (Vranna and Tika 2015a).

Figure 3.21 Variation of double amplitude axial strain, epa with time, t, for stabilized and untreated
sands, for e = 0.696-0.700 and CSR = 0.43 under ¢'0 = 100kPa (Vranna and Tika, 2015b).
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Figure 3.22 Variation of CSR, with number of cycles, N, required for epa = 5% for untreated and
stabilized with CS=6,10% quartz silty sand.refrenxipkl

3.3 Dynamic behavior of stabilized soils

In this paragraph the dynamic behavior of stabilized soils will be presented, firstly in terms of
the (small - strain) shear modulus Gmax, as measured from resonant column tests and shear
wave velocity measurements of the new geomaterial, and then in terms of the minimum
hysteretic damping Dmin (again at small strains). Then, emphasis will be given on the
normalized shear modulus (G/Gmax) degradation versus cyclic shear strain and also on the

corresponding increase of hysteretic damping D.

Spencer et al. (2008) conducted resonant column tests at samples stabilized with CS (%)=5
and 9 using Ludox-SM. A small difference in the shear modulus G with increasing
concentration of colloidal silica in the gel-sand mixtures was observed and the shear modulus
of all colloidal silica gel-sand mixtures seems to be slightly higher than the shear modulus of
untreated sand in the small cyclic strain region, as shown in Figure 3.23. The corresponding
damping ratio of stabilized and untreated sand are compared in Figure 3.24. It can be
concluded that the effect of introducing colloidal silica into the soil matrix on the damping

ratio is negligible.
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Figure 3.23 (Secant) shear modulus for stabilized and untreated sand samples of Nevada sand at
mean stress 50kPa and relative density 50% (Spencer et al. 2008a).

Figure 3.24 Hysteretic damping ratio for stabilized and untreated sand samples of Nevada sand at
mean stress 50kPa and relative density 50% (Spencer et al. 2008a).
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Particularly, focusing on the dynamic response at small cyclic strains, the same data show that
stabilization with colloidal silica leads to a generally small increase in the elastic shear modulus
Gmax, of 10% on average (Spencer et al. 2008). On the contrary, at medium cyclic strains, the
same data show no substantial effect on the normalized shear modulus G/Gmax degradation
(Figure 3.25) with cyclic shear strain based on the interpretation of Andrianopoulos et al.

(2015), i.e. the stabilization effect may be considered important for Gmax only.

Figure 3.25 Effect of colloidal silica on the normalized shear modulus G/Gr«degradation curves
with cyclic shear strain level (Andrianopoulos et al. 2015, data from Spencer et al. 2008).

Conlee (2010) conducted shear wave velocity measurements using pulse wave and bender
element testing on Nevada No120 sand with relative density Dr=41% stabilized with different
concentrations per weight of colloidal silica (Ludox-SM®). The pulse wave testing was
performed within the centrifuge container inflight sand. For example, Figure 3.26 presents
the locations of accelerometers in one model configuration (named CTCO01), where the left
side was stabilized with CS(%)=9 and the right side was left untreated. The measurements
resulted from five different pulse waves with different peak base acceleration (PBA) values.
The bender element testing was used to estimate the shear wave velocities of the stabilized
(and untreated) soils at various depths. Similar measurements were performed in a second
model configuration (named CTC02) the left side was stabilized with CS(%)=4 and the right
side with CS(%)=5.
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Figure 3.26 Instrumentation Layout for Pulse-wave testing in CTCO1 (Conlee 2010).

In order to make the comparison of the shear wave velocity V; results of the stabilized and
untreated sand more direct, Figure 3.27 shows the comparison of the Vs measurements of the
untreated sand versus the corresponding measurements of the stabilized sand at the same
depth, assuming different symbols for the different CS(%) concentrations, based on the CTCO1
and CTCO2 test results of Conlee (2010). Since accelerometers were not all located necessarily
at the same depths, the reference Vs values (and depths) were those of the untreated sand,
and the corresponding values of stabilized Vs were obtained by assuming linear interpolation
(in terms of depth) between measurements slightly above and below. The diagonal line in this
diagram corresponds to a fully independent of passive stabilization Vs value. The results
indicate a systematic increase of V, due to stabilization which is approximately equal to 12%
(with significant scatter). However, the exact value of CS(%) concentration does not seem to
affect the values of Vs, as for CS(%) values of 5 and above the effect of stabilization seems
practically the same on the value of V at least for CS values up to 9%. Note that this 12%
higher V; corresponds to a 25% higher Gmax value, thus making the stabilization effect on Gmax

ranging from 10% - 25%.
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Figure 3.27 Comparison of Vs values of a stabilized sand (with CS(%)=5.25 and 9) with those of
untreated similar sand at the same depths based on the results of Conlee (2010).

3.4 Centrifuge and field testing of stabilized soils

There are only a few centrifuge and field tests on stabilized sands in the literature, testing
their liquefaction resistance. Firstly, emphasis is set on Gallagher et al. (2007a) who performed
centrifuge tests using Ludox-SM® colloidal silica with a concentration of CS(%)=6 in order to
stabilize a loose horizontal liquefiable Nevada No120 sand layer under two base excitations.
The sand layer had a height of 10m in prototype units and was subjected to two (2) seismic
excitations with 20 sinusoidal cycles at a frequency of 2Hz with uniform peak ground
accelerations of 0.20 and 0.25g (in prototype scale) parallel to the base of the laminar box. It
was found that the soil layer stabilized with CS did not liquefy at neither of the two (2) seismic
events and the ground motion was amplified at the surface of the layer. For the stabilized
sand, measured shear strains reached approximately 1%, while the untreated layer with
similar depth and density exhibited shear strain values which ranged from 3% to 5% according
to Taboada’s results (1986) for base accelerations of 0.23g and 0.25g respectively. For both
shaking events the stabilized sand did not liquefy during shaking and did not depict de-
amplification of the ground motion; rather it even showed significant amplification after the

3-4 cycles. Settlements of stabilized sand were much smaller than those of the untreated sand
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but are not nullified. It should be mentioned that there are uncertainties arising from this
experiment, since the settlements developed during the second shaking event (0.25g) were
smaller than those developed during the first event of lower intensity (0.20g). The time-

histories of these settlements are presented in Figure 3.28.
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Figure 3.28 Accumulation of settlements for the first (0.20g) and the second (0.25g) 1D shaking
event (Gallagher et al. 2007a) for a 10m-thick stabilized sand layer.

Conlee et al. (2012) performed two centrifuge set of tests in order to evaluate the
effectiveness of CS solutions to mitigate liquefaction at soil layers with a small inclination, at
which lateral spreading is highly possible to occur towards a free face. The model consisted of
two slopes with a 3° inclination towards a 3m wide central channel. The slopes consisted of
three (3) layers with the following properties: (a) a 0.75m bottom layer of dense Monterey
No0/30 sand, (b) a 4.8m middle layer of liquefiable Nevada No120 sand and (c) a superficial
layer of Yolo loam silty clay which is of low permeability. In the first set of tests, (CTCO1) the
left slope was stabilized with CS(%)=9% Ludox-SM® and the right slope remained untreated,
whereas in the second set of tests (CTC02) both slopes were stabilized with CS(%)=4 and
CS(%)=5, respectively. The geometry is indicatively shown in Figure 3.26. Eight (8) sequential
base excitations were applied which consisted of 20 sinusoidal cycles with peak accelerations
that ranged from 0.007g to 1.3g and had a frequency of 2Hz. The results of the tests indicate
that passive stabilization reduces significantly both soil settlement and lateral spreading
displacements at soil layers with small inclination as shown in the respective time-histories in

Figure 3.29.
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In terms of accelerations, it was observed that for usual values of peak base accelerations
(0.1g<PBA<0.56g), stabilized soils retained their stiffness and strength, in comparison with
untreated soil where amplification of the ground motion was observed at the same depth of
the layer at the first cycles before liquefaction occurred followed by de-amplification in the
subsequent cycles. Based on the acceleration and pore pressure responses the untreated
loose sand layer continued to liquefy for successive shaking events. For larger values of peak
base acceleration (PBA>0.56g) stabilized soil with CS(%)=4 and 5 also showed amplification of

the ground motion, since no liquefaction occurred.
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Figure 3.29 Accumulation of settlements (left) and lateral displacements (right) of the two adjacent
banks during the first five shaking events of test series CTCO1 and CTCO2 (Conlee et al. 2012)

Pamuk et al. (2007) performed two (2) centrifuge tests with centrifugal acceleration of 50g, in
an effort to simulate the soil — pile interaction of a 2x2 end bearing pile group embedded on
a multilayer soil. In prototype scale, the soil profile included (a) a 2m bottom layer of slightly
cemented Nevada sand on which the pile group was founded, (b) a 6m layer of liquefiable
Nevada sand with D,=40% and (c) a 2m superficial layer of slightly cemented sand. The top
layer simulated a non-liquefiable layer, where full drainage is allowed and the bottom layer a
non-liquefiable medium to dense sand layer. The soil had an inclination of 2° to the horizontal,
which corresponds to 5°in prototype scale. The piles had a diameter of d=0.6m, stiffness equal

to EI=8000kNm?, were spaced at a distance of 3d and founded on the bottom layer. The pile
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cap had dimensions of 3mx3mx0.7m and was placed on the upper layer. The geometry and
instrumentation of the test is presented in Figure 3.30. In the first test (model 1), the
liguefiable Nevada sand layer remained untreated and in the second test it was stabilized with
CS(%)=5, Ludox-SM® (model 2). A significant reduction of lateral displacements was observed
in both free field and at the foundation of the pile group, as shown in Figure 3.31. The bending
moments and axial forces of the piles were also reduced, since the stabilized sand did not

liquefy contrary to what occurred in the untreated sand layer.

Figure 3.30 Geometry and instrumentation of the centrifuge model (Pamuk et al. 2007)

Figure 3.31 Comparison of lateral displacements on free ground surface and on the pile cap for
untreated (Model 1) and stabilized with C5(%)=5 Nevada sand (Model 2) (Pamuk et al. 2007)
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Finally, Gallagher et al. (2007b) performed a full-scale field test in order to investigate the
ability of a CS solution to be properly injected in situ and thus reduce the liquefaction induced
settlements of a soil layer subjected to a dynamic excitation. They injected a CS(%)=7 solution
using a central extraction well and eight (8) equally spaced injection wells at a 9m diameter.
The treatment area layout is shown in Figure 3.32. For the permeation of the grout a 2-stage
bottom up process was used and the injection rate was approximately 13L/min. The upper
one third of a 10m soil layer was stabilized with CS and was subjected to blast induced
liguefaction. The results showed a reduction of settlements at the surface of the layer.
However, results from CPT and shear wave velocity profiles showed that the cone tip
resistance, friction ratio and shear wave velocity were not improved due to stabilization, thus
posing a problem for depicting the quality of application of passive stabilization in situ with

these methods.
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Figure 3.32 Treatment area layout for the in situ CS injection test (Gallagher et al. 2007b).

3.5 Numerical simulation of stabilized sand response

This paragraph outlines the single attempt in the literature to numerically simulate the
response of stabilized sands. As previously mentioned, the improvement mechanism of pore
fluid enrichment with colloidal silica has not been microscopically understood. The mechanical

response of stabilized sands has been studied only macroscopically via the tests summarized
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in paragraphs 3.1 to 3.4 above. The only effort to simulate the response of stabilized soils was
done by Kodaka et al. (2005), who extended an existing elastoplastic constitutive model for
sands proposed by Oka (1993) using the work of Adachi and Oka (1993) for soft rocks in order
to simulate the seemingly increased “cohesion” resulting from stabilization. The results of the
element tests were satisfactorily simulated at least qualitatively, whereas, quantitatively,
smaller deformations were simulated for the stabilized soil compared to the laboratory data.
More specifically, their numerical simulation was able to simulate both the shear strength
increase of the stabilized soil and the shear strain accumulation which occurs when the stress

path reaches the Phase Transformation Line (PTL).

In the same publication, a 33.48m sand column was simulated with a typical soil profile of
Tokyo Bay. The upper 3.28m of this layer consist of alluvial liquefiable sand and the simulation
was performed using the model constants which were calibrated from the element tests. The
results of the numerical simulation showed that within the stabilized sand layer, excess pore
pressure development is less intense and finally significantly smaller than that of untreated
sand as shown in the time-histories of excess pore pressure ratio of Figure 3.33. Moreover,
the same analysis shows that the acceleration time histories at various depths of the soil
column, a small amplification is to be expected at the surface of the stabilized sand column,

contrary to the liquefaction — induced de-amplification of the untreated layer as depicted in

Figure 3.34.
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Figure 3.33 Excess pore pressure development from numerical simulation for stabilized and
untreated sand at 4.98 m depth from the surface (Kodaka et al. 2005)
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Chapter 4

VISCOSITY MEASUREMENTS OF COLLOIDAL SILICA SOLUTIONS

4.1 General

The rheological properties of colloidal silica (CS) dispersions, as discussed in previous chapters,
make them very attractive stabilizers for the application of passive site stabilization. Their low
initial viscosity values, which make them easily injectable and the convenience of achieving
the desirable gel times are two of the main advantages of using CS as a stabilizer. The
importance of understanding the rheological behavior of CS has led many researchers to
conduct viscosity measurements of different CS dispersions and study the effects of different
parameters on gel time, as mentioned in Chapter 2. In an effort to further extend the existing
data and account for new parameters which significantly affect the evolution of CS viscosity,
a wide range of viscosity measurements has been conducted at the University of Thessaly
(UTh), Greece, as a part of this Thesis, all for the selected type of CS named Ludox-SM® (see

rationale in Chapter 1).

As deduced from Chapter 2, different gel times can be achieved by altering the basic
properties of the CS solutions: colloidal silica concentration per weight CS (%) in the solution,
pH value, and cation normality N (NaCl in this Thesis). As will be shown here, the results
presented herein concur with the literature but also highlight another important parameter
that affects gel time and so far was considered negligible, the temperature T of the solution.
Viscosity measurements at different temperatures T showed its important effect on the gel
time of CS solutions, and this may prove a critical factor if one considers applying passive
stabilization in situ (where the temperature remains fairly low, approximately 15°C, below

room temperature usually).

In addition, a statistical analysis of a large dataset of viscosity measurements at different
temperatures enabled the proposal of a set of design charts and equations for predicting gel
time and the viscosity versus time relation of CS solutions (Ludox-SM®). Emphasis is given on
different parameters and how they influence gel time, as well as to a comparison of the

laboratory data with the literature.
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4.2 Equipment — materials — methodology

Viscosity measurements were performed at the Laboratory of Geotechnical Engineering at the
University of Thessaly (UTh) in Greece, and are focused on Ludox®-SM, possibly one of the finest
types of colloidal silica (CS) in the market (mean diameter of 7nm) for the reasons outlined in
Chapter 1. The basic properties of this type of CS are outlined in Table 1-1.

Table 4-1 Properties of colloidal silica solution Ludox-SM ® (Gallagher, 2000)

In order to investigate all the basic parameters that affect gel time as well as the viscosity
versus time curves of CS, a wide range of viscosity measurements were performed by
employing a Brookfield LVDV-II+PX rotational viscometer (Figure 4.1). The viscometer uses a
UL adapter for the accurate measurement of ultra-low viscosity values. The principal of a
rotational viscometer is that the torque (amount of torque resistance measured by a rotating
spindle immersed in a material) required to turn an object, e.g. a spindle, in a fluid indicates
the viscosity of the fluid. It actually measures the torque required to rotate the spindle in the
fluid at a known temperature. In order to decide which speed (in rounds per minute, rpm
values) will be used for viscosity measurements a trial and error method was performed. The
fluid chosen for this procedure was de-ionized water, because it has a known viscosity, equal
to 1cP at 25°C which is near the initial viscosity value of diluted CS solutions (where silica is
mixed with de-ionized water). According to Brookfield viscometer’s manual, an appropriate
selection of the speed that will be used will result in measurements made between 10 and 100
on the instrument % torque scale. In practice, when applying a specific speed to the spindle, if
the reading of the torque on the viscometer is below 10% or above 100%, then the user must
choose another speed to obtain a reading in the recommended range. Considering that,
viscosity range is inversely proportional to the rotational speed, the results of this process are
shown in Figure 4.2, where the torque (%) and the measured viscosity (cP) of de-ionized water

are plotted against spindle speed (rpm) in the same diagram. The right y-axis shows the
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viscosity values, which correspond to the red line in the diagram, whereas, torque (%) is shown
in the left y-axis and is presented by the blue continuous line in the chart. The blue shaded
area shows the acceptable measurements of the torque and the red dashed line the viscosity
value of water (=1cP). A speed of 40rpm, seems to offer the best results, as it measures a
viscosity value equal to 1.03cP and the torque is 11%, a value within the recommended range.
Higher spindle speeds offer acceptable values of torque but not acceptable values of viscosity,
whereas lower spindle speeds are out of the acceptable torque range. When measuring the
viscosity of CS dispersions, the deviation of the measurements at different rpm values
becomes smaller, and negligible when the viscosity increases to almost 3cP, as shown in Figure
4.3, where the spindle speed effect on viscosity of a typical CS dispersion is studied. This
procedure shows the sensitivity of viscosity measurements at very low values, and how rpm >
100 may lead to unrealistic values of initial viscosity of CS solutions. Also note, that the
calibrated use of 40 rpm for low viscosities required to be reduced when the CS viscosity
reached high values (e.g. 100cP), in order to retain the torque within the acceptable range

according to the user’s manual of the equipment.

Figure 4.1 Brookfield LVDV-II+PX rotational viscometer at the University of Thessaly.
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Figure 4.2 Relation between torque and viscosity measurements at different rom values using the

viscometer of Figure 4.1.

CS=10%, 0.1N
T=25°C, pH=5.93
speed (rpm)

—e— 200
—e— 100
o— 50
—a— 40

viscosity, u (cP)
N

—e— 20

1 \ \ | 1

0 0.05 0.1 0.15 0.2 0.25
time (days)

Figure 4.3 Spindle speed effect as viscosity evolves for CS= 10%, 0.1N, pH=5.93 solution at T=25°C.

A Brookfield TC-150 water bath was used for retaining constant temperature, which is shown
in Figure 4.4. All materials used for the CS dispersions were placed in the water bath before
mixing, in order to obtain correct measurements at the initial stages of viscosity evolution. The
connection of the water bath with the viscometer was achieved with the assembly presented
in Figure 4.5 by circulating water around the black cylinder, within which, the guardleg is placed

and the viscosity is measured, by mounting the UL adapter for very low viscosities.
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Figure 4.4 Brookfield TC-150 water bath at the University of Thessaly.

Figure 4.5 Connection of water bath to viscometer.

The Ludox®-SM colloidal silica used herein is a Sigma-Aldrich® product, which is commercially
available at a concentration of CS=30%, pH value approximately equal to 10 and a density of
1.22 g/mL at 25°C. CS dilution was achieved by adding deionized water until the desired CS(%)
per weight. The pH of the solution was adjusted by adding small quantities of hydrochloric
acid (HCI), product of Sigma Aldrich®, with a concentration of 37%, molecular weight
MW=36.46g/mole and density 1.20 g/ml at 25°C. The quantity of the added HCl is not
considered important, because its weight was negligible in relation with the total weight of
the final CS solution. The pH values were measured, using a Metrohm mobile pH-meter, type

826. The salt used for increasing the ionic strength of the final solution was pure sodium
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chloride, NaCl (>99.8% purity), product of Sigma-Aldrich® with molecular weight of
58.44mole. The salt concentration was measured in terms of normality, which means that the
content of the solution in sodium chloride equal to 1N corresponds to 58.5g in 1lt of solution.
Sodium chloride (NaCl) was chosen instead of other salts (for example CaCl;) because it is
commonly found in nature and particularly in underground water tables at sites near the sea,
where passive stabilization has the potential to be used as a ground improvement method.
For the measurement of the quantities of the materials required for the preparation of the
solutions a scale of two-decimal accuracy was used (accuracy of £0.01 gr). When the prepared
CS solution reached the desirable values of pH and NaCl concentration, a 60mL sample was
removed and the remaining solution was lowered to the next target pH following the same

procedure of adding HCI.

A total of 61 colloidal solutions were prepared and their viscosity versus time curves were
measured. It should be mentioned that before preparing these 61 solutions, more CS solutions
were prepared but temperature was not measured because its effect was not initially
considered important based on the literature. Moreover, the spindle speed was set to
200rpms following literature guidelines and the initial viscosity measurements cannot be
considered accurate. Only the solutions which take into account the temperature effect and
their viscosity was measured with the right spindle speed will be presented hereafter. These
solutions cover a wide range of pH values, from 3 to 7.5, three different NaCl concentrations
of 0, 0.03 and 0.1N, three different CS (%) concentrations of 5, 7.5 and 10 (and two more
samples with CS concentrations of 6.75% and 8.25% at specific pH and N values so that enough
CS (%) concentrations have been tested and a safe conclusion of CS effect on gel time can be
deduced) and four different temperatures (25 °C, 20°C, 15 °C, 5°C) for a limited subset of CS
(%), pH and N values The overview of the CS solutions for T= 25°C is presented in Table 4-2,

while the overview of CS solutions at T< 25°C is presented in

Table 4-3 . In all tested cases, the gel time ranged from a few hours to almost a month, thus
covering practical applications of passive stabilization. This range is an outcome of the

selected range of variation of the controlling parameters, for which the following should be

noted:

. values of CS lower than 5% do not lead to firm gels, while values larger than 10% are rather
costly and unnecessary for passive stabilization (Gallagher and Mitchell 2002)

) pH values lower than 3 and higher than 8 lead to very high gel times, which would not be

used in the practice of passive stabilization,

64

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



. higher values of NaCl concentration are physically possible, but would not be used in practice

since they would lead to very small gel times (in the order of hours, for the CS values of

interest)

. temperature below 5°C and above 25°C is not usually attained underground and hence of

interest for passive stabilization.

Table 4-2 Properties of CS solutions tested at T = 25°C (total number of tests 40)

S (I\:]?)Crlr:igl?t(;?n’\;c)ratlon S o srsz&es
5 0.03 430-550 |3
5 0.1 440-650 |5
6.25 0.1 6.00 1
7.5 0 4.40-570 |4
7.5 0.03 450-6.00 |4
7.5 0.1 490-7.00 |5
8.75 0.1 6.00 1
10 0 4.40-650 |5
10 0.03 4.20- 6.50 5
10 0.1 4.50-7.50 7

Table 4-3 Properties of CS solutions tested at T < 25°C (total number of tests 21)

NaCl Number
T CS (%) concentration pH range
. of samples
(normality, N)
5 10 0.1 5.00-7.00 3
15 10 0.1 5.00-7.00 3
15 10 0.03 5.00-6.00 3
15 7.5 0.1 5.50-6.50 3
20 10 0.1 4.40-6.00 3
20 10 0.03 4.80-6.00 3
20 7.5 0.1 5.50-6.40 3
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4.3 Controlling parameters of CS rheology

From the previous sections of this Thesis it has become evident that the gel time of a colloidal

silica solution is highly affected by five (5) parameters:

Particle size of colloidal silica used

e Concentration of colloidal silica in the solution, CS (%), per weight
e (Cation (salt) concentration in the solution, in terms of normality
e pH value of the solution

e Temperature of the solution

As stated above, the time required for gelation of a CS solution is called gel time and therefore
every solution has its own gel time depending on the above parameters. In this study, gel time
will be defined as the time from mixing of the solution to when the viscosity reaches a value
equal to or greater than 100cP, because from that time and after, the formation of a firm gel
is imminent. This definition agrees with the literature (i.e. Gallagher 2000) and results from
the inability to perform viscosity measurements on fully formed gels, at least with a rotational

viscometer.

The influence of particle size of colloidal silica will not be investigated in this research because

Ludox®-SM, with a particle size of 7nm, is used in all the CS solutions tested.

Colloidal silica concentration (per weight) of the solution is one of the most important factors
affecting gel time based on the literature (see Chapter 2). In order to quantify its effect,
measurements were performed on solutions with different CS concentration, but the same
pH, NaCl normality and temperature. Figure 4.6 illustrates the viscosity versus time curves of
five CS solutions, with pH= 6.00, salt normality equal to 0.1N, measured at constant
temperature of T =25°C and CS (%) increasing gradually from 5% to 10%. These concentrations
were chosen because they are cost-effective and can adequately improve the mechanical
characteristics of a liquefiable soil. A monotonic effect of CS (%) on gel time is clearly indicated
from this figure. The solution with the smaller CS(%)=5 leads to a gel time equal to 1 day and
this gel time decreases to 0.22 days as CS(%) is increased by two times. The intermediate CS

concentrations give gel times between these two ultimate values.
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Figure 4.6 Typical effect of CS (%) on the viscosity versus time curve of CS solutions (pH=6.00, 0.1N,
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Figure 4.7 Typical effect of NaCl concentration on the viscosity versus time curve of CS solutions
(pH=6.00, CS= 10% , 25°C)

The influence of NaCl concentration on gel time is shown in Figure 4.7 where viscosity versus
time curves of three solutions with different normalities, but the same CS (%), pH and
temperature are presented. More specifically, the properties of these three CS solutions are:
pH=6.00, CS (%) =10, at T = 25°C and their normalities equal to 0, 0.03, 0.1N. A monotonic
effect of NaCl concentration is also observed herein, as the solution with the greater salt
normality leads to a fairly lower gel time. As the salt concentration increases, gel time
decreases, and a change of normality from ON to 0.1N can cause a 4-fold decrease on gel time.

This monotonic effect was found to hold true for all CS solution combinations measured.

67

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



The pH value of the solution is a crucial parameter for the gel time. As deduced from Figure
4.8, the pH effect is not monotonic, in contrast to the effects of CS (%) and NaCl normality
which have a monotonically decreasing effect on gel time. For CS (%) =5, 0.1N and T = 25°C
the minimum gel time occurs at pH=6.00 (a value compatible with the literature), while the
pH ranges from 4.23 up to 6.53. In order to have a better understanding of the pH effect on
gel time, the so-called “gel time curves” were constructed on the basis of data from the
viscosity versus time curves for all combinations of (NaCl, CS(%), T) measured by plotting gel
times against the corresponding pH values. Figures 4.9-4.11 show these gel time curves for
pairs of (NaCl, CS (%)) equal to (0.1N, 5), (0.1N, 10) and (0.03N, 10) in comparison with the
literature results (all our data here are for T = 25°C). It is clear from all three figures that the
gel time curve has the shape of a symmetric inverted bell, and this was observed for all (CS,
N) combinations outlined in Table 4-2. The small differences between the hereby measured
gel times and the literature data may be attributed to the fact that temperature of CS solutions
in the literature are not reported and probably was neither kept constant nor measured.
However, it may be assumed that literature measurements were conducted at room
temperature (approximately 20 - 23°C) and so the slightly higher gel times may be rationally

justified.

Another conclusion that can be drawn from Figures 4.9 — 4.11, is that for each (CS, N)
combination there is an “optimum” pH value (pHopt), Which corresponds to a minimum gel
time (tgmin) between the values of pH=5-6. This typical response for all (CS, N) combinations
has been explained in the literature (Gallagher 2000) and has been presented in detail in
Chapter 2. As an effect, similar gel times can be achieved by using many combinations of (CS,

N, T, pH) depending on the needs or limitations at hand.

The full set of viscosity measurements performed in this Thesis can be found in Appendix A,
and are not presented in this Chapter which emphasizes on the effects of the controlling

parameters.
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Figure 4.11. “Gel time curve” for C5=10%, 0.03N, T=25°C and comparison with the literature.
(Gallagher, 2000)

A new parameter systematically introduced herein is the effect of temperature on gel time.
Until now, all studies on the rheological behavior of CS solutions that were related to passive
stabilization (at least) did not take into account temperature changes and did not mention at
which temperature the measurements were conducted. Figure 4.12 shows the importance of
temperature T on the rheology of CS solutions. This figure presents the viscosity versus time
curves of four CS solutions measured at different temperatures (5°C, 15°C, 20°C and 25°C) and
it is clear that when temperature T increases there is a corresponding decrease of gel time.
This trend was observed at all pertinent measurements for other combinations of (CS (%), pH

and N) and indicates the monotonic influence of temperature on gel time. In Figure 4.13 the
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“gel time curves” of three CS solutions with CS (%)=10, 0.03N at temperatures of 15, 20 and
25°C are presented. For C5=10% and 0.03N, a decrease of temperature from 25°C to 15°C is
followed by an increase of gel time from 0.43 days to 1.17 days, namely a 2.72 times increase.
What is remarkable here is that regardless of temperature, for the same CS solution
characteristics, measurements show that the pH value which corresponds to the minimum gel
time remains practically the same. Figure 4.14 and Figure 4.15 show the “gel time curves” of
CS solutions with CS (%)=10, 0.1N and CS=7.5%, 0.1N, which also lead to the same conclusions.
Hence, the value of pHopt for every combination of CS(%), N and T measured ranges from 5-6,

in agreement with the literature.
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Figure 4.12: Typical effect of temperature T on the viscosity versus time curves of CS solutions
(CS=10%, 0.1N and pH=6.00).
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Figure 4.13 Effect of temperature T on “gel time curves” of CS solutions with C5=10% & 0.03N, and
comparison to literature data (performed at unknown room temperature).
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Figure 4.14 Effect of temperature T on “gel time curves” of CS solutions with CS=10% & 0.1N, and
comparison to literature data (performed at unknown room temperature)

4.4 Gel time of colloidal silica solutions

The effectiveness of passive stabilization relies on the proper delivery of CS solutions at the
target location at the appropriate time. If the solution gels prematurely, then the solution will
not reach the target location. On the contrary, if the solution gels after the expected time

some material will have been injected in vain thus increasing the cost.

Aiming to predict correctly the gel time, all the controlling factors that affect CS rheology,
must be taken into account. Hence, this paragraph presents a statistical evaluation of the gel
time measurements with the obvious task to propose an approximate methodology for
predicting gel time. In order to find a simple way to predict the gel time of different CS
solutions, all laboratory data were first gathered in one plot, illustrated on Figure 4.15. It is
obvious that the range is huge and requires a methodology of considering the effects of the

controlling parameters.

Hence, in this effort, Figure 4.16 presents the minimum gel times (tgmin) measured at different
NaCl normalities as a function of CS (%), at the corresponding pHopt for each case, for solutions
tested at T = 25°C. The monotonic effects of both CS(%) and NaCl normality become clear in
this figure. Particularly, the CS (%) concentration seems to affect more gel time, as a twofold
decrease of CS (%) from 10% to 5% is followed by an eightfold increase in gel time. In terms
of NaCl normality, the gel time is not so dramatically affected, since an increase from 0.03N

to 0.1N leads to an approximately 3.3 times smaller gel time. Minimum gel times of CS
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solutions measured at other temperatures are not presented here, because the effect of

temperature T is considered in the sequel.
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Figure 4.15 Summary plot of the gel times versus pH for all 61 tested CS solutions.

In correspondence with Figure 4.16. Figure 4.17 is also constructed, where the pHq: is plotted
against CS (%) concentration. This figure also includes three lines which correspond to the
average values of pHopt at NaCl normalities of 0, 0.03 and 0.1N. The data included in the graph
are from all samples tested both in the laboratory and in the literature regardless of the
temperature of the CS solution. The data in this figure show that the pHq: is very slightly (if at
all) affected by CS (%), but there is a small increasing effect of normality. More specifically, an
increase of NaCl normality causes an increase of pHopt, and this trend seems more intense at
low CS concentrations. For example for CS=5% the addition of NaCl from ON to a normality of
0.1N leads to pHop: from 4.89 to 5.50, whereas for CS=10% the same addition of NaCl changes
pHopt from 5.30 to 5.60.

Now, based on Figures 4.9, 4.10, 4.11, 4.13 and 4.14, all “gel time curves” constructed for
different combinations (CS (%), N, T) share the same shape of an almost symmetrical inverted
bell. Hence, if all such curves are normalized to the corresponding minimum gel time, tgmin,
and optimum pH value, pHqp, of each combination, then a unique normalized design curve
may be defined as shown in Figure 4.17. In addition, the solid line may be defined as a best fit
of the laboratory data. This conclusion is the final step of an approximate and easy to use
method for designing passive site stabilization by only choosing the appropriate properties of
CS solution to be injected. The reason is that the actual “gel time curve” may be reconstructed,

by estimating the tgmin and pHop: via Figures 4.16 and 4.17, respectively.
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Figure 4.16 Relation between the minimum gel time, tymin, of colloidal silica solutions and the CS(%)
for three different NaCl normality values and the same temperature (T=25°C)

0.1N ° 9
97

_ 0.03N
Io 51— ’/f
o 0.0N
B o 0.N
O 003N Gallagz_l'lli(?§2000)
4 o 0.0N )
e 0.1N
®  0.03N this paper
i e NS (T=25°C)
3 1 I 1 I 1 I 1
4 6 10 12

8
CS (%)

Figure 4.17 Relation between the optimum pH (related to tymin), pHopt, Of colloidal silica solutions
and the CS(%) for three different NaCl normality values and the same temperature (T=25°C), and
comparison to literature data (performed at unknown room temperature).
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Figure 4.18 Normalized “gel time curves” of all colloidal silica solutions tested (CS=5-10%, 0.0—
0.1N, T=5-25°C) and the average design curve.

As previously mentioned, temperature T is a parameter that affects the gel time and should
be taken into account when designing passive stabilization. In order to include the effect of
temperature in the design procedure, a correction factor for temperature T may be defined.
The basic conclusion that allows for using just a correction factor for temperature T is that the
pHopt remains unaffected and so all the effect may be considered applied on the tgmin of the
normalized “gel time curve of Figure 4.18. in order to investigate these effects Figures 4.19
through 4.21 present this effect directly on the gel time of solutions having different

combinations of (CS (%), N, pH).

More specifically, Figure 4.19 shows the gel times of solutions with CS=7.5% and NaCl
concentration of 0.1N, Figure 4.20 the gel times of solutions with CS=10% and NaCl
concentration of 0.1N and Figure 4.21 the gel times of solutions with CS=10% and NaCl
concentration of 0.03N. In all these cases, it is obvious that as temperature decreases, the gel
time increases significantly. In other words, the minimum gel times appear for the maximum

tested temperature of T=25°C.
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Figure 4.19. Effect of temperature on gel time for CS=7.5%, 0.1N at three different pH values (6.5,
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Figure 4.20 Effect of temperature on gel time for CS=10%, 0.1N at three different pH values (7.0,
6.0, 5.0)

Hence, if all the gel time data are plotted normalized to their minimum value at T=25°C, then
Figure 4.22 may be considered, where the normalized gel time (tg/t(25°C)) is plotted versus
temperature T. Observe that the range is not large and that the average curve gives the
correction factor of temperature T, at least in the range of T = 5 - 25°C regardless of the
solution characteristics. Note that this effect is not linear, since as temperature increases,
there is a corresponding decrease in gel time but the rate of decrease does not remain

constant with temperature. More specifically, a 10°C change of temperature from 25 to 15°C
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causes an increase of gel time by 2.5 times, whereas a 10°C change from 15 to 10°C leads to

a 4.1 times increase.
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Figure 4.21 Effect of temperature on gel time for CS=10%, 0.03N at three different pH values (6.0,
5.5,5.0)

All figures presented before, can be used if someone would like to predict gel time for one
specific combination of CS solution properties by following three simple steps. For a given (CS,
N) Figure 4.16 and Figure 4.17 give tgmin and pHopt. This tgmin value corresponds to a
temperature of T = 25°C, so if the temperature used during the injection is lower, correction
of tgmin is Nnecessary. To do so, one may multiply the tgmin at 25°C (from Figure 4.16) with the
correction factor taken from Figure 4.22. By estimating all these parameters, “gel time curves”
can be reconstructed and the t; can be calculated through Figure 4.18, as a function of the pH.
Note that this procedure may be inversely used as well, by knowing the required tgand CS (%),

one may back estimate the required normality N for a given pH, or the opposite.

The accuracy of this method is evaluated in Figure 4.23, where the horizontal x-axis represents
the measured gel times and the vertical axis the predicted gel times of all 61 CS solutions with
known properties and temperature. The same figure includes the 100% accuracy line (red
continuous line), where the measured gel time equals to the predicted gel time. Overall, the
predictions follow closely the measurements, with small uniform scatter and standard
deviation of the relative error equal to +14% (red dashed lines). To better quantify the
accuracy of the proposed method of estimating the CS solution gel time (via Figures 4.16, 4.17,
4.18 and 4.22), Figure 4.24 plots the relative error of the predicted gel times versus the

controlling parameters: CS (%), T, NaCl normality and pH. The plots in this figure show that
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there is no consistent bias of the error as a function of these controlling parameters and that

the relative error is uniformly distributed in terms of these parameters.
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Figure 4.22 Normalized decreasing effect of temperature T on gel time ty of CS solutions (CS = 7.5
—10%, 0.03 — 0.1N), and the average design curve.
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Figure 4.24 Relative error in predicting gel time tg of CS solutions, as a function of the four (4)
independent controlling parameters: (a) CS(%), (b) T, (c) NaCl normality, (d) pH.

4.5 Viscosity evolution of CS solutions before gelation

For the quality control of the low pressure injection of CS solutions, the gel time is not the
only parameter that should be taken into account. The initial stage of the viscosity versus time
curve, i.e. the stage that viscosity increases up to 3-6¢P is also a vital parameter for the
effective injection of CS. As deduced by the literature findings of Chapter 2, as the viscosity
increases, the flow rate decreases (under constant injection pressure). As a result, the
prediction of the rheological behavior of the CS solution in this early stage (before gelation) is

crucial for its effective delivery at the target location.

In particular, as mentioned in Chapter 2, the delivery of CS essentially stops when its viscosity
reaches a value of 3-6¢cP depending on the gradient (pressure) used for the injection. Hence,
a procedure for the accurate prediction of viscosity evolution at these early stages (before
gelation) is also significant for the design of passive stabilization. From all the viscosity
measurements on the different CS solutions presented above, it is deduced that the viscosity
remained low during the initial stage after mixing and it increases rapidly as the gelation of
the solution starts. This typical behavior of CS viscosity evolution with time is presented in

Figure 4.25(a) for widely different combinations of the controlling parameters CS (%), N, pH
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and T. Thus, one may normalize the viscosity p versus time t curves of all CS solutions, namely
the viscosity pL over the initial viscosity poand over the gel time tg. This is obvious in Figure 4.25
(b) for the CS solutions presented in Figure 4.25 (a). Observe that after this normalization, the
normalized viscosity versus time curves follow the same general trend, which can be
approximately described by an exponential equation. The final curve that was chosen to
describe the normalized p vs t curves is shown in Figure 4.26 against the data of all 61 solutions

tested herein, and is expressed analytically by:

0,54
£ = 1+— t!1].2 (4.1)
Ho ‘L_1|

tg

Observe in Figure 4.26 that Eqg. (4.1) follows the overall trend quite satisfactorily. It is
important to underline that this curve can predict the exact viscosity versus time curve for any
given CS solution, after providing the values of two variables, the initial viscosity Wo, and the

gel time tg, which can be obtained from the approximate method presented in paragraph 4.4.
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Figure 4.25. Rheological response of CS solutions with widely different combinations of (CS, N, pH,
T) in terms of: (a) viscosity, u, versus time, t & (b) normalized viscosity, u/uo, versus normalized
time, t/t,.
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Figure 4.26 Average design curve for normalized viscosity, u/uo, as a function of the normalized
time, t/tg, of CS solutions, on the basis of all 61 tests performed for various conditions (CS=5-10%,
0.0N-0,1N, pH=4.23-7.5, T=5-25°C)

The overall accuracy of Eq. (4.1) is illustrated in Figure 4.27, where the measured normalized
viscosity is plotted against the predicted normalized viscosity (using Eq. 4.1). The same figure
includes the solid diagonal line depicting perfect prediction, as well as the two dashed lines
denoting the standard deviation of the relative error which equals £34%. Observe the good
overall predictions especially for the viscosity range of main interest, i.e. y/go up to 5
(corresponding to viscosities up to 7cPs approximately). In this range practically all values are

within the £34% range, which is characteristic of the whole dataset.
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Figure 4.27 Prediction accuracy of normalized viscosity, u/uo, of colloidal silica solutions (with gel
times ty=0.14-4.2 days) via the proposed design curve, on the basis of all 61 tests (CS=5-10%, 0.0N-
0,IN, pH=4.23-7.5, T=5-25°C).
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Full determination of the viscosity W versus time t curve still requires a value for po. The value
of initial viscosity po was measured for all CS solutions tested at different temperatures.
Figures 4.28- 4.30 show these values of po for T=25°C, 20°C and 15°C respectively. The three
points of each color represent the average value (middle point) at each CS concentration and
normality combination as well as the average * standard deviation values (top and bottom
points) for all solutions tested. Based on these Figures it can be deduced that the po is mostly
affected by the CS (%) concentration and secondarily by the other controlling parameters.
Particularly, Figure 4.28 shows the effect of CS (%) on Woand it becomes obvious that as the
CS (%) becomes higher, the initial viscosity Wo increases as well. NaCl concentration does not
seem to share the same monotonic effect on Lo, since its effect is not clear as shown in Figures
4.29 and 4.30 that follow. Figure 4.29 shows the results of similar measurements conducted
at 20°C, where higher normality leads to lower initial viscosity Ho values. On the contrary,
Figure 4.30 shows that this trend is not repeated for the measurements at 15°C where the
higher normality leads to higher initial viscosity po values. With respect to the temperature
effect, it has become clear that the effect is not monotonic and an increase of temperature
(within the T = 5-25°C range) does not necessarily lead to an increase of initial viscosity as
possibly implied by its reducing effect on gel time. To show this, Figure 4.31 shows the
increasing effect of CS on initial viscosity o for the same normality (0.1N) and different
temperatures, where no clear effect is observed. Thus, Figure 4.32 shows the initial viscosity
value W as a function of CS (%) on the basis of all 61 CS solutions. In the same figure the shaded
area shows the range of all measured initial viscosity values while the thick black line depicts
the average trend. It is clear that as CS concentration increases, there is a clear increase of
initial viscosity po. For CS=5%, the pohas the lowest average measured value of 1.24¢cP and for

CS=10% this value increases to 1.39cP.

Attempting to show examples of the accuracy in predicting the viscosity L versus time t curves,
the method will be employed by trying to fully reproduce existing viscosity versus time curve
from the laboratory measurements (i.e. Eq. 4.1 with po from Figure 4.32). The value of the gel

time, tg, will result from the procedure presented in paragraph 4.4.
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Figure 4.28 Average values and average * standard deviation of initial viscosity o of various for CS
solutions measured at T=25°C, as a function of CS (%)
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Figure 4.29 Average values and average * standard deviation of initial viscosity o of various for CS
solutions measured at T=20°C, as a function of CS (%)
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Figure 4.32 Increasing effect of CS (%) on average initial viscosity, o, of CS solutions irrespective of
the combinations of (pH, N, T).

For example, if the chosen CS and NaCl concentrations are 7.5% and 0.1N, then tgmin = 0.431
days at 25°C (from Figure 4.16) and pHopt = 5.59 (from Figure 4.17). If there is no need for
temperature correction (i.e. T=25°C), and t; = 0.8 days on the basis of the application at hand,
then tg/tgmin= 1.86, and from the average design curve of Figure 4.18 the pH/pHopt= 0.8 or 1.15
(i.e. 2 values may yield the same tg). Hence, the corresponding pH values for the chosen gel
time tg and combination of (CS(%), N) equal to 4.47 or 6.42. By setting pH=6.42 for example,
tg=0.8 days, [o=1.29 cP (for CS=7.5% from Figure 4.32) and by using Equation (4.1), one may
fully reconstruct the viscosity W versus time t curve which is compared to the pertinent data
of the closest available CS solution (for CS=7.5% 0.1N, T=25°C and pH=6.5) the comparison of

data to simulations is presented in Figure 4.33 and is considered very good.
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Figure 4.33. Example of measured versus predicted viscosity u versus time t curve for C5=7.5%,
0.1N, T=25°C, pH=6.50 (data values).
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Figure 4.34 Example of measured versus predicted viscosity u versus time t curve for C5=5%, 0.1N,
=250C, pH=6.02 (data values).

Another example, related to a lower CS concentration is presented in the sequel. Particularly,
if the chosen CS and NaCl concentrations are 5% and 0.1N, then tgmin = 0.88 days at T=25°C
and pHopt = 5.53 according to Figure 4.16 and Figure 4.17 respectively. Having no need for
temperature correction, and pH = 6.02 is enforced, then pH/pHop:= 1.09, and from the average
design curve of Figure 4.18, the tg/tgmin= 1.19. Hence, the corresponding t; value for the chosen
pH and combination of (CS, N) equals to 1.04 days. From the experimental data, for CS = 5%
and 0.1N a value of pH=6.02 corresponds to a tg=1.05 days based on the closest CS solution
tested. By using pH=6.02 t;=1.04 days, 1o=1.24 cP (for CS=5% from Figure 4.32) and the design
curve from Figure 4.26, the comparison of predicted and measured p versus t curve is shown

in Figure 4.34 and is found again quite satisfactory
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Chapter 5

INJECTION TESTS OF COLLOIDAL SILICA INTO GRANURAL SOIL

5.1 General

In order to effectively apply passive stabilization in practice, it is of vital importance to
investigate the injectability of colloidal silica (CS) solutions into granular soil. The term
“injectability” used herein refers to the potential of CS to be pumped into the pores of a soil
using low pressures (low gradient flow), as well as to its ability to flow through the pores for
relatively large distances in order to be delivered uniformly to the target location. Hence, the
goal of this Chapter is to investigate the injectability of CS solutions into liquefiable sand and/
or silty sand layers and to ascertain the uniformity of its delivery within the soil. In other
words, the goal is to study the transport mechanisms which control the CS delivery through
such soils and depict the parameters that affect them. The results of this study aim to confirm
and enrich the literature data outlined in Chapter 2. For this purpose, eighteen (18) injection
tests were executed in cylindrical saturated sand and silty sand columns. In these tests, the
parameters affecting the successful delivery of CS at different distances were investigated, i.e.
parameters like the gel time of the CS solution, the hydraulic conductivity of the soil, the
hydraulic gradient of the injection and the type of water in the pore fluid of the untreated soil
(sea water or not). Finally, a simple analytical tool is validated for estimating the time-
dependent one dimensional flow rate of CS through the soil, based on Darcy's law after

adjustment for the differences in viscosity and density of CS compared to water.

5.2 Materials, equipment and procedures

The choice of the soil types used in this study took into account the type of soils where
liguefaction usually occurs, as well as the type of soils used in other similar research efforts in
the literature. More specifically, passive stabilization has been applied to the following sand
and silty sands: Trevino soil (Persoff et al., 1999), Monterey No. 30 sand (Gallagher 2000.),
Nevada sand (Gallagher and Koch 2003; Lin and Gallagher 2006; Pamuk et al. 2007; Spencer
et al. 2008a) Ottawa sand (Lin and Gallagher 2006), Toyoura sand (Kodaka et al. 2005.), Lazaro
Cardenas sand (Diaz-Rodriguez et al. 2008a), (unnamed) sand with 5% and 10% of silt (Lin and
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Gallagher 2006), M31 sand (Vranna and Tika 2015b), M31/D6 sand — silt mixtures (Vranna and
Tika 2015a).

This study investigates the injectability of CS solutions in sands and silty sands (with small
percent of fines equal to 10%). In order to compare the response of these two soil types, the
silty sand was formed as a mixture of the chosen sand with a fine grained material with the
same mineralogical composition. For this purpose, the uniform fine M31 sand was used in
combination with the non-plastic sandy silt D6 (67% silt), i.e. exactly the same soils as in the

strength tests of Vranna and Tika (2015a; b)

In Figure 5.1 the grain size distribution of all materials used in this research are presented. The
shown M31 sand is a natural quartz sand from Belgium. It has a specific gravity Gs = 2.655,
maximum and minimum void ratios of emax = 0.805 and emin = 0.558 respectively, a mean
diameter Dso = 0.31mm and a uniformity coefficient of C, = 1.5 (Vranna and Tika 2015b). The
silty sand mixture used in the study consists of 85% M31 sand and 15% D6 silt. It is a quartz
silty sand with non-plastic fines content of fc = 10% with a specific gravity Gs =2.653, maximum
and minimum void ratios of emax = 0.682 and emin = 0.414 respectively, a mean diameter

D50 = 0.30mm and a uniformity coefficient of Cu = 4.13 (Vranna and Tika 2015a).
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Figure 5.1 Grain size distribution of all soil materials used in the injection tests
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For the 1D vertical column injection testing a special equipment was constructed, as shown in

test setup in Figure 5.2. The equipment was custom-made from Plexiglas and consists of:

e Multiple, inter-connectable cylinder of 20cm height and 10cm diameter used for
containing the soil samples as shown in Figure 5.2 and Figure 5.3 (item #1)

e Three separate chambers, one for water injection, one for CS solution injection and one
for pore fluid extraction (Figure 5.2)

e Pipes for the connection of chambers and column (Figure 5.2)

Focusing on the cylinder containing the soil sample, Figure 5.3 presents its details:

e Sample ports placed on the cylinders (2 per cylinder) from where samples of the pore fluid
were extracted (Figure 5.3 (item #2))

e Abottom cap, i.e. a cylindrical section of 5cm height with one valve for the injection of CS
solution and another for water (Figure 5.3 (item #3))

e Atopcap,i.e. acylindrical section of 5cm height with two valves for the extraction of pore
fluid (Figure 5.3(item #4))

e An end cap sealing the soil sample (Figure 5.3(item #5))

e  O-rings between cylinder and bottom, top and end caps to prevent leakage during the

tests.

For the sample preparation of both (M31) sand and silty sand (M31-D6) columns the first 5cm
section (bottom cap) of the column was assembled to the (first) 20cm height cylinder using an
O-ring between them to prevent leakage. At the bottom section, a metal filter screen was
placed in front of the valves and a gravelly sand was then placed in it, so that the CS solution
could be uniformly delivered through the bottom of the sand (or silty sand) column. The setup
and equipment of these tests was inspired by the pertinent setup and equipment presented

by Gallagher andLin (2009).
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Figure 5.2 One dimensional column injection test set up.

Figure 5.3 Typical cylinder containing the soil sample for the one dimensional injection tests and
its separate sections.

When the bottom 5cm gravelly sand layer was placed, the sand (or silty sand) samples were
formed using the under compaction method (Ladd, 1978) in 9 sub-layers with a tamper (Figure
5.4). Compaction takes places by applying constant force and specific number of hits using the
tamper for each one of the nine sub-layers. The tamper diameter was equal to the column

diameter and so, every compaction hit imposes the same amount of energy at the same time
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to the entire layer diameter. Initial water content used for the sand (or silty sand) column

preparation was equal to 6%. Figure 5.5 (a) and (b) show the results of standard Proctor tests

for M31 sand and the silty sand mixture (85% M31 and 15% D6), respectively.

Figure 5.4 Tamper used for the compaction of soil sub-layers within the Plexiglass cylinder used for
the one dimensional column injection tests.
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Figure 5.5 Standard Proctor test results for (a) M31 sand and (b) the silty sand mixture (85%M31
& 15%De6)

The initial density of M31 sand is estimated to be 1.55g/cm3, which corresponds to a
saturation degree of S,=30% based on the compaction curve (Figure 5.5a). The remaining
20cm sections were assembled with the same way depending on the final height of the

column wanted. At the end cap, another 5cm-thick gravelly sand layer with a metal screen

filter were also placed.
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After the preparation of the soil columns, they were saturated using hydration which was
achieved by allowing water to travel through the column for 1-2 days under a constant low
gradient, as also performed by Gallagher and Lin (2009). The degree of saturation achieved
using this method is quite high and definitely much higher than the initial one. However, it
cannot be accurately measured, only indicatively estimated using measurements at the end
of the test (with samples taken after disassembling the column). Such measurements

indicated a quite high degree of saturation (e.g. 5~=90-95%).

After hydration, in order to establish hydrostatic conditions the flow was terminated and the
column was left in no flow conditions for one more day. Just before CS injection, the hydraulic
conductivity k (m/s) of the sample with water as pore fluid was measured (k in m/s) under
constant head. The hydraulic conductivity measurements were done by applying downward
flow using two (2) different, but constant hydraulic gradients. For all tests, these
measurements were conducted by injecting water from the upper valve, which was connected
to a water inlet chamber with a pipe and extracting water from the bottom valve which was
connected to an outlet chamber with a pipe. The time required for extracting 10, 15, 20, 25,
30, 35 and 50ml of water was recorded and the hydraulic conductivity k was estimated. The
detailed presentation of these results is not performed herein, since only the thus measured
values of k are of interest. The hydraulic conductivity values of the soil samples with water
(deionized or sea water) as the pore fluid prior to the 1D CS injection tests are presented in
Table 5-1. Note that these hydraulic conductivity values include not only the main sand or silty
sand body, but also the hydraulic conductivity of the gravelly sand of 5cm thickness (2.5cm
from the bottom and 2.5cm from the top layers), since the bottom and top valves are placed
in the middle of the length of sections 2 and 4 (Figure 5.3). However, taking into account the
grain size distribution of the gravelly sand layer (see the comparison with sand and silty sand
in Figure 5.1) and the small travel distance of water through it (5cm total versus 20, 40 or
100cm through sand or silty sand) the measured values of k are considered representative of
the sand or silty sand samples i.e. they are not affected essentially by the gravelly sand layer.
This simplification is practically confirmed by the independent hydraulic conductivity
measurement of the gravelly sand, which was measured equal to 8.8x10*m/s. Note that this
value of k for the gravelly sand is 2.3-8.1 times higher than those of the soil columns reported

in Table 5-1.

The 1D column injection tests were performed in 20, 40 and 100cm sand and silty sand

columns. Different CS solutions were used at each test and their properties are also presented
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in Table 5-1. This Table also includes the number of the test (#), the hydraulic conductivity k,
the void ratio of the non-stabilized soil, the height of the soil column and the type of water
used for saturation. The aqueous suspension of CS was prepared separately and placed in the
third chamber (CS inlet chamber in Figure 5.2). The gel times of the CS solutions ranged
between 4 and 10 hours, except of the solutions with no added salt and pH=10 (tests 9, 10)
where the viscosity retained its initial value during the entire test. Note that the CS solutions
were prepared with the method presented in Chapter 4 using deionized water, pure HCl and
clean NaCl. Moreover, for visual observation of the CS solution front in the sandy columns, it
was colored with blue food dye. The amount of the solution used was at least equal to the
pore volume of each column, as the goal of the experiments was to fully fill the pores of the
sand, while breakthrough was not targeted in all tests. Note that the term “breakthrough”

imlies that the injected CS fills the whole soil column pore volume and exits from the top cap.

The goal of the experiments was to perform 1D vertical upward injection of CS solutions using
a low hydraulic gradient. Due to the slightly higher density of the injected CS (when compared
with water) if the CS and water levels at the inlet and outlet chambers are set to the same
height then a density driven flow of CS through column will occur, a term used by Post et al.
(2007). If these levels are kept constant, then this density driven flow will continue at a
reducing rate until no-flow conditions appear. Hence, in order to establish equilibrium or no
flow conditions at the beginning of the injection, the CS level was initially set slightly lower
than that of water outlet level (see Figure 5.6). Then, the CS inlet level was increased (the h;)
in order to apply the initial hydraulic gradient io, where ip=Ah1/L with Ah; being the increase

Ill

of hy with respect to its level at initial no-flow conditions. Note that the term “initial” hydraulic
gradient is related to the concurrent existence of the aforementioned density- driven flow,
which affects the flow rate even when the inlet and outlet chambers remain constant. After
that initial setting of h; the selected levels of the CS in the inlet chamber and of water in the

outlet chamber were held constant during the entire injection test.
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Table 5-1 Characteristics of performed 1D column injection tests of CS in sand and silty sand

columns.

Test
(#)

Column
height (cm)

Hydraulic
conductivity, k (m/s)

Void
ratio, e

CS solution
properties

Water used for
saturation

Initial
gradient, ic

1

10

11

12

13

1S

sw

25W

35w

20

20

20

20

20

40

40

100

20

40

20

20

40

20

40

40

100

1.09*10*

2.25*10*

2.48*10*

2.84*10*

3.17*10*

3.40%10*

2.96*10*

3.1*%10*

2.83*10*

3.21*10*

3.30*10*

3.80*10*

3.18*¥10%

1.13*10*

3.28*10*

3.28*10%

3.30*10*

0.597

0.597

0.597

0.603

0.613

0.622

0.693

0.645

0.603

0.630

0.609

0.620

0.628

0.592

0.603

0.629

0.675

10%CS
0.1N
pH=5.55
10%CS
0.1N
pH=5.54
10%CS
0.1N
pH=5.51
10%CS
0.1N
pH=5.53
10%CS
0.1N
pH=5.48
10%CS
0.1N
pH=6.70
10%CS
0.1N
pH=7.00
10%CS
0.1N
pH=5.47
10%CS
0.0N
pH=10
10%CS
0.0N
pH=10.00
5%CS
0.1N
pH=5.45
7.5%CS
0.1N
pH=5.54
10%CS
NS
pH=6.75
10%CS
0.1N
pH=5.47
10%CS
0.1N
pH=7.03
10%
NS
pH=6.80
10%CS
NS
pH=7.00
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Deionized

Deionized

Deionized

Deionized

Deionized

Deionized

Deionized

Deionized

Deionized

Deionized

Deionized

Deionized

Deionized

Deionized

Sea

Sea

Sea

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.23

0.05

0.04

0.04

0.06

0.04

0.05

0.05

0.03

0.03
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These constant levels of the fluids in the CS and water chambers were achieved by continuous
injection of CS and extraction of water from the inlet and outlet chambers respectively
whenever needed. With this procedure, the measured volume of the added CS solution with
time was then used in order to estimate the measured flow rate or discharge (Qmeas) of CS
within the soil sample. Concurrently, measurements of the time evolution of the (dynamic)
viscosity of the CS solution and the location of the dyed CS front into the column were
performed. The latter was executed by observing and recording the location of the upper level
of the dyed CS solution inside the sample. Admittedly, this kind of visual measurement is less
accurate than the measurements of the CS flow rate, or the CS viscosity but it proved to be

sufficient for the purposes of these tests.

SOIL SAMPLE

Figure 5.6 Set up of 1D vertical injection tests.

Along with the flow rate, the viscosity measurements and the location of the CS front, small
samples of the pore fluid were taken in order to estimate the percentage of the CS(%)
concentration per weight in them. The main reason for this sampling is that dyed CS helped
the visual estimation of injection in sandy soils, but it was not known whether the dye itself
injected faster or slower than the CS in the pore fluid. From another point of view, these
samples helped to ascertain whether the heavier and more viscous CS solution replaces the
water in the pores, or if there is (small or large) diffusion of silica molecules into this water.
Therefore, a correlation between the (visually estimated) position of the CS front and the
independently measured concentration of the CS(%) would answer both potential

inaccuracies of the visual observation method.
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Hence, during all tests, CS samples were extracted from the sand with a syringe (Figure 5.7).
The column has two sampling ports along each 20cm part, which were used for this purpose.
After the extraction of a small (but sufficient) quantity of pore fluid, it was burned at 200°C
for two days and the mass measured after burning was considered representative of the CS
concentration at the location of the sampling port for the specific time of sampling. This
sampled pore fluid mass also includes the salt and dye mass, but these are considered

negligible if compared to the CS mass.

The samples were taken through specific ports on the column (see Figure 5.3) and it was found
important to correlate the CS(%) concentration measured at each location with the position
of the CS front at the time of the sampling. In other words, it does not matter which sampling
port is used, but the location of this port in relation with the CS front position during the
sampling, i.e. if the CS front is before (upstream) or after (downstream) the sampling port

when this is being used for pore fluid sampling.

Figure 5.7 Syringe used to extract small samples of the dyed pore fluid during 1D column injection
tests.

5.3 Presentation of injection test results

5.3.1 Preliminary set of tests

A detailed description of the 1D injection tests 1, 2, 3, 7 will be given first. During these tests
(see Table 5-1 for details) the room temperature was measured approximately constant at an
average value of 25°C. The inlet and outlet chambers are presented in Figure 5.8. As it is
obvious the diameter of the chambers is large, so the visual observation of the fluid within
them is considered relatively inaccurate. Hence, no flow rate measurements were taken
during these preliminary tests. However, the movement of the CS front was visually measured

and typical images of the testing is presented in Figure 5.9 and Figure 5.10.
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Figure 5.8 Set up of vertical 1D injection tests (large chambers). Observe that breakthrough has
been performed (all the sample is dyed blue) and the heavier and more viscous CS can be clearly
seen at the bottom of the outlet chamber, as a thin layer below the water-filled chamber.

Figure 5.9 Clear image of the CS front at the lower part of a sand column.
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Figure 5.10 Pore fluid sampling when the CS front is located at a height of 10cm at the time of the
sampling and it is before (upstream of) the sampling port.

No reliable flow rate measurements were taken, but pore fluid sampling was performed.
Figure 5.11 shows the results from the sampling procedure for all four 1D injection tests,
namely the concentration of CS(%) in the extracted samples as a function of the relative
distance of the sampling port from the CS front. Points with negative values on the x-axis refer
to samples extracted from ports before the CS front has reached them (i.e. at sampling ports
higher than the position of CS front, e.g. as in Figure 5.10). On the contrary, points with
positive values of distance (in the x-axis) refer to samples extracted from ports after the CS

front has reached them (i.e. at sampling ports lower than the position of the CS front).
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Figure 5.11 CS(%) concentration per weight in pore fluid extracted from the sampling ports for tests

Nol, 2,3 and 7.
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As resulted from Figure 5.11, before the CS front reaches the sampling port (for negative
values of distance) the percentage of CS(%) is approximately zero. On the contrary, at
measurements where the CS front is exactly at the sampling port this percentage increases to
a value of 3-7% and is further increased to a value of 9% when the CS front is almost 1cm after
the sampling port. For locations of the port lower or equal to 2cm from the front, the CS(%)
values are practically equal to the nominal value (in these tests equal to 10%) of the solution

used (CSnom), Or at least higher than 8%, i.e. 80% of CSnom.

5.3.2 Main set of tests

For the large majority of the executed tests (main set) smaller chambers were built inside the
large initial ones, thus enabling more accurate measurement of the level of the liquids within
them. This allowed for concurrent measurement of the flow rate, on top of the other
measurements of CS front location and CS(%) at different distances from the CS front. These

small chambers are shown in Figure 5.12.

The results of the tests will be presented in terms of flow rate, viscosity evolution, CS front
position and concentration of CS(%) extracted from the sampling ports. Along with the
experimental viscosity measurements, the viscosity versus time curve which resulted from
Equation (4.1) as presented in the previous chapter is also illustrated in the viscosity versus

time figures with the black dashed line.

Figure 5.12 Set up of vertical 1D injection tests for the main set of tests using small inlet and outlet
chambers.
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Test No4

In this test the initial hydraulic gradient was set to ipc=Ah;/20=0.05. Other details for this test
may be found in Table 5-1. As soon as the injection of CS started, the fluid levels in the inlet
and outlet chambers were held constant during the whole test. This was achieved by injecting
and extracting CS and water from the inlet and outlet chambers, respectively. The volume of
CS injected with time represents the measured flow rate (Qmeas) Which is shown in Figure 5.13
(a). It is observed that as time increases, the measured flow rate decreases. This is explained
mainly by the (measured) increasing viscosity of the CS solution, shown in Figure 5.13 (b),
which essentially stops the flow when the CS viscosity reaches 7cP. Furthermore, in Figure
5.14 (a) the position of the CS front with time is presented, from where it is deduced that
initially the CS front progresses fast (due to initially high flow rates in Figure 5.13(a)), but this
rate of CS progression reduces and finally the CS front progression becomes asymptotic with
time and stops at a position of 13cm (when the flow rate is essentially zero in Figure 5.13(a))
after 3.2 hours. In addition, pore fluid sampling results from this test are shown in Figure
5.14(b) and seem compatible with those in the preliminary set of tests (Figure 5.11). This test
did not lead to a breakthrough of CS and this is clearly shown in Figure 5.15 where a snapshot
of the soil column at the end of the test is presented. Finally, note that Figure 5.13b also
includes a “blind” prediction of the CS viscosity with time curve using Eq. (4.1) and shows a

satisfactory agreement with the test data (up to 7cP).
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Figure 5.13 Test No4: (a) Measured flow rate versus time and (b) measured and calculated (from
Eq. 4.1) CS viscosity values versus time.
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Figure 5.14 Test No4: (a) Recorded CS front position versus time and (b) CS(%) concentration in the
pore fluid, as extracted from the sampling ports.

Figure 5.15 Snapshot of CS front at the end of Test No4. Observe that breakthrough was not
attained in this test and this clearly depicted by the change of color within the sand sample.

Test No5

The main characteristics of Test No5 may be found in Table 5-1. This test had the same initial
hydraulic gradient ip as in test No4 and the CS stopped moving at a position of 11cm into the
sand. As shown in Figure 5.16, the main factor responsible for the end of injection is again the
increased viscosity of the CS solution (injection ended when 5cP was reached) which is again
satisfactorily simulated by Eq. 4.1 (up to 5cP). Figure 5.17 shows results qualitatively similar

to those of Figure 5.14 (Test No4).
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Figure 5.16 Test No5: (a) Measured flow rate versus time and (b) measured and calculated (from
Eq. 4.1) CS viscosity values versus time.

20

(a) 14 i before «—$—> after (b)
B 12 sampling port
€16 .
S L 10
c L
@] | —
% 12 < 8
Q - - -
(9}
= 8l G 6
5 L
H(/_) r 4
4 L
7l 2
0 ! | ! | ! | ! 0 _
0 1 2 3 4 -20 -10 0 10 20

time (hours) distance from CS front (cm)

Figure 5.17 Test No5: (a) Recorded CS front position versus time and (b) CS(%) concentration in the
pore fluid, as extracted from the sampling ports.

Test No6

In comparison to Tests No 4 and 5, in this test (No6) the soil column had double length, i.e. it
was assembled with two sections of 20cm. Note that the CS solution has pH=6.7 and this pH
increase caused the delay of CS solution gelling, thus allowing for longer CS travel distances
using the same initial hydraulic gradient (ipc=0.05). Figure 5.18 shows that the flow rate
stopped after 7.9 hrs, i.e. practically twice the travel time of Tests No4 and 5. At that time, the
viscosity has reached a value of 4.2cP thus practically nullifying the flow rate. Furthermore,
Figure 5.19(a) shows that the asymptotic with time increase of the CS front travel distance,

which stops progressing at 28cm, i.e. after performing a breakthrough of the first 20cm.
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Finally, Figure 5.19(b) shows measurements for the CS(%) with distance from the CS front that
are similar to those of Tests No4 and 5. Observe also that the predicted CS viscosity tends to

overpredict the measured values, leading to an underestimation of the gel time.

Figure 5.18 Test No6: (a) Measured flow rate versus time and (b) measured and calculated (from
Eq. 4.1) CS viscosity values versus time.
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Figure 5.19 Test No6: (a) Recorded CS front position versus time and (b) CS(%) concentration in the
pore fluid, as extracted from the sampling ports.

Test No8

The column was assembled with five sections of 20cm, i.e. it had a total length of 1m, and
initial hydraulic gradient i,=0.23, i.e. it had a 5 times longer sample and an approximately 5
times higher initial hydraulic gradient than Tests No 4 and 5. The goal of this test was to

investigate the ability of CS solutions to travel longer distances within granular soil and also
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maintain adequate CS(%) concentration for soil stabilization. The 1m column was assembled
section by section with the predescribed procedure. The almost fivefold increase of the initial
hydraulic gradient aims to lead to a fivefold larger travel distance (compared with previous
tests with the same solution properties and a value of ip equal to 0.05) in the same amount of
time. Based on Figure 5.20, the overall time required for full coverage of the 1m column
(breakthrough) is slightly higher than this of the previous tests (4.5 hours). Interestingly, the
CS covered the full column and the flow rate decreased significantly but did not reach a zero
value before breakthrough. Again, Figure 5.21 shows qualitatively similar measurements with
the previous tests, but of special interest here is that this test shows that CS solutions can be
delivered through long distances retaining the nominal CS value with which they are
injectedAlso note that, in Test No6, the predicted viscosity versus time curve overpredicts the
test data, thus leading to an underprediction of the gel time. Figures 5.22 through 5.25 present
photos of this test at different instances, from the setup and beginning all the way to

breakthrough of the CS solution.
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Figure 5.20 Test No8: (a) Measured flow rate versus time and (b) measured and calculated from
Eqg. 4.1 CS viscosity values versus time.
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Figure 5.21 Test No8: (a) Recorded CS front position versus time and (b) CS(%) concentration in the
pore fluid, as extracted from the sampling ports..

Figure 5.22 Experimental set up for the 1m column injection test (Test No8), where the whole 1m
column may be observed.
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Figure 5.23 Dyed CS appears at the bottom of the sand layer at the beginning of Test No8. Observe
the dyed blue pipe injecting the CS solution into the sample.

Figure 5.24 CS front at the fourth 20cm section of the 1m column of Test No8. Observe that the
pipe leading to the outlet chamber shows no evidence of dye.
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Figure 5.25 Full coverage (breakthrough) of 1m sand column with injected dyed blue CS solution in
Test No8.

Test No9

In order to better understand the effect of density driven flow on the measured flow rate and
on CS delivery through a granular column, Test No9 uses a CS solution with pH=10, zero ionic
strength (no added salt) so that its viscosity remains constant and equal to its initial value
during the entire injection test (1.47cP). Table 5-1 presents the characteristics of this test,
where the column is 20cm tall and the initial hydraulic gradient ioc=0.05. Results in Figure 5.26
show that flow rate decreases due to the density difference between the CS solution and the
water it displaces, despite that the viscosity of CS remains constant. No relative figure was
deemed necessary here while the methodology of Chapter 4 predicts a gel time of 462 days,
thus implying a practically constant viscosity within the time frame of the test (5.3h). As an
effect, the stabilizer was not delivered through the entire column, but reached a maximum
distance of 15cm within the sand column. This is a clear manifestation of this element of CS
delivery, which differentiates this type of flow from what Darcy’s law would predict. No pore
fluid sampling was performed in this test due to unavailability of required equipment at the

time of the experiment.
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Figure 5.26 Test No9: Measured flow rate versus time.
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Figure 5.27 Test No9: Recorded CS front position versus time.

Test No10

Test No10 is similar to Test No9 (i.e. a CS solution with constant viscosity is injected), but with
a height of soil column equal to 40cm. Figure 5.28 presents the decreasing flow rate versus
time, while Figure 5.29 shows the visually observed CS front position with time, as well as the
measurements of CS(%) from the pore fluid sampling. Observe that the duration of this test is
12.3 hrs, the longest of all previous tests. Nevertheless, the flow rate again diminished before
breakthrough, and this even though the viscosity remained practically constant (increased
from 1.48cP to 1.50cP in these 12.3hrs). As in Test No9 no viscosity versus time plot is

considered necessary. It is merely mentioned here that the CS solution is the same as in Test

108

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



No9, and so is the predicted gel time (462 days) implying practically constant viscosity over

the 12.3hrs of the injection test.
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Figure 5.28 Test No10: Measured flow rate versus time.
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Figure 5.29 Test No10: (a) Recorded CS front position versus time (b) CS concentration extracted
from the sampling ports.

Test Nol1

Test Nol1 used a CS solution similar to that of Test No4, but with CS(%)=5 (and not 10%).
Other details of this test are provided in Table 5-1. Note that given the reduction of CS(%), the
viscosity remains constant and this predicted by Eq. 4.1 (see Figure 5.30b). However, the flow
rate decreases with time (Figure 5.30a), and this is an indication of density- driven flow, which

did not prevent breakthrough in this case (see Figure 5.31a). Of interest is also here that the
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pore fluid sampling shows qualitatively similar results in terms of CS(%) with distance from

the CS front, but for a lower nominal value of CS(%)=5.
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Figure 5.30 Test No11: (a) Measured flow rate versus time and (b) measured and calculated (from
Eq. 4.1) CS viscosity values versus time.
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Figure 5.31 Test No11: (a) Recorded CS front position versus time and (b) C5(%) concentration in
the pore fluid, as extracted from the sampling ports.

Test No12

This test used a CS solution similar to that of Tests No11 and No4, but with an intermediate
CS concentration of 7.5%. Observe in Figure 5.32b that the CS viscosity increases slightly (given
that the CS is higher than in Test No11) and this is accurately predicted by Eqg. 4.1. However,
this small increase of CS viscosity did not disallow breakthrough (Figure 5.33a), but overall the

flow rate was significantly reduced (Figure 5.32a). Interestingly, the pore fluid sampling gave
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qualitatively similar results as all previous tests, but for its pertinent nominal value of

CS(%)=7.5 (see Figure 5.33b).
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Figure 5.32 Test No12: (a) Measured flow rate versus time and (b) measured and calculated (from
Eq. 4.1) CS viscosity values versus time.
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Figure 5.33 Test No12: (a) Recorded CS front position versus time and (b) CS(%) concentration in
the pore fluid, as extracted from the sampling ports.

Test No13

Test No13 is practically the same with test No10 with the only difference being the pH value
of the CS solution (6.75 instead of 10.0), which provides an extremely small increase to the
viscosity from 1.45cP to 1.48cP within the time frame of 12.3hrs that is the test duration. This
small increase of viscosity affected neither the decreasing flow rate (Figure 5.34, due to

density-driven flow), nor the incomplete breakthrough (Figure 5.35). In other words, Test
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No10 is practically duplicated here in terms of its CS injection measurements. No pore fluid

sampling was performed in this test.
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Figure 5.34 Test No13: Measured flow rate versus time.
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Figure 5.35 Test No13: Recorded CS front position versus time.

Test Nol1S

Test No1S was conducted on a silty sand column, rather than the pure sand columns of the
previous tests. Its details are presented in Table 5-1. In comparison to the comparable Test
No4 the relatively smaller hydraulic conductivity k of the silty sand column causes firstly a
relatively smaller initial flow rate value, as shown at Figure 5.36(a). Other than that, the flow
rate decreases, as in sand samples, and nullifies after almost 3 hours. During this time the CS

viscosity increased to a value of 4 cP which is accurately simulated by Eq. (4.1), as shown in

112

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



Figure 5.36(b). The progression of the CS front versus time is shown in Figure 5.37 and as in
tests in sand it has a hyperbolic shape, but stops at a position of just 7.4cm. This is because
the flow rates are much lower than in sands due to smaller hydraulic conductivity.
Unfortunately, due to the low hydraulic conductivity it was impossible to extract pore fluid

from the sampling ports with the use of a syringe.
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Figure 5.36 Test No1S: (a) Measured flow rate versus time and (b) measured and calculated (from
Eq. 4.1) CS viscosity values versus time
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Figure 5.37 Test No1S : Recorded CS front position versus time.

On the top of the tests with deionized water as pore fluid, three (3) more tests were conducted
using sea water as pore fluid insteado investigate the injectability of CS in a marine
environment. The tests were executed in 40m and 100cm sand columns. It should be

mentioned that sea water is heavier than deionized water and this is expected to affect the
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density- driven flow component of the CS injections. However, the CS solution remains heavier
than the sea water it displaces. In addition note the CS solution was prepared again with
deionized water, however its potential interaction with the salt in the pore fluid it displaced

could affect its rheology.

Test No1SW

The sand column was 40cm tall, and its hydraulic conductivity k was measured using sea water
(see Table 5-1 for other details). This test is practically comparable with Test No6 with
deionized water. Figure 5.38(a) shows the decreasing flow rate with time which practically
becomes zero after 7 hours. The increasing CS viscosity versus time is shown in Figure 5.38(b)
from where it is also concluded that this is accurately predicted by Eq. (4.1). Note that the
flow rate practically nullifies after the CS viscosity becomes higher than 3cP. The CS front
location progresses asymptotically with time and stops evolving after the CS viscosity becomes
higher than 3cP (see Figure 5.39a). Finally, the pore fluid sampling gave comparable CS(%)
results with previous tests on tests with deionized water (Figure 5.39b). Note that the CS front
during the experiment did not move uniformly, maybe because of the not necessarily uniform
salt concentration in the sea water in the pores os the sample as shown in Figure 5.40.
Otherwise, the overall CS injectability does not seem to be affected considerably, despite the

increased salt concentration within the pores of the sand when sea water is used.
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Figure 5.38 Test No1SW: (a) Measured flow rate versus time and (b) measured and calculated
(from Eq. 4.1) CS viscosity values versus time
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Figure 5.39 Test No1SW: (a) Recorded CS front position versus time and (b) CS(%) concentration in
the pore fluid, as extracted from the sampling ports

Figure 5.40. Non-uniform delivery of CS solution through sea water saturated sand column in Test
NolSW.

Test 2SW

Test 2SW uses a CS solution with a pH value of 6.80 and without any added salt, for which the
viscosity is expected to remain constant during the test, a change of pH or salt concentration
occurs. Its other details are shown in Table 5-1. As shown in Figure 5.41 the flow rate

decreases with time, while breakthrough is achieved after 5.7hrs (Figure 5.42a). During this
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time the CS viscosity remains constant at a value of 1.45cP on the basis of measurements
performed on CS solution samples not injected in the sand.The pore fluid sampling gave the
expected results in terms of CS(%). Interestingly, this test shows that injecting a CS solution
without any added salt does not affect its expected injectability, at least for the short distances

(up to 40cm) and durations (up to 6hrs) tested here.
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Figure 5.41 Test No2SW: Measured flow rate versus time.
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Figure 5.42 Test No2SW: (a) Recorded CS front position versus time and (b) CS(%) concentration in
the pore fluid, as extracted from the sampling ports

Test 3SW

Test 3SW intended to achieve breakthrough of a 1m sea water saturated sand column using a
low initial gradient and a CS solution without added salt having practically constant viscosity

(other details may be found in Table 5-1). The results of this test are shown at Figure 5.43 and
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Figure 5.44. It is shown that the CS solution managed the breakthrough of the 1m column
after 16.4 hours, and this without its flow rate being reduced to zero. This means that the salt
water environment again did not seem to considerably affect the rheology of the CS solution
even for the larger distances (1m versus 0.4m in Test No2SW) and injection durations (16.4hrs

versus 5.7hrs in Test No2SW) tested here.
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Figure 5.43 Test No3SW: Measured flow rate versus time.
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Figure 5.44 Test No3SW: Recorded CS front position versus time.

From the tests exexuted within sea water saturated sand columns it is concluded that the
viscosity of the CS solution seems to be slightly only affected if the solution has been prepared
with salt addition (Test No1SW). Moreover, even for tests where no salt eas added in the CS
solution preparation (2SW, 3SW), the marine environment does not seem to affect

considerably the CS viscosity, at least for the travelled distances (up to 1m) and the injection
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durations (up to 16.4hrs) used in these tests. Caution is necessary for CS solutions having very
high pH values (8-10) since these may be more intensely affected when injected in a marine
environement. However, in practice, such options for the CS solutions are not expected to be

commonly selected.

5.4 Comparative evaluation of injection test results

5.4.1 Pore fluid sampling results

As shown in the previous paragraphs, in all tests (where pore fluid sampling was performed)
the CS(%) equals to zero at locations downstream from the CS front (measurements for
positions with negative values). On the contrary, for measurements conducted exactly at the
point of the sampling port, this concentration increases to 3.5-4% (for nominal CSnom
concentration of 10%), 2% (for CSnom =5%), 2-3% (for CSnom =7.5%). This percentage is
increased further to 90% of the CSnom value, when the CS front is 1cm higher than the sampling
port and finally reaches the CSnom When it is 2cm higher (at least) than the sampling port. In
order to clarify if this behavior remains the same for all injection tests, Figure 5.45 shows the
cumulative results of CS(%) measurements for all tests presented herein. These results are
presented in Figure 5.45 in terms of the CS(%) concentration versus the distance of the
sampling port position from the CS front position. The same results are presented in plot (b)
normalized with the source concentration of CS, namely the initial concentration chosen for
each test. Note that the CSnom Of each test is the actually measured value of CS(%) in the
beginning of the injection test, which was not necessarily an integer value (see Table 5-1 for
CS(%) values of each test, where, for example, the target CS=10% could actually be 10.1% or
10.3%). This explains why the CS/CSnom values are practically all smaller or equal to 1.0 in

Figure 5.45(b), while the scatter around the target CS(%) seems larger in Figure 5.45(a).
Based on Figure 5.45 the following conclusions can be drawn:

e AnS-shaped curve can describe the relation between sampling port position (as compared
with CS front position) and the CS(%) concentration in the pore fluid. If more tests are
taken into account, the scatter of the curve becomes larger, without qualitatively
changing its shape. Values slightly higher than the nominal CS concentration can be
attributed to the (small) mass of salt and color in the samples extracted from the ports,
but the deviations are considered insignificant for practical applications.

e At sampling ports before the CS front position (< -2cm) there is a small (if any) amount of

CS in the pore fluid, which becomes zero at -4cm.
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At sampling ports after CS front position (2+2cm) the CS concentration in the pore fluid is
approximately equal to the nominal CS concentration (differences of maximum 20% from
CSnom), but a distance of almost 10cm is required in order to achieve a difference smaller
than 10% from CSnom.

A region of 4cm (2cm before and after the CS front) exists where a transition zone is
observed with intermediate CS(%) values (from zero up to 80% at least of CSnom) With the
smaller values downstream from the CS front and the opposite for the relatively higher
values.

Based on these conclusions, it may be safely concluded that an upward 1-D injection of
CS with low hydraulic gradient essentially displaces the preexisting water in soil pores with
a small thickness transition zone, especially downstream from the horizontal CS front. This

last basic conclusion agrees well with the literature (e.g. Gallagher and Lin, 2009).
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Figure 5.45 (a) CS concentration extracted from the sampling ports for all tests, (b) Normalized
CS concentration extracted from each sampling port with initial concentration (CS/CSnom) in
relation with distance of CS front from the sampling ports.

5.4.2 Flow rate and CS travel distance results

In order to better understand the effects of different parameters on CS injection the
measurements of flow rate, viscosity and travel distance (CS front location) with time from

different tests will be compared in the sequel.

Effect of initial hydraulic gradient io (Test No4 vs Test No8)

Figure 5.46 presents the effect of different initial hydraulic gradients, ip on the measured flow
rate and travel distance of CS. Test No 4 was performed using a low initial hydraulic gradient

of 0.05, whereas Test No8 uses a quite higher initial gradient of 0.23, while the CS solutions in
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the 2 tests had similar gel time. Note that in Figure 5.46a the flow rate and CS viscosity curves
(with time) of the 2 tests are compared, by using different y-axes for the 2 different physical
measures, but the same time scale (in the x-axis). The 2 tests are presented with different
types of notation (dashed and solid lines). Figure 5.46b compares directly the two (2) tests in
terms of the progression of the CS front with time, by using again dashed and solid lines. As
illustrated in Figure 5.46, at the initial stage of injection, a higher gradient leads to increased
flow rate, which stops when the viscosity of the CS solution reaches a value of 5-7cP,
regardless of the ip. Overall, the travel distance is much longer for the higher io. These results
agree with the literature data of Gallagher and Lin (2009) who performed 1D column injection
tests with different hydraulic gradients and found that the speed of CS transport is
proportional to the hydraulic gradient used. Particularly, their results showed that, for a given

distance, the travelling time decreases linearly with increasing hydraulic gradient.
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Figure 5.46 Effect of initial hydraulic gradient ip on (a) measured flow rate with time (b) travel
distance with time for injection tests in sand with CS of similar gel times (tests 4 and 8)

Effect of time increasing viscosity resulting from different normality and pH (Test No4 vs Test

No9)

For almost all injection tests, the flow is hindered by two different mechanisms; namely the
increase of viscosity and the different density of the two fluids, CS and water. In order to
eliminate one of these factors and more specifically to exclude the viscosity effect, in Test No9
the viscosity was held constant at the initial value of 1.47cP by adjusting the NaCl normality
and pH of the CS solution. Figure 5.47, shows the effect of time-increasing viscosity of CS
resulting from different NaCl normality and pH on the flow rate and the CS travel distance in

the format of the Figure 5.46. For Test No9 the flow rate decreases due to the density
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difference of CS and water, whereas for Test No4 both time-increasing viscosity and different
densities affect the flow rate. Both tests have the same initial hydraulic gradient (i,=0.05) and
the same hydraulic conductivity and so, their initial values of Qmeas practically coincide.
However, the flow rate for Test No4 decreases faster and finally stops after 3.4h when the CS
viscosity has reached a value of 7cP, while for Test No9 the injection continues further, but at

a much reduced flow rate which eventually leads to a slightly higher travel distance.
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Figure 5.47 Effect of time increasing CS viscosity on (a) measured flow rate with time, (b) travel
distance with time for injection tests in sand with CS solutions with very different rheology due to
different NaCl normality and pH (tests 4 and 9)

Effect of time increasing viscosity resulting from different CS(%) (Test No4 vs Test No11)

The two flow rate affecting effects can also be disassociated by altering the CS(%) in the
solution, thus altering again its gel time. This is illustrated on Figure 5.48 where 2 injection
tests using 2 solutions with different CS(%) are compared in the known format of Figure 5.46.
Test No4 has a solution with CS(%)=10 and its viscosity reaches a value of 7cP after 3.4hrs,
whereas Test Noll uses a solution with CS(%)=5 whose viscosity does not increase, but
remains constant at a value of 1.14cP (within a 4hr time window tested). Observe that the
flow rate reduces due to the density-driven flow despite the fact that the CS viscosity remains
constant similarly to what is shown in Figure 5.47 for tests where the viscosity does not change
due to other solution properties (NaCl normality and pH, versus CS(%) here). However, in this
test the flow rate remains large for enough time to allow for breakthrough of the 20 cm sand
column, even though the initial hydraulic gradient of Test No11 is slightly smaller than this of
Test No4. This is attributed to CS=5%, which leads to a much lower constant CS viscosity

(1.14cP here, versus 1.47cP in Figure 5.47 for Test No9) but also to the smaller difference in
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density between the CS=5% and water here (as opposed to CS=10% and water in Figure 5.47

for Test No9).
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Figure 5.48 Effect of time increasing CS viscosity on (a) measured flow rate with time, (b) travel
distance with time for injection tests in sand with CS solutions with very different rheology due to
different CS(%) (tests 4 and 11)

Effect of gel time (Test No4 vs Test No6)

Figure 5.49 shows the effect of different gel time, resulting from different pH values in the
solution, on the measured flow rate and the travel distance under similar (low) initial hydraulic
gradients in the well-known format of Figure 5.46. Observe that the slower increase of
viscosity (related to longer gel time) leads to a slower decrease of Qmeas, despite that the initial
flow rate is the same due to the same initial hydraulic gradient and viscosity values. For both
tests the flow rate ends when the CS viscosity has reached a value of 4-7cP, which occurs at
different times leading to quite different travel distances. The same conclusions were drawn
by Gallagher and Lin (2009) who observed that as the viscosity increased, CS transport
decreased dramatically, and so decreased travel times were observed. Particularly, they show
that in a column test with low initial gradient and a CS solution with a gel time equal to 3.2
days, the CS delivery was completed (breakthrough) in about 45 hours, because the viscosity
was still less than 3 cP at that time. In contrast, the CS delivery lasted only 18 hours in another
test with ithe same initial gradient but a gel time equal to almost 1 day, because the viscosity
increased faster and finally the CS covered a distance of 85% the column length (no

breakthrough).
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Figure 5.49 Effect of time increasing CS viscosity on (a) measured flow rate with time, (b) travel
distance with time for injection tests in sand with CS solutions with very different rheology due to
different pH (tests 4 and 6)

Effect of hydraulic conductivity (Test No4 vs Test No1S)

Injection test results from sand and silty sand samples with the same CS solution properties,
and initial hydraulic gradient are compared in Figure 5.50 which employs the known format
of previous figures. The difference in the consistency of the soil is considered to be fully
reflected for these tests on the difference in the hydraulic conductivity k of the two samples,

which causes an expected different flow rate according to Darcy's law.
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Figure 5.50 Effect of hydraulic conductivity on (a) measured flow rate with time, (b) travel distance
with time for injection tests in different sandy samples with the same CS solutions (tests 4 and 1S)

This is approximately measured on the initial flow rate, however the Qmes decreases

asymptotically with time for both tests and finally the flow ends at the same time, i.e. when
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the CS viscosity has reached a value of 4-7cP. It should be stated here that the CS front in Test
No1S (silty sand) was not easily observed despite the dye, however the difference in k values
is clearly reflected on the different travel distances. This does not mean that the injection is
impossible for silty sands. On the contrary, this test shows that it may be performed but it
requires higher initial hydraulic gradients (e.g. see this effect in Figure 5.46) and/ or CS
solutions with larger gel times (e.g. see this effect inFigure 5.49). Gallagher and Lin (2009)
conducted 1D column injection tests on samples of Nevada and Ottawa sand which have
k=8.9x10°cm/s and k=220x10"cm/s respectively. They found that the flow rate was directly
proportional to the hydraulic conductivity of the soil and the traveling distance through the
Ottawa sand column was nearly two orders of magnitude lower than through the Nevada sand
column. Hence, our findings are compatible with the literature although we performed tests

with much smaller difference in hydraulic conductivity k.

Effect of salt content in sand pores (Test No6 vs Test No1SW)

In order to investigate the potential of CS injection in marine sands, i.e. when the saturation
of the pores is performed with sea water, Figure 5.51 compares the flow rates and CS travel
distances for two otherwise identical tests in terms of soil type, CS solution and hydraulic
gradient, by employing the format of Figure 5.46 once again. Test No 1SW was conducted with
a CS solution, consisted of deionized water and salt and its pH was not large (7.03).
Consequently, the effect of sea water on viscosity evolution is expected to be quite small and
this is obvious by the fact that the flow rate becomes zero faster than in Test No6. The effect
of the marine environment on CS viscosity is expected to be gradual and that is why the flow
rate becomes systematically lower in Test No1SW after 3h. Because of this fact, the CS front
in Test No1SW finally stops a little lower than in Test No6. Observe in Figure 5.51 that the
viscosity of the two CS solutions is almost identical outside the soil column, since the solutions
were produced with deionized water and the viscosity measurement was performed in the

container of CS, which is not exactly relevant to the viscosity of the CS in the pores.
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Figure 5.51 Effect of salt content in sand pores on (a) measured flow rate with time, (b) travel
distance with time for injection tests on sand samples saturated with clean and sea water (tests 6
and 1SwW)

Finally, apart from the vertical 1-D injection tests, a horizontal pseudo 2-D test was also
performed in an attempt to investigate basic aspects of the multi- dimensional problem of CS
injection in practice. The equipment used was the same as before, but it was placed
horizontally, while the levels of CS and water in the outlet and inlet chambers were kept
constant during the whole test (as in the vertical 1D injection tests). The CS solution
characteristics were chosen so that its viscosity would remain constant and would thus not
affect the flow rate. It was observed that despite the higher density of CS compared to water,
the flow rate practically retained its initial value throughout the injection. This shows that the
difference in (pore fluid) density does not essentially affect the flow rate of a horizontally
travelling CS solution under a constant hydraulic gradient flow. Nevertheless, the higher
density of CS in comparison with water made the front of the horizontally travelling CS not to
be vertical, but with a small inclination at the beginning of the test (Figure 5.52) that became
larger as the injection progressed (Figures 5.53 and 5.54). This is an effect of gravity on the
denser CS, which has also been demonstrated in real 2D injection tests. More specifically,
Gallagher and Koch (2003) performed a 2D injection test and state that due to the density
difference between the CS solution and the water, there was a tendency for the stabilizer to
treat the bottom half of the formation first. The same holds in our test, where the bottom half

of the container is more fully filled with CS, due to the observed inclination of the CS front.
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Figure 5.52 View of CS front in the beginning of the horizontal injection test.

Figure 5.53 View of CS front location during the horizontal injection test.

Figure 5.54 View of CS front location at the end of the horizontal injection test.
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5.5 Analytical simulation of 1D column injection tests

This paragraph attempts an analytical simulation of this multi- variable CS delivery problem
that was studied via the shown 1D column injection tests. Figure 5.6 presented a schematic
illustration of the test variables at a random time during the CS injection. Particularly, as the
CS solution is delivered from the inlet chamber, it moves upwards within the soil column
displacing pore water. Thus, over time the CS solution occupies a region of the soil column
with height equal to Lg; this region is defined by the bottom layer of the soil column and the
(horizontal) front of the CS solution. In this region, the pore space is filled with the CS solution,
which is heavier (stabilizer density, pg > 1000 kg/m?3) and more viscous than water (stabilizer
viscosity, [g > 1.00cP from the beginning of the injection) it displaces. For usual CS percentages
its properties vary as: pg = 1024- 1048kg/m?, pg = 1.24cP — 1.39¢P for CS = 5-10% respectively
(these values correspond to average initial viscosities for T=25°C). In other words, the injection
of a CS solution into a saturated porous medium constitutes a flow problem under viscosity

and density varying conditions.

It is common for many mainstream numerical codes (e.g. MOCDENSE, SEAWAT) to assess the
variable-density flow with the concept of equivalent fresh water heads. According to this
concept, every measured hydraulic head is expressed in terms of an equivalent fresh water

hydraulic head (hs) according to:

hy =2+ —— (5.1)
Pw8

where z is the elevation head (m), P is fluid pressure (Pa), pw is fresh water density (kg/m?3)
and g is the gravitational acceleration (m/s2). However, the concept of equivalent fresh water
heads may produce erroneous flow rate estimates, especially in cases of vertical flow
(Simmons 2005). Fresh water head analyses can misinterpret water flow calculations, if
density variations are not properly taken into account (Post et al. 2007). To avoid such
misinterpretations, Post et al. (2007) suggest the application of the more general form of

Darcy’s law for fluid flow in a porous medium:

k. ( OP
Qcalc :__I(__l_png (5.2)
p\ oz

where k; is intrinsic hydraulic conductivity (m?), i is the fluid dynamic viscosity (kg/m/s), p is
the fluid density (kg/m3) and A is the cross-sectional area to flow direction (m?2), while Qg is

the calculated value of the flow rate (m3/s), that is to be compared to the measured values
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Qmeas in the previous paragraphs. This form of Darcy’s law explicitly demonstrates the two
driving forces of flow, i.e. the pressure gradient (VP) and the gravity force per unit volume
(pg). By differentiating and rearranging in order to be combined with Equation (5.1) Equation

(5.2), the latter becomes equivalent to the following expression:

k h -
Q.. = _PuB {ﬁ{—p Pu HA (5.3)
po| oz Pu

For the assessment of variable-density flow, Post et al. (2007) suggest the application of

Equation (5.3) with an average fluid density that is given by:

1 )
Po = j pdz (5.4)

Z,—2,%"n

where z; and z; are any two different heights within the soil column with z,>z;, while the

calculated pq corresponds to the average fluid density for the area between z; and z,.

In the case of CS injection, the spatial variation of viscosity cannot be neglected. Hence, as
proposed by Agapoulaki et al (2015) the calculation of an average viscosity term is required,

that may be similarly estimated by:

1

u, = J:z pdz (5.5)

2 1

where the |, corresponds to the average fluid viscosity in the area between z; and z,. Based
on the spatial distributions of density and viscosity depicted in Figure 5.6, the average

rheological properties described in Equations (5.4) and (5.5) may be simply expressed by:

B (ngg + prw)
p, = - (5.6)
uﬁl%ﬁ“) 5)

Where pg and g are the density and the viscosity of CS, L, Lg and Ly are lengths defined in
Figure 5.6, with L being the total length of the soil sample, Lg being its fraction that is saturated

with CSin the pores and Ly being the remainder of Lthat is still saturated with water (Lu=L-Lg).

Note that these average quantities are functions of time, since Lg increases over time thus

leading to a decrease of L. Furthermore, p, is dependent on g, which also increases over
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time due to the gelling process of the CS solution. Hence, both p, and p, increase over time,

with the latter increasing more intensely due to the concurrent increase of pg and Lg.

Finally, if one substitutes Equations (5.6) and (5.7) into Equation (5.3), the flow rate can be

estimated by the following analytical equation (Agapoulaki et al, 2015):

Q, —— 08 [Pl | [Pe_q | LA (5.8)
(mely +m,Ly ) | Lo pu )"

where h; and h; are the measured hydraulic heads corresponding to the inlet and the outlet
chambers of the test, respectively (see Figure 5.6). The initial equilibrium levels of the inlet
and outlet chambers (for no-flow conditions) can be estimated from Equation (5.8) by
considering Lg=0, i.e. when the CS has not yet entered the soil column. For example, if hy=1m,
then the level of water should be adjusted slightly higher to h,=hipe/pw= 1.05m for an initial

equilibrium state of flow (for p; =1.048t/m3 corresponding to CS=10%).

In order to use Equation (5.8) constant parameters hi, hy, pg, pw, k, L and evolution of g and
L; are required as input. The values of the constant parameters are shown in Table 5-2 for
each 1D injection test that had measurements of flow rate, except for the values of L and k
which are already presented in Table 5-1. Note that pw=1000 kg/m?3, but when sea water was
used in the injection test, the density of the sea water was measured equal to 1021kg/m3.
Viscosity of water is always equal to 1cP, while sea water viscosity equals to 1.002cP. The
density of CS (p) differs at each test depending on the initial concentration CS(%) used, with
this variation being: pg = 1024- 1048kg/m3 for CS(%)=5-10 respectively.

Note that Equation (5.8) refers to the injection of the CS solution before its breakthrough.
Furthermore, for given values of the constant parameters this equation can predict the
maximum Lg where the injection ends because of the density difference between CS and
water. Specifically, if the equation yields negative values of Qcaic, this means that the injection
has ended because of this fluid density difference, and as a result the accurate value of Qcalc=0
thereafter. Hence, if the maximum L, (provided by Eq. 5.8 by solving for Qcaic=0) is smaller than
the L of the column, then breakthrough is not possible in this injection. This value of maximum

L; (denoted by Lgmax) is this given by:

_ pghl _pwhz

L max
¥ Pe —Pu

(5.9)
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Moreover, Eq. (5.8) can also be modified to predict the Q..ic values after breakthrough. Based
on the above, this can only occur if Lgmax>L. In such a case, one can set Lg=L (and L,=0) in Eq.

(5.8), which leads to the following equation for estimating Qc.ic after breakthrough:

Qcalc = kpwg |:(&j(h1 _L)_(hz _L):| A (510)
(meLe) LLPu

This equation (5.10) predicts a decreasing Qcic due to the increasing g, while if g is kept

constant then Qclic will also remain constant. In general, for the successful application of
Equations (5.8) and (5.10) the evolution of L, with time (before breakthrough) is necessary, as
well as the values of pg which can be either the measured ones in the laboratory, or the

predicted ones as expressed by Equation (4.1).

In order to test the predictive abilities of Equation (5.8), its predictions are compared with the
corresponding data of the various CS injection tests presented above. There are no estimates
of Qcaic after breakthrough (Eq. 5.10), since no pertinent Qmeas measurements were performed
in the few tests that did show breakthrough. The analytical predictions of flow rate in these
tests are compared herein with the pertinent data in Figures 5.55-5.67 (13 injection tests in
Table 5-2). Particularly, these figures present the prediction of Q.. on the basis of Eq. (5.8) by
taking into account the values of hs, h,, pw and pg from Table 5-2, the values of k and L from
Table 5-1, the measurements of Lg and g with time for each test. This prediction is denoted
by Qcaic(meas). In addition, an alternative prediction of the flow rate is presented for which the
calculated g (via Eq. 4.1) is used and this is denoted by Qcaic(Healc), and both these predictions
of Qeaic are compared to the measured values Qmeas. The values of measured flow rate (Qmeas)
are shown with the hollow symbols whereas the predicted values of flow rate where the CS
viscosity takes the measured values from the experiments [Qcaic(lmeas)] are depicted with line-
connected solid symbols. Similarly, the predicted values of Qcaic(lcaic) are depicted with the
dashed black lines. It should be noted that the predictions of L, (via Eq. 4.1) are not always in
full agreement with the pertinent experimental measurements since temperature could not
be kept constant during the injection tests, especially those of long duration. Hence, it is

expected that the use of the measured g values will lead to slightly more accurate results.

It is noted that Eqg. (5.8) first appeared in Agapoulaki et al. (2015) who demonstrated its
applicability on the basis of selected injection tests as part of a related research project (see
nanolig.org) conducted concurrently with this Thesis. In this Thesis, a thorough investigation

of the reliability of this equation is performed on the basis of all conducted injection tests,
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while this equation is also extended for estimating the flow rate even after breakthrough (Eqg.
5.10). In addition, Eq. (5.8) is also used by accounting for the calculated values of viscosity
(Mecalc, via Eq. 4.1), as a means to test its predictive ability without rheological measurements.

Table 5-2 Values for a subset of the constant parameters of Eq. (5.8), that are used for predicting
Qcaic for each injection test based on the laboratory measurements.

Test | hi(cm) | hy(cm) | pw(kg/m?) | pg(kg/m?)
(#)
4 57 58.6 1000 1048
5 57.6 59.3 1000 1048
6 120 123.7 1000 1048
8 130 113 1000 1048
9 55 56.6 1000 1048
10 | 1203 | 1243 1000 1048
11 56 56.7 1000 1024
12 57.6 58.4 1000 1036
13 120.1 | 124.1 1000 1048
1S 57.7 59.5 1000 1048
1SW 1201 | 1215 1021 1048
2SW | 1201 | 1215 1021 1048
3sW | 120 119.3 1021 1048
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Figure 5.55 Measured Qmeqs Vs calculated Qcarc flow rates [using the measured CS viscosity, (Umeas),
as well as the calculated CS viscosity from Eq(4.1) (Ucaic)) versus time for CS injection Test 4.
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Figure 5.56 Measured Qmeas Vs calculated Qcqic flow rates [using the measured CS viscosity, (Umeas),
as well as the calculated CS viscosity from Eq(4.1) (Ucaic)) versus time for CS injection Test 5.
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Figure 5.57 Measured Qmeqs Vs calculated Qcarc flow rates [using the measured CS viscosity, (Umeas),
as well as the calculated CS viscosity from Eq(4.1) (Ucaic)) versus time for CS injection Test 6.
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Figure 5.58 Measured Qmeas Vs calculated Qcqic flow rates [using the measured CS viscosity, (Umeas),
as well as the calculated CS viscosity from Eq(4.1) (Ucaic)) versus time for CS injection Test 8.
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Figure 5.59 Measured Qmeqs Vs calculated Qcarc flow rates [using the measured CS viscosity, (Umeas),
as well as the calculated CS viscosity from Eq(4.1) (Ucaic)) versus time for CS injection Test 9.
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Figure 5.60 Measured Qmeas Vs calculated Qcqic flow rates [using the measured CS viscosity, (Umeas),
as well as the calculated CS viscosity from Eq(4.1) (Ucaic)) versus time for CS injection Test 10.
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Figure 5.61 Measured Qmeqs Vs calculated Qcarc flow rates [using the measured CS viscosity, (Umeas),
as well as the calculated CS viscosity from Eq(4.1) (Ucaic)) versus time for CS injection Test 11.
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Figure 5.62 Measured Qmeas Vs calculated Qcqic flow rates [using the measured CS viscosity, (Umeas),
as well as the calculated CS viscosity from Eq(4.1) (Ucaic)) versus time for CS injection Test 12.
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Figure 5.63 Measured Qmeqs Vs calculated Qcarc flow rates [using the measured CS viscosity, (Umeas),
as well as the calculated CS viscosity from Eq(4.1) (Ucaic)) versus time for CS injection Test 13.
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Figure 5.64 Measured Qmeas Vs calculated Qcqic flow rates [using the measured CS viscosity, (Umeas),
as well as the calculated CS viscosity from Eq(4.1) (ucaic)) versus time for CS injection Test 18.
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Figure 5.65 Measured Qmeqs Vs calculated Qcarc flow rates [using the measured CS viscosity, (Umeas),
as well as the calculated CS viscosity from Eq(4.1) (ucaic)) versus time for CS injection Test 1SW.

0.12
A © Qmeas
b — Qcalc (”meas)
,U? 008 B " -+ - Qca|c (Hcalc)
mE i QOO
L
c 0.04 —
0.00 Ly
0 2 4 6 8

time (hours)

Figure 5.66 Measured Qmeas Vs calculated Qcqic flow rates [using the measured CS viscosity, (Umeas),
as well as the calculated CS viscosity from Eq(4.1) (ucaic)) versus time for CS injection Test 2SW.
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Figure 5.67 Measured Qmeqs Vs calculated Qcarc flow rates [using the measured CS viscosity, (Umeas),
as well as the calculated CS viscosity from Eq(4.1) (ucaic)) versus time for CS injection Test 3SW.

As a whole, Figures 5.55 through 5.67 show that the analytical solution developed by Post et
al. (2007), as modified by Agapoulaki et al (2015), reproduces satisfactorily the measured
pattern of flow rates decreasing with time. This reduction of the flow rates with time results
from: (a) the increase of the height of the CS front within the sample (L, in Figure 5.6), and (b)
the increase of the CS viscosity. From a quantative point of view, a differentiation may be
considered between the 10 injection tests using deionized water as pore fluid (Figures 5.55

through 5.64) and the 3 injection tests with sea water as pore fluid (Figures 5.65 through 5.67).

Particularly, for 5 of the former set of 10 injection tests, the calculated flow rates accurately
(or slightly over-) predict the measured ones (Tests 4, 8, 9, 10, 13). For the remaining 5 tests
in this set, in 3 tests the calculated flow rates overestimate the measured ones (Tests 5, 6 and
12), while in the remaining 2 tests (Tests 11, 1S) the opposite occurs. Hence, an overall
satisfactory prediction of the measured flow rates is obtained by the hereby employed
analytical tool, when deionized water is used as pore fluid. The discrepancy between
calculated and measured flow rates is not systematic and may be attributed partly to the
objective difficulty in accurately determining the height of the treated region (L;) by mere
visual inspection. More specifically, the calculated flow rate depicts breakthrough of the CSin
Tests 8, 11 and 12, exactly as the measurements showed, while the essential zeroing of the
flow rate (within the time frame of the test) measured in the remaining 7 tests was also

accurately predicted, with the possible exception of Test 9. In more detail, in 8 of the 10 tests,
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the use of the calculated CS viscosity with time (via Eq. 4.1) instead of the measured one leads
to insignificant differences in the predicted flow rates, thus underlining the accuracy of Eq.4.1,
as well its practical usefulness. In only 2 of the 10 tests (Tests 6 and 8) the calculated CS gel
times are smaller than the measured ones (see Figures 5.18 and 5.20), thus leading to

calculation of zero flow rate in advance of what the measured flow rates show.

On the other hand, for the 3 injection tests with sea water as pore fluid, an over-prediction of
the measured flow rate is obtained (Tests 1SW, 2SW, 3SW). This over-prediction is not more
significant than in Tests 5, 6 and 12 that were performed with deionized water and also
showed an over-prediction of the flow rate. In addition, as was deduced in the previous
paragraph, the CS viscosity is not considered to be considerably affected by its injection in sea
water saturated sands, at least for the travel distances (up to 1m) and the injection durations
(up to 16.4hrs) used in Tests 1SW, 2SW, 3SW. Anyway, the depicted over-prediction (up to a
factor of 3) in these latter tests may be partly attributed to an under-estimation of the CS
viscosity, since this was measured in the solution of the inlet chamber (that retained a
constant NaCl normality) and not in the CS solution in the pores of the sandy columns (which
is exposed to additional NaCl). The same holds when Eq. (4.1) is used for predicting the CS
viscosity versus time curve, since this was based on measurements using deionized water for
preparing the solution (in Chapter 4). Thus, both calculated flow rates (with timess and Licarc) are
expected to slightly (at least) over-predict the measured flow rates in tests with sea water as
pore fluid. Despite these over-estimations, the calculated flow rates depict breakthrough of
the CS in Tests 2SW and 3SW, exactly as the measurements showed, while the essential
zeroing of the flow rate measured in Test 1SW would also be predicted, but at a slightly

increased amount of time.

Based on all the above, it is concluded that the employed analytical tool provides sufficient
accuracy in predicting the measured flow rates in 1D vertical CS injection tests, especially
when deionized water is used as pore fluid before stabilization of the sand. The relative error
in the flow rate prediction is not systematic and may reach a factor of 3. It should be
underlined here that for the presented predictions of flow rate unified set of water p,, and CS
solution pg densities was used in all tests depending on a nominal values of the materials (see
Table 5-2) and not the slightly more accurate test-specific values, and this is in order to

simulate an application of the analytical tool in practice.
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Chapter 5: Injection tests of colloidal silica into granular soil
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Chapter 6

NUMERICAL SIMULATION OF THE MECHANICAL BEHAVIOR OF
STABILIZED SANDS AT THE ELEMENT LEVEL

6.1 General

Based on Chapter 3, the mechanical behavior of stabilized sands has several similarities with
that of natural sands, but also some distinct differences. Stabilized sand, as a new geomaterial,
has been only macroscopically investigated in the literature and only Kodaka et al. (2005)
made an effort to create a specialized constitutive model for its mechanical behavior. This
Chapter attempts the use of an existing constitutive model for sands after appropriate
modifications in order to simulate the depicted differences in the mechanical behavior.
Specifically, the use of NTUA-SAND model (Andrianopoulos et al. 2010a; b) is explored herein,
since it is a state-of-the-art constitutive model which can satisfactorily simulate the monotonic
and cyclic response of non cohesive soils. Emphasis is given on the different modifications that
can be used to simulate the behavior of stabilized sands. The equations of the NTUA-SAND
model are briefly presented in paragraph 6.2, while paragraph 6.3 presents its calibration for
untreated sands. Then, paragraph 6.4 presents the numerical simulation of cyclic element
tests by assuming modifications related to the sand skeleton, while in paragraph 6.5 the
numerical simulation of the same tests is performed by assuming modifications related to the

pore fluid.

6.2 The NTUA-SAND constitutive model

NTUA-SAND (Andrianopoulos et al. 2010a; b) is a constitutive model for non cohesive soils,
which belongs to the bounding surface elastoplastic models. It employs plasticity theory
principals and it incorporates the complete soil behavior framework known as Critical State
Soil Mechanics (CSSM). It is based on the elastoplastic constitutive model proposed by
Papadimitriou (1999) and especially its final form presented by Papadimitriou et al. (2001) and
Papadimitriou and Bouckovalas (2002). The NTUA-SAND model maintains the philosophy, the
main assumptions and equations of the initial model, but adopts some modifications in order

to be implemented in a numerical analysis software. One of the most important modifications
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is the conversion of the yield surface to a point, thus adopting a potentially elastoplastic

behavior at all loading steps. Briefly, the key ingredients of the NTUA SAND model are:

. The interrelation of the bounding surface, critical state surface and the dilatancy surface
with parameter { (Been and Jefferies 1985), as first proposed by Manzari and Dafalias
(1997).

. A modified expression of the nonlinear hysteretic Ramberg- Osgood (Ramberg and
Osgood 1943) formulation for the “elastic” strain rate, which defines the response at small
and large cyclic shear strains.

. A projection center of the deviatoric stress ratio tensor which is used as a reference point
for defining the image point of the current stress on each of the three (3) surfaces of the
model, a projection center which is updated upon load reversal, thus employing the
concept of stress reversal surfaces of Mroz et al. (1999).

. An empirical macroscopic index for the effect of sand fabric evolution on sand response

under shear loading which alters the plastic modulus value.

The NTUA-SAND model can satisfactorily simulate the response of non-cohesive soils under
both monotonic and cyclic loading for any cyclic shear strain at the element level with the
same set of model constants that are independent of the initial conditions (initial effective
stress, void ratio), the loading direction and the drainage regime. The NTUA-SAND model has
been successfully implemented in FLAC (Itasca 2011), a finite difference software for the
simulation of geotechnical boundary value problems. The basic equations of the model are
presented below, so that the numerical simulations presented herein can be better
understood. A full presentation of the NTUA-SAND model can be found in (Andrianopoulos et

al. 2010a; b), and is beyond the scope of this Thesis.

Model surfaces

The NTUA-SAND constitutive model employs three (3) surfaces in stress space: (a) the
bounding surface which defines the peak deviatoric stress ratio, (b) the critical state surface,
on which shear strain accumulation takes place under constant volume and stresses and (c)
the dilatancy surface which is a generalized form of the phase Transformation Line (PTL)
proposed by Ishihara et al. (1975), and defines whether the sand has contractive or dilative
response during shearing. Figure 4.1 shows the model surfaces on the q — p space, where p is
the mean effective stress and q=01-03 the deviatoric stress in the triaxial space. Note that rj is

the deviatoric stress ratio tensor, while r1, r> and r3 are the principal stress ratio values in
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Figure 6.2. Their projection on the 1 plane of the deviatoric stress ratio space is shown in

Figure 6.2, along with the mapping rule of the model described below.

In NTUA-SAND, the Critical State Line (CSL) is a straight line in the e-In(p) space where e is the

void ratio. The form of CSL is illustrated on Figure 6.3 and is described by:

e, = (es),- A [Bj (6.1)

where:

Pa

(ecs)a

P,

the void ratio at Critical State for mean effective stress p,
atmospheric pressure (e.g. po = 98.1 kPa),
the void ratio at Critical State for p=po, @ model constant

the inclination of Critical State Line (CSL) at e — In(p) space, a model constant.

Tv

Dilatancy Surface
Critical State Surface

Bounding Surface /

Figure 6.1 NTUA-SAND surfaces on the p-q space (Andrianopoulos et al, 2010).

Bounding Surface

Critical State Surface

Dilatancy Surface

Figure 6.2 NTUA-SAND surfaces on the n-plane of the deviatoric stress ratio space and definition
of mapping rule (Andrianopoulos et al., 2010).
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Based on Figure 6.3, the state parameter { can be defined by (Been and Jefferies, 1985) as:

y=e-e (6.2)

cs

where e, e the void ratio of the current state of stress and at the Critical State respectively,
under the same mean effective stress p. The state parameter | combines the effects of
density (via void ratio, e) and effective stress level (via mean effective stress, p), i.e. for <0
the response is dilative (dense sand under low stresses), while the response is contractive
(loose sand under high stresses) for Y>0. Finally for =0 the sand is potentially at critical state.
The Critical State stress ratios for triaxial compression M. and triaxial extension M.® on g-p
space are also model constants and are shown in Figure 4.1. On the contrary, the Dilatancy
and Boundary stress ratios do not remain constant during loading, but are defined on the basis
of the current value of the state parameter { and the corresponding values of either M or

M.¢, based on the equations proposed by Dafalias and Manzari (1997):

M. =M, +k. vy (6.3)

c,e c,e

b c b
M, =M+ k. () (6.4)
where kee?, ke are positive model constants. Note that for triaxial compression subscript c is
used in Equations 6.3 and 6.4 and the included model constituents, while for triaxial extension

subscript e. The symbol < > denotes the Maucaley brackets, and <A>=A for A>0 and <A>=0 for

A<O.

It should be clarified that {)<0 corresponds to dilative response, and hence Mce?< Mce < M e°
based on Equations (6.3) and (6.4). Respectively, >0 corresponds to contractive response

and hence Mce? = M < Mc? based on Equations (6.3) and (6.4).
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Figure 6.3 Critical State Line on the e-Inp space and definition of state parameter ) (Been and

Jefferies 1985)

Mapping rule

NTUA-SAND uses a mapping rule on the m-plane of the deviatoric stress ratio space which is
illustrated in Figure 6.2. Observe that the image point r is estimated as the intersection point
of the bounding surface with the straight line defined by the (r-r'¢") vector on the it plane. The
r*f point is the (so-called) projection center of the mapping rule, which corresponds to the
value of the deviatoric stress ratio tensor r at the last load reversal. Given the position of the
image point is determined via the mapping rule, the unit-deviatoric loading direction n can be
estimated, which defines the deviatoric component of loading at each incremental step. It is

the unit-deviatoric tensor (n:n=1, trace(n)=0) that has the Lode angle 6 depicted in Figure 6.2.

Elastoplastic stress increment

Ae
The effective stress increment Ao for any given strain increment Ae (= Ae + % 1) is

expressed by:

Ac =2G, Ae + K Ag, |- (A) (2G,n +K DI (6.5)
where:

G, tangential (elastic) shear modulus

K, tangential (elastic) bulk modulus

n unit deviatoric loading direction (deviatoric plastic strain rate direction)

D dilatancy coefficient

Agp volumetric component of strain increment (Aep =Ag,, +A¢,, +A£33)
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| the second-order identity tensor

Ae deviatoric component of strain increment {Ae=As-(§JAsp/} , and

A loading index in terms of applied strain increment described by:

A=L:A(y=26tn:Ae-(n:r)KtA£p 66)
K K, +2G, -(n:rkD '

p

In more detail, for loading with A>0 non-zero plastic strain occurs, for A=0 neutral loading with
zero plastic strain occurs and finally for A<0 load reversal is defined, a condition which occurs
momentarily since there is no yield surface (or non-zero elastic region). Particularly, at load
reversal the r*f is updated, thus changing the direction of n and making the A non-negative

again, so that plastic strain can be estimated (Andrianopoulos et al. 2010).
Elastic strain rate

For the simulation of the nonlinear hysteretic sand response at small and medium cyclic
strains a Ramberg — Osgood type formulation is used. Hence, NTUA-SAND uses a tangential

(elastic) shear modulus expressed by:

G =G /T (6.7)

In Equation (6.7) Gmax is the initial shear modulus, which is expressed by Equation (6.8) based
on the proposal by Hardin (1978):
Bp, p

= —2 _ |= 6.8
03+ 0.7¢*\p, (6.8)

max

where p, atmospheric pressure (e.g. p.= 98.1 kPa), and B a positive model constant. The scalar
variable T is greater or equal to 1.0 in order to introduce G: degradation due to change in the

deviatoric stress ratio r in relation to its value at the last load reversal r'f, and is given by:

T=1+ — (6.9)

1 max

o,

i-l \/1/2(r-r ):(r-r )
o

pref Yl

Where a1 and y; are positive model constants. Note that upon load reversal T=1, i.e. the
G=Gmax and also the A<0 momentarily. Thereafter, T<1 and A>0 thus leading to plastic

straining with Gi<Gmax until the next load reversal occurs.
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The elastic deviatoric strain rate is given by:

As
Aef = — 6.10
26, (6.10)
while the elastic volumetric strain rate is estimated as:
Ap
& _ _
Ae, = ” (6.11)

t

The elastic moduli G; and K; are interrelated using the constant Poisson ratio v, which is a

model constant, based on elasticity theory via:

_2(v+1])

lEE—— 6.12
CT 3y (6.12)
Plastic strain rate

The plastic strain increment is estimated on the basis of a non-associated flow rule, according

to:
A€ =(A)R (6.13)
where R is the plastic strain rate direction described by:
D
R=n+ 3 | (6.14)

Note that n is the unit-deviatoric loading direction defined via the mapping rule, but is also
the deviatoric plastic strain rate direction according to Equations (6.13) and (6.14). D is the

dilatancy coefficient, which is explicitly defined as:

dd
D=A,d|20 - <d > (6.15)
d ref
where A, is a positive model constant and d® the scalar distance of the current state of stress
from the image point on the dilatancy surface. By definition, the dilatancy coefficient affects
only the volumetric component of the plastic strain increment and its dependence from the

sign of d? ensures negative plastic volumetric strain rates for negative values of d¢, and the

opposite.
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Plastic modulus

The plastic modulus K, is defined as the product of four factors:

b
K, =ph, h d (6.16)
where

p mean effective stress

hp positive scalar function, which introduces a nonlinear interpolation rule

ht positive scalar function, which acts as an empirical indicator of the effect of sand

fabric evolution during loading
d® the scalar distance of the current state of stress from the image point on the

bounding surface

Apart from the distance d®, all the factors affecting K, have positive values. As a result, the
sign of the distance d° defines the sign of K,. When K, takes negative values (Kp<0) then the

current state of stress is outside the bounding surface (d°<0) indicating softening response,
while d°>0 reflects a current stress state inside the bounding surface, thus leading to

hardening response (with Ky>0).

The interpolation rule is introduced by:

Gl

" TR

(6.17)
where hg is a positive model constant, while d° acts like a reference value of d° which
corresponds to the “diameter” of the bounding surface along the direction of n. Finally, the

distances d® and d?(collectively d*9) entering Equations 6.15 - 6.17 are defined as:

& = (**- 1) n (6.18)

According to Equation (6.16), the effect of fabric evolution during loading on the response is
taken into account with a positive scalar function hs, which affects the value of K,. Results from
laboratory data on non-cohesive soils indicate that successive loading and unloading cycles at
small cyclic shear strains lead to continuously stiffer response (Ladd et al. 1977). On the
contrary, at large cyclic shear strains the soil response is much softer. This softer behavior is
mainly observed when load reversal occurs after dilation of the soil or negative excess pore

pressure development. This different response is caused by the sand fabric change and occurs
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both under drained and undrained conditions. All the observations are reflected on the form
given to h¢, which is beyond the scope of this Thesis. Details on this, as well as all model

equations may be found in (Andrianopoulos et al. 2010a; b).

6.3 Calibration of NTUA-SAND for (untreated) sands

Calibration of the NTUA-SAND model has been performed by Andrianopoulos et al. (2010) for
Nevada sand. For this purpose, laboratory results from resonant column, simple shear and
triaxial compression tests for (fine grained) Nevada sand were used. These laboratory tests
were conducted within the framework of the VELACS (Verification of Liquefaction Analysis by
Centrifuge Studies, Arulmoli et al., 1992) project. Table 6-1 presents the physical properties
of Nevada sand, while the values of the NTUA-SAND model constants for the same sand (as
they were estimated from the calibration procedure) are shown in Table 6-2 (Andrianopoulos

2006).

Table 6-1 Physical properties of Nevada sand (Arulmoli et al, 1991)

Density of soil solid™ p, 2.67 Mg/m3
Maximum dry density® pgmax 1.77 Mg/m?3
Minimum dry density &) pg, min 1.41 Mg/m?

Maximum void ratio emay 0.887
Minimum void ratio @emin 0.511
Mean grain size diameter /dsg 0.10mm
Uniformity coefficient’C, = dso/d10 1.41
Percent of fines per weight ¥ 7.7%

(1) Determined by ASTM-854-83
(2) Determined by ASTM-4253-83
(3) Determined by ASTM-4254-83
(4) Determined by ASTM-422-63
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Table 6-2 Model constants values for Nevada sand (Andrianopoulos 2006)

Physical meaning Constant Value
M 1.25
M. 0.90
Critical State
(ecs)a 0.809
A 0.022
600 (180 for
B
monotonic loading)
v 0.33
Elastic strain rate
V1 0.00025
0.6 (1.0 for
[0%]
monotonic loading)
k> 1.45
keP(=ckc?) 1.044
Model Surfaces
kS 0.30
ke? (=ck.?) 0.216
Ao 0.8
Plastic strain rate
ho 15000
Fabric evolution No 40000

Observe that the model requires the calibration of thirteen (13) dimensionless and positive
constants for cyclic loading, and only eleven (11) for monotonic loading (when a;=1.0 and y;
is irrelevant). Note that ke and k.® are not independently estimated and that is why the
constants are a total of 13. Ten (10) out of the thirteen (13) model constants may be directly

estimated on the basis of monotonic and cyclic element tests, while the remaining three (3)

constants (Ao, ho, Ho) require trial-and-error simulations of element tests.
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6.4 Simulation of cyclic element tests assuming modifications related to the sand

skeleton

In general at large cyclic shear strains, loose non cohesive saturated sands have low
liquefaction resistance. As a result, shear strains are accumulated, pore pressures increase
rapidly and finally the stiffness of the sand decreases significantly. Contrary to natural sands,
results from cyclic tests on sands passively stabilized with CS solutions, show significant

increase of liquefaction resistance for the same initial and loading conditions (see Chapter 3).

It should be mentioned here, that liquefaction can be defined as the state where pore
pressures equal the initial effective stress, or alternatively when the soil has reached a
predefined strain level. During cyclic triaxial tests, this strain level is usually measured in terms
of double amplitude axial strain (DA), namely the maximum strain variation developed during
a full compression — extension loading cycle. For stabilized soils, where the increase of CS
viscosity causes significant reduction of the hydraulic conductivity of the soil, pore pressure
measurement is quite difficult and its values are questionable (e.g. Conlee et al. 2012). Hence,
many researchers in the literature use the strain level criterion as the most appropriate factor

for defining liquefaction.

More specifically, Figures 6.4-6.10 present such results in terms of cyclic stress ratio (CSR)
versus number of cycles required for liquefaction (N.), taken from the literature. These results
include cyclic triaxial tests (Gallagher and Mitchell, 2002), cyclic simple shear tests (Diaz-

Rodriguez et al., 2008) and cyclic torsional shear tests (Kodaka et al., 2005).

These results from different sands, test types and CS(%) concentrations indicate that stabilized
soils reach a level of maximum strain amplitude (DA=1%, 2% or 5%), after many loading cycles,
much more than the cycles required for liquefaction of the same sands without stabilization.
Careful examination of these liquefaction curves show a beneficial effect of stabilization in
terms of CSR increase for a given number of cycles N, for the stabilized sands, which ranges

from 0.1 to 0.28.
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Figure 6.4 Effect of CS(%) on the liquefaction resistance curves of Monterey sand, where
liquefaction is defined when DA=1%, on the basis of cyclic triaxial data from Gallagher and Mitchell
(2002).
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Figure 6.5 Effect of CS(%) on the liquefaction resistance curves of Monterey sand, where
liquefaction is defined when DA=2%, on the basis of cyclic triaxial data from Gallagher and Mitchell
(2002).
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Figure 6.6 Effect of CS(%) on the liquefaction resistance curves of Monterey sand, where
liquefaction is defined when DA=5%, on the basis of cyclic triaxial data from Gallagher and Mitchell

(2002).
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Figure 6.7 Effect of CS(%) on the liquefaction resistance curves of Toyoura sand, where liquefaction

is defined when DA=1%, on the basis of cyclic torsional shear tests from Kodaka et al (2005).
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Figure 6.8 Liquefaction resistance curves for untreated and treated with CS(%)=14.5 Lazaro-
Cardenas sand from cyclic simple shear tests with o’,©,=29.4, 58.8, 88.2kPa, DA=5% and D,=40%
(Diaz-Rodriquez et al, 2008)
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Figure 6.9 Liquefaction resistance curves for untreated and treated with CS(%)=14.5 Lazaro-
Cardenas sand from cyclic simple shear tests with 0’,0=29.4, 58.8, 88.2kPa, DA=5% and D,=60%
(Diaz-Rodriquez et al, 2008)

To further study this effect, Figure 6.10 presents the relative increase of liquefaction
resistance in terms of CSR for given loading cycles (N.) between untreated and stabilized soils
based on all pertinent data from the literature. Note that the maximum increase of

liqguefaction resistance occurs for CS(%)=10 and a double amplitude of shear strength DA=5%
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(Gallagher and Mitchell, 2002). A considerable effect of stabilization is indicated by the
experimental data of Kodaka et al. (2005) for a much lower CS(%) concentration (4%), without
though specifying the type of CS used (Ludox-SM® or other). From all the other testing results
the gain offered by stabilization in terms of CSR (for the same N, number) takes values up to
0.13, while the effect of initial conditions is not found so important. Note that, Figure 6.10
does not include the tests conducted by Gallagher and Mitchell (2002) for CS(%)=5 and for
DA=1% and 2%, because the gain from stabilization is not obvious (in terms of CSR), since
according to the authors themselves, such low CS(%) concentration does not produce a firm
gel and hence the benefit of stabilization becomes obvious only for large DA=5% (see also

Figures 6.4 and 6.5).

0.4
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| | =— DA=5% CS=5%

Gallagher and Mitchell 2002
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—— DA=1% CS=4% (Kodaka et al 2005)
DA=5% CS=14.5% Dr=40% (Diaz-Rodriguez 2008) | ®
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Figure 6.10 CS(%) effect on CSR required for liquefaction for given number of cycles N, (data from:
Gallagher and Mitchell, 2002; Diaz-Rodriquez et al, 2008; Kodaka et al, 2005)

For the numerical simulation of stabilized sands using NTUA-SAND, the main goal is to
simulate the foregoing increase of CSR. This increase may be attained by modifying the

response of the sand skeleton. For this approach, two alternatives are followed:

e An increase of constant ho of the plastic modulus K, (see Eq.6.16), which can lead to a

stiffer response.
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e A decrease of the dilatancy coefficient A of the dilatancy D (see Eq.6.16) which can lead
to smaller volumetric change during shear and thus less intense excess pore pressure

development.

Figure 6.11 presents the comparison of the experimental results of Diaz-Rodriguez et al.
(2008) with a relative density of D,=40% with the numerical simulation results for different hg
values (ho=45000, hy=60000, ho=75000 and ho=150000), which are all arger than h,=15000
that corresponds to the untreated sand (see Table 6-2). The hatched region in the figure
depicts the previously mentioned range of gain due to stabilization, as this is taken from the
literature (Figure 6.10). It is observed that all numerical results are within this range, with the
constant value of ho=60000 leading to the best simulation of the targeted data of (Diaz-

Rodriguez et al. 2008).

Similarly, Figure 6.12 presents the comparison of the same experimental results with the
numerical results adopting the second approach, namely the decrease of constant Ay (A0=0.1,
Ao=0.2, Ao=0.3 and Ao=0.4), which are all smaller than A,=0.8 that corresponds to the
untreated sand (see Table 6-2). These predictions are also within the range of laboratory data

and the corresponding best simulation occurs with a value of Ag equal to 0.3.

0.4
e o o h=45.000
i ) ) ® h0=60.000
N 03 | e o o h0=75.000
CE:C’ Range of data h,=150.000
) B \ Data (Diaz-Rodriguez et al 2008)
O o2t
hd B
)]
© 01t
0 1 i 1 l 1 l 1
0 5 10 15 20

Figure 6.11 Numerical simulation of CS(%) effect for different values of ho constant of NTUA-SAND
model (data: Diaz-Rodriquez et al, 2008)
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Figure 6.12 Numerical simulation of CS(%) effect for different values of Ao constant of NTUA-SAND
(data: Diaz-Rodriquez et al, 2008)

Then, Figure 6.13 shows the shear stress (t) — shear strain (y) relation and the related shear
stress (t) — mean effective stress (p) relation as resulted from the numerical simulation of
undrained cyclic simple shear tests with a specific number of cycles to liquefaction equal to
N.=10 for: i) the untreated soil (Figure 6.13 (a) and (b)), ii) the stabilized soil for the optimum
value Ao=0.3 (Figure 6.13 (c) and (d)) and iii) the stabilized for the optimum value ho=60000
(Figure 6.13 (e) and (f)), all initiating from the same initial conditions (D,=40% and ¢’.,c=60kPa).
Observe that for the stabilized soil, a significantly increased value of cyclic shear stress (CSR)
is required for initial liquefaction (p=0kPa) at the same N, which indicates the beneficial effect
of stabilization on soil strength as this is obtained by considering the two (2) different
approaches for modification of the sand skeleton response. Note that this increase of CSR
depicted in Figure 6.13 corresponds to approximately 0.1 difference in the CSR value for
N.=10, consistent with the optimal liquefaction curves of Figure 6.12 and Figure 6.11

respectively.
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sand (a) and (b) and for treated sand for the best values Ap=0.3 (c) (d) and hp=60000 (e) and (f) and

for the same initial conditions (D,=40%, o’,x=60kPa).
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Figure 6.14 Comparison of numerical simulations of undrained monotonic simple shear tests for
untreated soil and for stabilized soil for the optimal values A0=0.3 and h0=60000, when starting
from the same initial conditions (Dr=40%, o’vO=60kPa), in terms of: (a) Shear stress — mean
effective stress relation and (b) shear stress — shear strain relation

For completeness, Figure 6.14 compares the numerical predictions of the monotonic response
during undrained simple shearing for the untreated soil (black curves) and the stabilized soil
for the optimal values Ao=0.3 (blue curves) and ho=60000 (red curves), all initiating from the
same initial conditions (D:=40% and o’,,=60kPa). These optimal values of Ao and ho were
calibrated on the basis of cyclic undrained tests alone, and gave similar results for the
stabilized sand (see Figure. 6.13). Such similar predictions for the stabilized sand continue to
appear for the initial parts of the monotonic tests, where the stabilized soil predictions show
a stiffer and less contractive response in comparison to that of the untreated soil. This
agreement is expected, since the maximum shear stress values during cyclic loading are
relatively small (e.g. up to 8 kPa, in the related Fig. 6.13) and the stress point remains in the
initial part of the loading. However, when the monotonic shearing continues to greater shear
strain values and the stabilized soil stress state exceeds the Phase Transformation Line
(Ishihara et al. 1975), the stabilized sand predictions deviate from one another. As a result, it
is only the hs=60000 curves that continue to show a response which remains stiffer and less
contractive than that of the untreated soil throughout the monotonic loading, thus remaining
in qualitative agreement with the few available monotonic tests in the literature (Kodaka et
al. 2005). However, cyclic loading is of primary interest in this Thesis, and hence the choice of

a reduced dilatancy coefficient Ag remains a valid alternative.
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6.5 Simulation of cyclic element tests assuming modifications related to the pore

fluid

6.5.1 General

Coupled response mechanisms in porous media (like soil) with presence of pore fluid are
based on the interaction between the mechanical behavior of the soil skeleton and the flow
of the pore fluid. When a saturated soil is subjected to loading, the deformation of its skeleton
not only causes volume change in the pores, but also induces flow of the pore fluid from high

to low pressure regions.

At first, this theory was developed to explain problems in soil mechanics, such as
consolidation, but it was quickly extended to several other applications. In its original
expression, a simple mathematical equation describes the two basic forms of soil skeleton and
pore fluid interaction. These equations relate the strain development and the change of fluid
mass with the change in stresses (at the soil skeleton) and the pore fluid pressure. In practice,
these equations reflect the fact that pore fluid pressure affects the strain — stress relation of
the soil skeleton. Hence, in porous media like soil, any change of the fluid mass or the fluid
pressure leads to deformation of the soil skeleton. Moreover, a uniform change of pore fluid
pressure in a porous skeleton, the movement of which has been laterally restrained, leads to
the so-called poroelastic stress development. These poroelastic stresses cause a non-uniform
pore fluid pressure distribution leading to a time dependent fluid flow through the pores
(Darcy’s Law). In turn, the pore fluid pressure change affects effective stresses, which cause

deformation of the porous medium according to the effective stress principal.

When loadings are applied to saturated soils they cause an increase in the pore fluid pressure.
This will cause an immediate deformation of the soil skeleton with a corresponding pore fluid
pressure generation. As time passes, the excess pore pressure dissipates as the pore fluid
flows due to pore pressure gradients within the soil. As the excess pore pressures change, the
stresses and strains in the soil skeleton also change in order to maintain the system in
equilibrium, thus leading to further deformation of the soil skeleton. The coupled nature of
the problem ensures that deformation of soil skeleton will have an effect on the excess pore

fluid pressures and vice versa.

The theory was firstly developed by Terzaghi (1923, 1925) for the one-dimensional
consolidation, and extended to three dimensions by Biot (1941). In his original theory,

Terzaghi stated that the deformations of a soil are governed only by the rearrangement of the
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soil particles, and not by the compression of the pore fluid and the solid particles. In a
saturated soil this means that a volume change of an element of soil can only occur by a net
flow of the pore fluid with respect to the solid particles, which is related to their
rearrangement. This assumption is often a good approximation of the real behavior of soft
soils, especially clay. Such soils are highly compressible (deformations may be as large as
several percents), whereas the constituents, particles and fluid, are comparatively very stiff.
In more recent presentations of the theory, starting with those of Biot, compression of the
pore fluid and compression of the particles has been also taken into account (Verruijt, 2013).
Particularly, in Biot’s theory of 3D poroelasticity, the saturated soils are modeled as

deformable, linear, porous, elastic materials saturated with compressible fluids.

According to Wang (2000), the coupled mechanical response phenomena of soil skeleton and
pore fluid flow have two main characteristics. The first is the coupling of the solid with the
liquid phase, which occurs when a change of the applied stresses causes a change of the pore
fluid pressures. The second is the coupling of the liquid with the solid phase, where a change
in the pore fluid pressures and/ or the mass (or the volume) of the pore fluid causes a change
in the total porous medium volume. Both these two coupling phenomena take place at the

same time.

According to Minkoff et al. (2003) there are three ways to include these coupling effects in
the analysis: “one way” coupling, “loose” coupling and “full” coupling. “One way” coupling
uses a fixed porosity value for the entire time interval. The mechanical simulator will use the
pore fluid pressures as periodic inputs to determine displacement and stress updates during
the same time interval. No effects of the mechanical behavior are taken into account in the
flow simulation. “Loose” coupling is an intermediate analysis, where the two conditions are
solved separately and interact with each other, but no complex nonlinear phenomena are
taken into account. “Full” coupling proposes that a change of pore fluid pressures, which is
estimated for a specific time interval by the flow simulator, is then used by the mechanical
simulator. The resulting stresses, correspond to porosity changes which are sent as input for
the flow calculations. All the coupling effects are included in the analysis based on Biot’s
theory (Biot 1941). It becomes obvious that a soil — pore fluid interaction is an important
parameter which cannot be ignored to simplify the physics of the problem as it can greatly

affect the analysis results, especially for liquefaction phenomena, which are of interest here.

More specifically, the present study uses the finite difference code FLAC (Itasca 2011). In this

code the steps for estimating the flow and mechanical behavior are performed alternately. At
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the beginning of solving, even one flow loop can set the system out of balance and thus many
mechanical loops are required in order to establish system equilibrium. Starting from a
mechanical equilibrium condition, a coupled analysis requires a specific number of steps
(loops). Each loop includes one or more flow loops, which are followed by several mechanical
loops until (quasi)static equilibrium. The increase of pore pressures due to the fluid flow is
calculated in the flow loops, whereas the contribution of the volumetric deformation is
calculated in the mechanical loops as a grid zone (“element”) value, which is then distributed
to the four (4) nodes of the grid zone. The correction of total stresses, due to the pore pressure
changes caused by the mechanical volume deformation or by the fluid flow, takes place in the
mechanical and flow loops respectively. The total pore pressure value is used to estimate
effective stresses and as a result the strain accumulation through the effective stress — strain
relation, which can be either elastic or elasto-plastic (like in the case of the NTUA-SAND

model).

In general, the fully coupled analysis outlined above refers to both fully saturated soil
formations and to formations with a lowered water table. However, the former is for interest

here for use in the analysis of liquefaction phenomena.

6.5.2 Pore pressure- volumetric strain interaction under coupled analysis

According to Biot’s theory (1955, 1956) a new dimensionless variable { is introduced which
represents the increase of fluid volume per unit volume. The increment of  over time is

estimated on the basis of the mass balance equations:

ot q
oo Ty 6.19
: iqv (6.19)
where:

giis the apparent velocity of the pore fluid [m/s] along direction i over distance x; [m] and gy
the specific discharge vector or the ratio of fluid volume injection to the porous medium

volume over time [1/s].

Fluid transport can be described by the well-known Darcy’s law, which is an empirical
expression for the apparent velocity g; through a non-deformable porous medium. Using a

small deformation assumption, Darcy’s law can be written as:

q; :_E[%_pfgj (6.20)

162

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



where

Pt is the pore pressure [Pa], k is the hydraulic conductivity (assumed isotropic) [m/s], u is the
pore fluid viscosity [Pa*s], pr is the pore fluid density [kg/m3] and g is the gravitational force

[m/s?]

Finally, the pore pressure Ps and its change over time can be expressed by:

@:K(%_a@j (6.21)
ot ot ot
Where

K: the pore fluid bulk modulus [Pa], a is Biot’s (dimensionless) coefficient (a=1 when
compressibility of grains can be neglected), £ is the volumetric strain, and T is the
dimensionless variable introducing the coupling of volumetric strain with pore fluid pressure

development (see Equation (6.19).

An important characteristic of saturated soils is the totally different response under drained
and undrained conditions. Undrained behavior corresponds to =0, as the pore fluid cannot
escape while no flow is observed without discharge. Hence, assuming incompressible grains

(a=1) Equation (6.21) is transformed to:

oP oe
—f K| = (6.22)
ot ot

This expression indicates that, if the fluid bulk modulus K is decreased then for the same
volumetric strain the developed pore pressures Ps will be smaller and the opposite. This

characteristic of coupled response enabled the alternative simulation of stabilized sands by

modification related to the pore fluid.

In particular, experimental results presented by Towhata (2007, 2008) from unconfined
compression tests on pure colloidal silica samples, indicate that colloidal silica may be
relatively compressible in comparison with practically incompressible water. In more detail,
these results show that CS strength is of the order of a few kPa (see Figure 6.15), but the
lateral to axial deformation ratio, or else the Poisson’s ratio, is equal to 0.3 and not 0.5
(implying incompressibility) as resulting from Figure 6.16. Therefore, it is possible that
liguefaction resistance increases due to this pore fluid compressibility, which according to

Equation (6.22) may lead to reduced pore pressures. This fact can be introduced in the analysis
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by increasing the compressibility of the pore fluid, or by decreasing the bulk modulus K in
Equations (6.21) and (6.22), which will affect the pore pressure values and as a result the
overall response of stabilized soil under undrained loading prevailing in the few seconds of an
earthquake shaking. The existence of undrained conditions is also backed by the dramatic

decrease of the hydraulic conductivity values for stabilized sands (Persoff et al., 1999).

Following this approach, for the simulation of the Diaz-Rodriguez et al. (2008) data, numerical
analyses were conducted using the NTUA-SAND model, without altering the values of model
constants (Table 6-2) but after modifying the value of the pore fluid compressibility by
assuming a 50 times smaller pore fluid bulk modulus (K=K./50, where Ky, is the bulk modulus
of clean water equal to 2x10° kPa). Figure 6.17 presents the comparison of the data to
simulations in the known form at Figures 6.11 and 6.12. Note that the effect of K reduction
seems to be qualitatively in the right direction, as it leads to an increase of the CSR required
for liquefaction, in compatibility with the literature data, while the value of K./50 seems

guantitatively sufficient for simulating the experimental data.
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Figure 6.15 Deviatoric stress- axial strain curve of CS under unconfined compression strength test
(Towhata, 2007, 2008)
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Figure 6.17 Numerical simulation of CS(%) effect on CSR required for liquefaction using NTUA-SAND
with reduced pore fluid modulus K=Kw/50 (data: Diaz-Rodriquez et al, 2008; Andrianopoulos et al,
2015)
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6.6 Simulation of resonant column tests assuming modifications related to the

sand skeleton and/or the pore fluid

After calibrating the modifications related to the sand skeleton and/ or the pore fluid on the
basis of cyclic element tests in paragraphs 6.4 and 6.5 above, the NTUA-SAND model employs
them here for simulating the resonant column tests on stabilized sands conducted by Spencer
et al. (2008). The results of these numerical simulations are shown in Figure 6.18 and
emphasize on the normalized shear modulus G/Gm.x degradation and hysteretic damping D
increase curves with cyclic shear strain. Particularly, subplots (b) and (d) present the
simulations for untrated sand (ho = 15000) and two (2) simulations for treated sand with CS
(ho = 150000 and K/50). These are compared to the resonant column data of Spencer et al.
(2008) in subplots (a) and (c), respectively. Observe that similarly to the test data, the effect
of stabilization is not significant for the stabilized sand response for small and medium cyclic

shear strains.

Figure 6.18 The effect of stabilization on the normalized shear modulus G/Gmax degradation and
damping increase curves with cyclic shear strain on the basis of data of Spencer et al (2008) and
comparison with numerical simulation results with the NTUA-SAND model for untreated and
stabilized sand (Andrianopoulos et al, 2015)

Figure 6.19 compares the effect of stabilization on the small strain (elastic) modulus Gmax

values from data (Spencer et al. 2008) and a series of simulations. The effect of stabilization is
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particularly simulated by employing the three aforementioned simulation approaches: i) an
increase in hg by ten times (ho=150000), ii) a decrease in Ao by ten times (A;=0.08) and iii) a
reduction in K by 50 times in comparison with that of water. The simulations show that the
last two approaches produce negligible effects on the value of Gnax due to stabilization,
whereas the increase in hg leads to an increase of 15-22%, which is higher than the 10% of
the shown data and lower than 25%, which is the average increase estimated in Chapter 3 on
the basis of in-flight measurements of shear wave velocity in the centrifuge tests of Conlee
(2010). Hence, overall, it may be concluded that all three simulation approaches for
stabilization lead to relatively small effects on the Gmax value, in general accordance with the

test data for the small cyclic shear strain regime.
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Figure 6.19 Effect of CS (of different percentages per weight) on maximum shear modulus Gumex
(data from Spencer et al., 2008) and comparison with pertinent numerical simulations with the
NTUA-SAND model.

167

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



168

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



Chapter 7

NUMERICAL SIMULATION OF THE ONE DIMENSIONAL SEISMIC
RESPONSE OF A HORIZONTAL STABILIZED SAND LAYER

7.1 General

Chapter 6 presented a numerical methodology for simulating stabilized sand response on the
basis of cyclic element test results. This Chapter investigates the accuracy of this methodology
(and its variants) when used in boundary value problems. For this purpose, emphasis is given
on the simulation of a dynamic centrifuge test of a horizontal stabilized sand layer under base
excitation (Gallagher et al. 2007a) which corresponds to free field seismic shaking conditions
insitu. First, the experimental set up and the testing results are presented in detail in order to
fully comprehend the response mechanisms of stabilized soils, and this as a basis for selecting
the appropriate assumptions for the numerical analyses. The reliability of the suggested
numerical methodology is evaluated via comparison with recordings from the foregoing
dynamic centrifuge test aiming to draw general conclusions about its accuracy and

appropriateness for practical applications.

7.2 Presentation of dynamic centrifuge test

This paragraph presents the dynamic centrifuge test that was selected for verifying the
methodology of Chapter 6 and refers to the 1D dynamic response of a uniform sand layer
under sinusoidal base motion. The test replicates the 1D test performed during the VELACS
project (Taboada, 1995) using loose Nevada sand (D = 40%), with the difference being that
the Nevada sand in the current test is treated with colloidal silica grout with CS(%) = 6.
Particularly, in prototype scale, the experiment refers to a 10m deep layer and is excited by
20 cycles of a 2Hz sinusoidal shaking parallel to its base, with uniform peak base acceleration

of 0.2g.

More specifically, the test was performed by Gallagher et al. (2007a) at Rensselaer Polytechnic
Institute (RPI) using Nevada No120 sand treated with Ludox-SM® colloidal silica with a
concentration of CS(%)=6 per weight. Nevada No120 is a poorly graded silica sand which is

categorized as SW-SM according to USCS and its properties are presented in Table 4-2. A
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laminar box with flexible walls was used, which consisted of rectangular aluminum rings.
These rings are separated by linear roller bearings in order to permit the relative movement
between the rings with minimum friction. The dimensions of the box were
460mmx370mmx260mm. Figure 7.1 presents the cross section of the laminar box along with
the locations of the displacement and acceleration transducers. For horizontal acceleration
measurements five (5) pairs of accelerometers (AH) were placed at different heights, whereas
for the vertical and horizontal displacements five (5) LVDTs were placed, four (4) LH (for
horizontal displacements) and just one (1) LV on the layer surface measuring settlement,

assuming that is uniform.

Table 7-1 Properties of Nevada No120 sand (Gallagher et al., 2007a).

Property Value
Specific gravity 2.64
Maximum dry unit weight 17.5 kN/m3
Minimum dry unit weight 14.5 kN/m3
Maximum void ratio 0.821
Minimum void ratio 0.631
Mean grain size 0.17 mm
Coefficient of uniformity 1.64
209 B Accelerometer

1 15¢cm

40cm

4.0cm

Input Mation
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Figure 7.1 Experimental set up and instrumentation for the dynamic centrifuge test (Gallagher et
al. 2007a)

Dry sand was placed with pluviation in the laminar box in order to achieve a uniform relative
density of D,=40%. The CS solution used had a volume of 1.5 times the pore volume so that
full replacement of water with CS solution could be ensured. Figure 7.2 presents the
procedure used for the CS injection into the soil, where the grout was injected from the base

of the box and drawn upwards under a vacuum.

During the injection, the CS viscosity increased from 1.5 to 1.7cP and the CS solution formed
a firm gel 56 hours after mixture. The solution, after its injection and before testing began,
was left to cure for 240 hours, i.e. a time which corresponds to four times the gel time. The
centrifugal acceleration to which the model was subjected was 50g and therefore the 200mm
tall model simulates in prototype units a soil layer of treated liquefiable Nevada sand with a

height of 10m.

The layer was subjected to two (2) seismic events, which consisted of twenty (20) cycles with
uniform peak acceleration 0.20g and 0.25g respectively and both had a frequency of 20Hz
(T=0.5s). The acceleration time-histories recorded at different depths of the soil layer during
the test are illustrated in Figure 7.3 .Observe that on the basis of the recorded data,
amplification of the ground motion (accelerations) takes place through the soil layer at both
seismic events with higher values occurring for the 0.25g excitation and this amplification
seems more intense at depths of 2m and 4m and not at the layer surface. Gallagher et al.
(2007a) state that a possible explanation for this behavior might be the partial and incomplete
gelation of colloidal silica solution or the degradation in the particles adhesion provided by
the cementation from the colloidal silica grout, which can be potentially improved by
increasing the CS concentration used. Pore pressures were not measured, but according to
the acceleration recordings the treated sand did not liquefy during the two seismic events,

since nullification (or at least intense de-amplification) of acceleration was not observed.
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Figure 7.2 Injection procedure of CS solution (Gallagher et al. 2007a)

Figure 7.4 presents the lateral displacements with depth for the two shaking events as they
evolved with time. It is obvious that displacements increase significantly as peak base
acceleration increases from 0.2g to 0.25g. Figure 7.5 shows that vertical displacements
recorded were approximately 30mm (0.3% vertical/ volumetric strain) during the first shaking
event and less than 10mm during the second. This means that the settlements recorded
during the first event were larger than those during the second, despite that the first event

(0.20g) had lower intensity than the second one (0.25g).
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Figure 7.3 Measured acceleration timehistories at different depths: (a) for the first (0.2g at base),
and the (b) the second (0.25¢g at base), shaking event (Gallagher et al. 2007a)
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7.3 Numerical simulation of dynamic centrifuge test

The numerical simulation of the foregoing centrifuge test, was performed with the finite
difference code FLAC (ltasca 2011). It employed the NTUA-SAND constitutive model
(Andrianopoulos et al., 2010a, b), which was appropriately calibrated for Nevada sand. The
values of the model constants and state variables related to D,=40% used are presented in

Table 7-2. Interestingly, this model, which has been proven capable of simulating various
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boundary value problems involving earthquake- induced liquefaction, has been made readily

available for potential FLAC users in: http://www.itasca-udm.com/pages/NTUA.html .

The simulation is performed in prototype scale. Hence, the grid used for the numerical
simulation had dimensions 23x10m with zones of 1x1m. The water table was set 1m over the
saturated soil surface by applying pressure of 9.81kPa on the surface in order to ensure that
the soil layer will remain saturated during the seismic excitation (this assumption does not
change the effective stress regime). In all cases, tied node boundary conditions were imposed
at the lateral boundary grid-points of the mesh, along the x and y-direction, in order to ensure
the same horizontal and vertical displacements at its two lateral boundaries. The particular
type of boundary conditions proves very efficient in reproducing the deformation pattern of
a laminar box (e.g. Andrianopoulos et al., 2010a, b, among many). The numerical simulation
of the treated layer was performed using the methodology presented in Chapter 6, i.e. by
considering all three (3) approaches mentioned there. More specifically by assuming: (a) an
increase of the constant hy of the plastic modulus of the constitutive model for the soil
skeleton of the sand, (b) a decrease of the dilatancy constant of the constitutive model A,
and (c) a decrease of the bulk modulus K=K./n of the pore fluid by assuming different
denominator n values (where Ky, is the bulk modulus of water). Firstly, the parameter values
which simulated best the stabilized soil behavior at element level were tested (Ao=0.3,
ho=60000, and K./50) in order to investigate their adequacy in simulating the dynamic
response of a stabilized soil layer. The hydraulic conductivity value of the treated sand for
silica concentration of CS(%)=6 was based on the work of Persoff et al (1999) and is set equal

to 10°°m/s for all three approaches.

At the base of the grid a sinusoidal horizontal excitation was applied with peak base
acceleration of 0.20g and frequency of 2Hz, aiming at the simulation of the first event. A cycle
of smaller amplitude was also added at the beginning and at the end of the time history to
ensure a gradual increase and decrease of the input acceleration and eliminate numerical
inertial effects related to abrupt change in loading conditions. Local damping of 2% was used
in the analysis but for medium and large cyclic shear strain amplitudes increased hysteretic

damping is simulated via the elastoplastic formulation of the NTUA-SAND constitutive model.

Before proceeding to comparing data to simulations, note that contrary to the original
experiment for the excitation with peak base acceleration (PBA) equal to 0.20g for the
untreated sand (Taboada 1995), the stabilized sand did not liquefy during shaking (Gallagher

et al. 2007a). Moreover, the stabilized sand did not depict de-amplification of the ground
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motion; rather it even showed significant amplification after the first 3-4 cycles, with peak
accelerations reaching 0.55g (in comparison to 0.2g at the base) in Figure 7.3. The measured
acceleration response also included, what seems to be, significant dilation spikes, which are

essentially the cause for the foregoing amplification.

The following figures present the comparison of recordings with results from the numerical
simulation in terms of accelerations, excess pore pressure ratio and settlement time histories.
More specifically, the measurements recorded from the accelerometers at the left side of the
laminar box (denoted as AH10, AH8, AH6, AH4, AH2) are compared with the acceleration time-
histories resulting from the numerical analyses at the same locations of the mesh. Also, the
measured settlements on the soil surface from transducer LV1 are compared with the
settlements resulting from the analysis at the same location. Finally, the excess pore pressure
ratio time-histories are also included in the figures at different depths only as they resulted
from the numerical simulation since there are no corresponding recordings from the

centrifuge test.

It should be clarified here that the pore pressure development mechanism in stabilized with
CS soils has not been microscopically investigated yet (e.g. Conlee et al., 2012). Hence, the
numerical results that refer to r, are presented here merely as a means for better

understanding the simulation mechanisms in terms of accelerations and settlements.

In the following figures, the results of the numerical analyses for parameter values A;=0.3
(Figure 7.6), ho=60000 (Figure 7.7) and K=40MPa (Figure 7.8), which correspond to Ao/2.67,
4ho and Ku/50 are presented. It is noted that analyses for Ag=0.3 and/ or ho=60000 use all the
other NTUA-SAND constants as calibrated for Nevada sand (Table 7-2) while in the analysis
with K,/50 all model constants retain their Nevada sand values. Observe that, even though
these approaches were able to simulate the laboratory results at the element level (e.g. for
the available data recorded from Diaz-Rodriguez et al., 2008) in Chapter 6, none of the
aforementioned simulations was able to satisfactorily simulate the dynamic response of the
treated soil layer. More specifically, all analyses predict liquefaction of the stabilized layer in
contrast to the recordings. Liquefaction herein is related to a value of r,=1.0 and intense de-
amplification of the acceleration after the first 2-3 cycles. In addition, all these simulation
efforts produce zero surface settlements (Figure 7.9), an outcome also related to the
formulation of NTUA-SAND which produces very small volumetric strains in consolidation

loadings (Andrianopoulos et al. 2010).
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Table 7-2 Values of model constants and state variables for D,=40% of NTUA-SAND model for

untreated Nevada sand (Andrianopoulos et al.2010)

Nevada sand
Dry density (Mgr/m?3) 1.52
Porosity 0.424
e 0.737
M 1.25
Ms£ 0.72
(€cs)a 0.809
A 0.022
B 600
v 0.33
kc? 1.45
kA 0.30
V1 0.00025
o 0.6
Ao 0.8
ho 15000
No 40000
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Data (Gallagher 2007a)
—— NTUA-SAND (A,=0.3)
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Figure 7.6 (a) Comparison of measured acceleration time histories at different depths with their
numerical counterparts, (b) Excess pore pressure ratio time histories at different depths resulting
from the numerical analysis. (data: Gallagher et al., 2007a; analyses: using NTUA-SAND with values
of constants in Table 7-2, but Ap=0.3)
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Data (Gallagher 2007a)
——— NTUA-SAND (h,=60.000)
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Figure 7.7 (a) Comparison of measured acceleration time histories at different depths with their
numerical counterparts, (b) Excess pore pressure ratio time histories at different depths resulting
from the numerical analysis. (data: Gallagher et al., 2007a; analyses: using NTUA-SAND with values
of constants in Table 7-2, but hp=60000)
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Figure 7.8 (a) Comparison of measured acceleration time histories at different depths with their
numerical counterparts, (b) Excess pore pressure ratio time histories at different depths resulting
from the numerical analysis. (data: Gallagher et al., 2007a; analyses: using NTUA-SAND with values
of constants in Table 7-2 and K=40MPa=K,,/50)
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Figure 7.9 Comparison of surface settlement time history as measured in centrifuge test with its
numerical simulations (data: Gallagher et al., 2007a; analyses: using NTUA-SAND with values of
constants in Table 7-2 but Ay=0.3, either hp=60000, or K=40MPa=K,,/50)

It has to be underlined that although the parameter values of Ao/2.67, 4ho and K../50 were not
able to quantitatively depict the seismic response of stabilized soil in this centrifuge test, their
use led to qualitatively accurate response. Hence, analyses were repeated, this time by
modifying 10 times further the values of the parameters, namely using A¢=0.03, ho=600000
and K=K,/500 and these results were again compared with the recordings in terms of the
acceleration time history at a shallow depth of 2m and in terms of the surface settlement time
history. The time history of excess pore pressure ratio ry is also presented in Figure 7.10 for
each numerical simulation at a depth of 1.5m for the sake of completeness, despite that there
is no pertinent recording. The results indicate that the new proposed values for all three
parameters simulate significantly better the response of the stabilized soil layer in terms of
accelerations since all pertinent indications of liquefaction disappear, and this is also evident
in the simulated r, time histories where r,=1.0 only at the end of the excitation, if at all. This
is a completely different response than in Figures 7.6-7.8, where r,=1.0 appears from the
beginning of the excitation. However, as deduced from Figure 7.11, the additional
modification of model constants (ho and Ao) does not lead to an ameliorated simulation of the
settlement time history. On the contrary, a further modification related to the pore fluid

modulus (Kw/500) seems to be the most accurate approach among the three.
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Figure 7.10 (a) Comparison of measured acceleration time history at 2m depth with its numerical
counterparts (b) Excess pore pressure ratio time history at 1.5m depth resulting from the numerical
analyses. (data: Gallagher et al., 2007a; analyses: using NTUA-SAND with values of constants in
Table 7-2, but Ap=0.03, either hy=600.000 or K=4000kPa=K,/500)
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Figure 7.11 Comparison of surface settlement time history as measured in centrifuge test with its
numerical simulations (data: Gallagher et al., 2007a; analyses: using NTUA-SAND with values of
constants in Table 7-2 but Ay=0.03, either ho=600.000 or K=4000kPa=K.,/500)

Overall, it is observed that modifying the sand skeleton component of the soil — fluid system
seems less accurate and so, one could consider modifying the pore fluid component of the
analysis as proposed. In reality, given that passive stabilization affects the pore fluid (it
becomes a firm resonating gel after enough time) and not the sand skeleton, this approach
seems even more realistic. Hence, one could use the properties of colloidal silica for the pore
fluid component in any finite element or finite difference analysis, instead of the (default)
values for water. This is especially true in large scale boundary value problems where the
conditions are not fully controlled as in element tests. The same concerns were raised by
Towhata (2007, 2008) as mentioned previously, who, based on results from unconfined
compression tests of pure gelled colloidal silica samples, concluded that this material has
significant volume compressibility in comparison to that of water (which is practically
incompressible). In other words, while any tendency for volume reduction (e.g. due to seismic
shaking) translates to excess pore pressure development in saturated untreated sand, any
similar loading in treated (stabilized) sand is not expected to generate (significant) excess pore

pressures no matter its intensity.

In conclusion, taking into account all the above observations, the approach that assumes a
reduction of the fluid bulk modulus K (in comparison to that of water: K,=2x10°kPa) seems to
offer the best simulation of the 1D seismic response of a stabilized soil layer, because of its
clearly improved simulation in terms of settlements. However, a value of 500 for the divider
of the fluid bulk modulus (K=K./500) is not necessarily the best value to simulate the overall
response in terms of both settlements and accelerations. For this purpose, more appropriate
values of K, dividers were investigated. Particularly, a possible relation between the K,, divider

and the concentration of CS solution per weight CS(%) was investigated. After a large number

182

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



of parametric analyses and through a trial and error procedure, for both the 1D ground
shaking centrifuge test conducted by Gallagher et al. (2007a) and the 2D ground shaking
centrifuge test conducted by Conlee et al. (2012) which will be presented in Chapter 8, the
following simple expression was devised, which offers appropriate estimates for K, as a

fraction of K, on the basis of the CS(%) of the treated soil. This expression reads:
K=K, /[(CS(%)+2.25)-100 | (7.1)
where:

K is the fluid bulk modulus, Ky is the bulk modulus of water and CS(%) is the concentration per

weight of colloidal silica in the pore fluid.

For a concentration of CS(%)=6 used by Gallagher et al. (2007a) the above expression leads to
a divider value equal to 825. i.e. K=K./825. Apart from this value the appropriateness of a
divider equal to 975 is also investigated, which results from a silica concentration of CS(%)=7.5,
the average value of CS(%)=5 and 10%, which are the minimum and maximum values of CS(%)
for use in passive stabilization against liquefaction, in terms of effectiveness and cost. The
following figures explore the appropriateness of these pore fluid modulus K values in terms of
the time histories of acceleration and excess pore pressure ratio (Figure 7.12), as well as
settlement (Figure 7.13) by comparison to the recordings (wherever available). It is evident
that these values of K lead to better simulations of the response of the stabilized soil layer in
terms of accelerations and excess pore pressures when compared to previous analyses in this
Chapter, while their relative differences are small. This fact provides evidence of the adequacy
of the abovementioned Equation (7.1) for quantitative accuracy in simulating the 1D seismic

response of stabilized sand layers.
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Figure 7.12 (a) Comparison of measured acceleration time history at 2m depth with its numerical
counterparts (b) Excess pore pressure ratio time history at 1.5m depth resulting from the numerical
analyses. (data: Gallagher et al., 2007a; analyses: using NTUA-SAND with values of constants in
Table 7-2 and K=K./825 or K=K,,/975)
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Figure 7.13 Comparison of surface settlement time history as measured in centrifuge test with its
numerical simulations (data: Gallagher et al., 2007a; analyses: using NTUA-SAND with values of
constants in Table 7-2 and K=K,,/825 or K=K./975)
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7.4 Effect of hydraulic conductivity of untreated sand on its seismic response

This paragraph investigates the value of hydraulic conductivity, k, which should be adopted in
cases where the sand is not stabilized and liquefaction occurs. More specifically, in cases of
dynamic loading and especially when liquefaction occurs, the use of the hydraulic conductivity
k value which is measured in laboratory experiments (e.g. permeability testing) is considered
guestionable in the literature. The reason is that when the soil is subjected to dynamic loading,
some of the basic assumptions of Darcy’s law —steady state constant direction flow through
the pores of a stable soil — are not fulfilled. In more detail, dynamic loading is characterized
by a rapid change of flow direction and concurrently excess pore pressure develop, which lead

to an unstable soil skeleton especially if liquefaction is observed.

For this purpose, in the literature, three different ways of incorporating the hydraulic
conductivity coefficient k in numerical analyses has been reported. These ways are outlined
by Chaloulos et al. (2013) and are presented below with reference to Nevada sand, the sand
used in the centrifuge experiments of Gallagher et al. (2007a) simulated above after its

stabilization. Specifically, one could use:

e The “static” value as measured from (constant head) permeability tests under 1g
gravitational acceleration (k=6.6*10m/s for Nevada sand with relative density D,=40%;
Arulmoli et al. 1992, Arulanandan K. & Scott R. F 1994), or

e The “dynamic” value, as proposed by Liu and Dobry (1997) considering the alternating
flow direction in the pores of the soil (k=2.1*10°m/s, for Nevada sand with D,=40%, which
is approximately 3 times lower than the “static” value), or

e The “variable” value, which takes into account the dislocations of soil grains during
liguefaction and the creation of “flow channels” within the soil skeleton. This value

changes as a function of either the excess pore pressure ratio ry, or as a function of time.

More specifically, Arulanandan and Sybico (1993) proposed a triangular distribution of k with
time, which initiates from a value of ki, and takes its maximum value when initial liquefaction
(ry=1) first appears, or alternatively the use of an equivalent average value equal to 3.67ki,;.
The rationale behind this triangular distribution is also adopted by Manzari and Arulanandan
(1994). More recently, Shahir et al. (2012) suggest the change of k as a function of r, following

the expression below:
k=kini[1+(a—1)rub} (7.2)

where a and b are soil constants, calibrated for Nevada sand equal to a=20 and b=1.
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Following this expression, the maximum hydraulic conductivity has a value of 20ki, with an
equivalently average value of 10ki,. Taiebat et al. (2007) propose the use of a simplified

equivalent average value equal to 4kin, for simplicity.

Similarly, Andrianopoulos (2006) performed a literature review of the different k values used
in order to simulate the response of untreated Nevada sand during the VELACS (Verification
of Liquefaction Analyses by Centrifuge Studies) research program. In most of the numerical
simulations, the hydraulic conductivity coefficient used in the analyses was 50 times higher
than the value measured in the laboratory (“static” value), so that the effect of the centrifugal
acceleration is taken into account since water was used as a pore fluid in the centrifuge tests
that were simulated. Only two researchers used a decreased value of k, namely Bardet and
Huang (1994) adopted a smaller value of k during the whole test simulation, while Popescu
and Prevost (1994) also adopted a reduced value of k during the seismic excitation implying a
“dynamic” value of k. Note that all simulation efforts led to settlements clearly smaller than

those measured in the centrifuge test.

In the present study, an effort was made to simulate the response of untreated Nevada sand,
using some of the suggestions proposed for the “static”, “dynamic” and “variable” values of
k. This procedure aims at establishing the relative importance of these assumptions on the
predicted response of the 10m-thick layer in the test of Gallagher et al. (2007a) if it hadn’t

been passively stabilized. The approaches used for the value of k are the following:

1. k=kin=6.6x10"m/s, according to Arulmoli et al. (1992)

2. k=kini k=2.1x10°m/s, according to Liu and Dobry (1997)

3. k=10xkini , according to the simplified coefficient proposed by Shahir et al. (2012). For the
simulations that used this approach two (2) cases were investigated: (3a) 10xkini, with
kini=6.6x10°m/s and (3b) 10xkin, with kini=2.1x10°m/s.

4. k=4xkini, according to the simplified coefficient proposed by Taiebat et al. (2007) For the
simulations that used this approach two cases were investigated: (4a) 4xkin, with
kini=6.6x10°m/s and (4b) 4xkini, with kin=2.1x10°m/s.

5. k=3.67xkini, according to the simplified coefficient proposed by Arulanandan and Sybico
(1993) For the simulations that used this approach two cases were investigated: (5a)
3.67xkini, with kini=6.6x10°m/s and (5b) 3.64xkin;, with kin=2.1x10°m/s.

6. Time — variable k, as proposed by Manzari and Arulanandan (1994) as presented
qualitatively in Figure 7.14. Observe that the k returns to its initial value kin; after the end

of excitation and takes its maximum value of 6.7xkini when initial liquefaction (ry=1) occurs
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for the first time. For the simulations that used this approach two (2) cases were

investigated: (6a) where kin=6.6x10"m/s and (6b) where kin=2.1x10°m/s.
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Figure 7.14 Time dependent hydraulic conductivity, for numerical analyses in a liquefaction regime
as proposed by Manzari and Arulanandan (1994)

It becomes obvious that in cases 3 to 6, the two sets of analyses correspond to the “static”
and “dynamic” values of k used as kini. Figures 7.15 and 7.16 present the results of all ten (10)
analyses outlined above, and each color represents one of the above approaches in terms of
settlement and excess pore pressure ratio histories respectively. It should be mentioned that
in all numerical simulations a 50-fold higher k value was used (from the values outlined above)
so that centrifugal effects are taken into account. The reason for this selection is that the
emphasis here is to compare with what the centrifuge test of Gallagher et al. (2007a) would
give if the soil hadn’t been passively stabilized and pure water was used as the pore fluid (as
was done in the VELACS project). This also allows for a direct comparison with what the
settlements that the VELACS project test showed and what different researchers had

predicted (see overview in Andrianopoulos 2006).
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Figure 7.15 Comparison of computed time histories of surface settlement for different approaches
for the hydraulic conductivity k if the test of Gallagher et al. (2007a) was performed on untreated
Nevada sand with water as pore fluid and 50g centrifugal acceleration.
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Figure 7.16 Comparison of computed time histories of excess pore pressure ratio r, at a depth of
1.5m for different approaches for the hydraulic conductivity k if the test of Gallagher et al. (2007a)
was performed on untreated Nevada sand with water as pore fluid and 50g centrifugal
acceleration.

Based on Figure 7.15 two groups of results are observed: one that leads to settlements of 2-5
cm (analyses 2, 5b, 1, 6b, 4b) and one that leads to settlements larger than 5cm (analyses 3b,
5a, 6a, 4a, 3a). The pertinent test in the VELACS project showed settlements higher than 15-
20cm, so is more compatible with the latter set of analyses. Interestingly, in the numerical
simulation results, this behavior is related to analyses 3a and 4a, that correspond to
k=(4-10)xkin; with kin=6.6x10m/s, i.e. the “static” value. In addition, practically all cases led to

settlements higher than those observed at the stabilized soil layer, as expected.
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The results in terms of r, are presented in Figure 7.16 in the two different subplots, which
correspond to the two different groups of seismic settlements (a)2-5cm, (b)>5cm. It becomes
obvious that most of the approaches predict liquefaction which can be expected considering
previous analyses for similar soil types. However, it is clear that large settlements (higher than
5cm) are related to complete liquefaction, i.e. for values of r,=1 throughout the shaking (as

shown in Figure 7.16b).
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Chapter 8

NUMERICAL SIMULATION OF THE TWO DIMENSIONAL SEISMIC
RESPONSE OF A GENTLY SLOPING STABILIZED SAND LAYER

8.1 General

The previous Chapter presented the numerical simulation of the 1D seismic response of a
horizontal stabilized sand layer. This Chapter investigates the ability of the same numerical
methodology to simulate the seismic response of a gently sloping stabilized sand layer, namely
a 2D boundary value problem. Hence, the simulation of a series of dynamic centrifuge tests
on gently sloping stabilized sand layers (Conlee et al. 2012) are presented herein and
evaluated versus the pertinent measurements. The purpose of this evaluation is to further
explore the reliability to the employed numerical methodology by highlighting its merits and
limitations for different boundary value problems. Hereafter, paragraph 8.2 presents the
experimental set up and the centrifuge testing results, in order to illustrate the pertinent
response mechanisms, while paragraph 8.3 presents the assumptions of the conducted
numerical analyses aiming to simulate these tests. The reliability of the proposed numerical

methodology is evaluated via comparison with the centrifuge test results in paragraph 8.4.

8.2 Presentation of dynamic centrifuge experimental set up

The tests that will be examined here were performed on the 9-m-radius centrifuge at the
Center for Geotechnical Modelling (CGM) at the University of California, Davis
(NEES@UCDavis) and were presented in detail by Conlee (2010) in her PhD thesis. Their goal
was to evaluate the effectiveness of CS solutions as possible stabilizers for mitigating
liguefaction and lateral spreading displacements of gently sloping layers towards a free face,
as well as to compare the lateral spreading response of two similar slopes during seismic
excitations of different amplitude with and without stabilization or with stabilization with
different CS(%). The typical model consisted of two symmetrical slopes with a 3° inclination
towards a central channel of 3m width (in prototype units) as presented in Figure 7.1. The
slope consisted of three layers with the following properties: (a) a 0.75m thick bottom layer
of dense Monterey No0/30 sand, (b) a 4.8m thick layer of liquefiable Nevada No120 sand and

(c) a top 1m thick layer of compacted, practically impermeable silty clay named Yolo loam.
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A total of two (series of) tests were performed, denoted hereafter as CTCO1 and CTCO2. During
the first test series (CTCO1) which will be examined extensively herein, Monterey and Nevada
sand layers on the left slope were stabilized with Ludox-SM® colloidal silica at a concentration
of CS(%)=9 and the right slope was left untreated. During the second test series (CTC02) the
same layers of the left slope were stabilized with Ludox-SM® colloidal silica at a concentration
of CS(%)=4 and the right slope was also stabilized with CS(%)=5.25. The reference to a “series”
of tests is related to the fact that each model (CTCO1, CTC02) was shaken with a series of
excitations of different amplitude. The model geometry of the two tests series is the same and
is shown in Figure 7.1, while the physical properties of the soils used are presented in Table

8-1.

Figure 8.1 Model geometry for the centrifuge tests CTCO1 and CTC02 (Conlee 2010)

In order to perform the test, a flexible box was used (Equivalent Shear Beam, ESB-Container)
where the sand layers were placed via pluviation, so that the desirable values of relative
density could be achieved. The stabilized slope was saturated with colloidal silica solution and
the untreated slope was saturated with deionized water. The top layer of Yolo loam was
placed after saturation with colloidal silica, in order to avoid creation of flow channels through
the material which could lead to weak (and possibly permeable) zones. Ten accelerometers,
nine pore pressure transducers, horizontal (LP/LVDT) and vertical (vertical LP/LVDT)
displacement transducers were placed to record the time-histories of acceleration, pore
pressure, lateral spreading and surface settlement respectively. Figure 8.2 presents the

instrumentation set up for CTCO1 test series. Colloidal silica grout was injected from the
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bottom of the box using a vacuum. The gel time selected was large enough to fully saturate
the liquefiable sand layer, and adequate curing time was retained before conducting the

experiment.

Table 8-1 Physical properties of soils used at the centrifuge tests (based on Conlee et al., 2010)

Parameter Dense sand Loose sand Crust
Soil type Monterey 0/30 Nevada No120 Yolo loam
3
Density of solid skeleton P, (Mg/m’) 2.64 2.64 -
3
Maximum dry unit weight ygmax (kN/m") 16.81 17.5 -

13.96 (CTCO1)

3
Minimum dry unit weight ygmin (kN/m 14.5 -
Y gt yamin (/M) 113 24 (cTco)

95 (CTCO1) 35 (CTCO1)
Relative density (%) -
98 (CTCO2) 45 (CTCO2)
Mean grain size d50 (mm) 0.4 0.17 0.32
Coefficient of uniformity Cu = dso/d10 - 1.64 10
Wet unit weight y : 2alcreon 19
sot (kN/m ) 19.9 (CTC02)
Permeability (cm/s) 0.002
PL 20
LL 33
OCR 1

15% (CTCO1)
12% (CTC02)

Water content

The model was subjected to nine successive seismic events along the longitudinal x-direction
as defined in Figure 7.1 and Figure 8.2 at a centrifugal acceleration of 15g. Each shaking event
consisted of twenty (20) sinusoidal cycles of 2Hz frequency (period T=0.5s). The sequence of
the excitations and their corresponding peak base accelerations (PBA) are shown in Table 8-2.
This study emphasizes on the medium intensity excitations (Shakes 3 and 4) for CTCO1 which
take place after two low intensity excitations (Shakes 1 and 2) with no practical interest.

Furthermore, these latter 2 excitations are considered too weak to produce permanent
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displacements and thus the initial model geometry is considered as representative for the

former 2 medium intensity excitations.

Figure 8.2 Instrumentation set up for centrifuge test CTCO1 (Conlee et al. 2012)

Table 8-2 Sequence of seismic events for centrifuge tests CTCO1 and CTCO2 (based on Conlee 2010)

Seismic event sequence

CTCOo1 CTC02

Event ID PBA Event ID PBA
CTCO01_01 0.007 CTC02_01 0.007
CTC01_02 0.03 CTC02_02 0.03
CTC01_03 0.1 CTC02_03 0.15
CTC01_04 0.19 CTC02_04 0.25
CTC01_05 0.56 CTC02_05 0.69
CTC01_06 0.03 CTCO02_06 0.03
CTC01_07 0.18 CTC02_07 0.24
CTC01_08 1.28 (CTC02 08 0.89
CTC01_09 0.03 CTC02_09 1.37

Simulation of the remaining excitations of the CTCO1 series were not executed, since the initial

geometry of the model for these shakes was no longer the initially constructed one (e.g. Figure

7.1), while some of these shakes were extremely intense and of small practical interest (e.g.
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1.28g!). Figure 8.3 and Figure 8.4 present the cummulative settlement and horizontal
displacement time histories respectively for untreated and treated with CS(%)=4, 5.25 and 9
sand, as recorded by the transducers of CTCO1 and CTCO2. It should be noted that positive
values for horizontal displacements suggest movement towards the central channel. Observe
that surface settlements were significantly reduced after stabilization. Interestingly the large
settlements of the untreated slope were primarily detected near the boundaries (walls) of the
model and not near the central channel. This can be explained assuming that the entire
surficial layer moved towards the central channel and led to slope failure after liquefaction
occurred. Indicatively, at the end of the fifth shaking event (CTCO1) surface settlements for
the untreated soil layer ranged from 0.2m to 0.9m and the corresponding settlements for the
treated soil layer were 0.05m up to 0.07m (4 to 13 times lower). Additionally, horizontal
displacements were remarkably reduced after stabilization. For example, after the fifth
excitation (CTCO1) measured lateral spreading reached 0.9m for the untreated sand near the

channel and just 0.15m for the stabilized soil layer (6.7 times lower).

In order to determine the time of initial liquefaction at the loose untreated Nevada sand layer,
the developed pore pressures during excitation were measured. Figure 8.5 and Figure 8.6
show the excess pore pressure ratio, ry, along with the acceleration time history in the middle
of both untreated and treated slopes for the shaking events No3 and No4 of CTCO1
respectively. It should be clarified that for untreated sand a value of r,=1 suggests initial
liguefaction, but this does not necessarily have the same meaning for the treated formations
where ry<1 was retained. It is observed that the untreated soil layer liquefied during the third
seismic event (PBA=0.1g) after the first 3 seconds and at the same time transient amplification
of ground motion followed by de-amplification was observed. This response was much more
intense during the fourth (PBA=0.19g) shaking event. On the contrary, stabilized sand seems
to retain its strength and stiffness during the third and fourth excitations showing a more
uniform response in terms of accelerations, without dramatic amplifications or de-

amplifications (see Figure 8.5 and Figure 8.6).
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Figure 8.3 Cumulative surface settlements at different distances from the channel for the seismic
events 1 through 5 for CTCO1 (treated with CS(%)=9 and untreated slope) and CTCO2 (treated with
CS(%)=4 and CS(%)=5.25 slope) tests series (Conlee 2010)
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Figure 8.4 Cumulative surface horizontal displacements (towards the channel) at different
distances from the channel for the seismic events 1 through 5 for CTCO1 (treated with CS(%)=9 and
untreated slope) and CTCO2 (treated with CS(%)=4 and CS(%)=5.25 slope) test series (Conlee 2010)
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Figure 8.5 Excess pore pressure ratio (R,), settlement (AV), horizontal displacement (AH), and
acceleration time histories in the middle of the untreated (left) and treated (right) sand layer for
the third seismic event (PBA=0.1g) of CTCO1 test series (Conlee 2010)
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Figure 8.6 Excess pore pressure ratio (R,), settlement (AV), horizontal displacement (AH), and
acceleration time histories in the middle of the untreated (left) and treated (right) sand layer for
the fourth seismic event (PBA=0.19g) at CTCO1 (Conlee 2010)
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Based on Conlee et al. (2012), a second centrifuge test series (named CTC02) was executed
using the same model (Figure 7.1). In CTCO2 both slopes were stabilized with colloidal silica at
concentrations of CS(%)=4 and CS(%)=5.25 for the left and right slope respectively. The goal
of this centrifuge test was to investigate the effectiveness of colloidal silica to mitigate
liguefaction using smaller concentrations than CS(%)=9 (used in CTC01). According to cyclic
triaxial compression results performed by Gallagher and Mitchell (2002), a minimum
concentration of CS(%)=5 (of Ludox-SM) is able to satisfactorily increase the liquefaction
resistance. Hence, an additional reason of choosing smaller CS concentrations was to confirm
again the minimum required concentration of colloidal silica that is able to successfully
stabilize a liquefiable soil. Note that results from tests performed before the centrifuge tests
of Conlee et al. (2012) had shown that a solution with CS(%)=4 forms an unstable gel whereas
higher concentrations (CS>5%) lead to the formation of a firm gel. Therefore, the
concentration of CS(%)=4 was used to additionally compare the response of a relatively
unstable gel with a properly formed, firm gel (that of CS(%)=5.25). Figure 8.7 and Figure 8.8
present the response of the treated layer with CS(%)=4 and 5.25 in terms of acceleration,
settlement, horizontal displacement and excess pore pressure ratio for the third and fourth
seismic events of CTCO2 respectively, following the format and rationale of Figure 8.5 and
Figure 8.6 for CTCO1. Overall, observe that the sand treated with CS(%)=5.25 shows clearly
smaller settlements and horizontal displacements and also smaller ground motion
amplification compared with the threated with CS(%)=4 soil. Indicatively, at the end of the
fifth excitation (Shake 5) settlement ranged from 0.05m to 0.08m for the slope stabilized with
CS(%)=5.25 and from 0.07m to 0.1m for the slope treated with CS(%)=4. However, the
response for both slopes was significantly improved in comparison with the untreated soil
response, since liquefaction did not occur at neither of the two slopes and thus the

displacements were kept quite lower.

To sum up, results from both CTCO1 and CTCO2 lead to the conclusion that stabilization of a
loose sand layer with colloidal silica can offer an improved soil behavior under cyclic shearing.
Also, it is concluded that by increasing the CS concentration in the solution, soil liquefaction
resistance increases, a fact that is compatible with laboratory test results at the element level
(e.g. Gallagher and Mitchell 2002). It is noted here, that Conlee (2010) uses a concentration
of CS(%)=5.25 for the treatment of the right slope. Note that, in this study a concentration of
CS(%)=5 will be assumed for the left slope of CTC02, in agreement with the publication of

Conlee et al. (2012), which appeared more recently in the literature.
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Figure 8.7 Excess pore pressure ratio (R,), settlement (AV), horizontal displacement (AH),
acceleration time histories in the middle of the untreated (left) and treated (right) sand layer for
the third seismic event (PBA=0.15g) at CTCO2 (Conlee 2010)
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Figure 8.8 Excess pore pressure ratio (R,), settlement (AV), horizontal displacement (AH),
acceleration time histories in the middle of the untreated (left) and treated (right) sand layer for
the fourth seismic event (PBA=0.25g) at CTCO2 (Conlee 2010)
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8.3 Numerical simulation of the dynamic centrifuge test CTC01

The validity of the numerical methodology proposed in Chapter 7 for the 1D seismic response
of a horizontal soil layer is checked here via the analysis for the centrifuge test CTCO1
presented in Conlee (2010) and Conlee et al. (2012). The numerical simulation is achieved
using FLAC (Itasca 2011), and the grid presented in Figure 8.9. The mesh consists of 676
elements of variable area in order to successfully simulate the geometry of the experimental
set up presented in Figure 7.1 (symmetrical slopes with 3° inclination). The grid has a total
length of 24.75m in prototype units and the maximum height is 6.73m. These dimensions
were chosen as the best possible simulation approach, because there were small differences
in the model geometry presented in Conlee (2010) and Conlee et al. (2012). The overall results

of the test were downloaded from the website: https://nees.org/data/get/NEES-2005-

0086/Experiment-2/Documentation /Data%20Report/ CTCO1 DR1.pdf. The left side of the

grid represents the stabilized slope, whereas the symmetrical right side refers to the
untreated slope. The soil profile used for the simulation is shown in Figure 8.10. Grid elements
are divided into groups with different properties: the bottom 0.81m correspond to dense
Monterey sand (pink for the treated and yellow for the untreated slope), the upper 4.92m
correspond to the middle liquefiable loose Nevada sand (green for the treated and red for the
untreated slope) and the top layer of Yolo loam which remains the same for both slopes
(purple). The water table into the channel is set on the free surface of Nevada sand and

saturation of both sand layers of untreated slope is simulated.

Figure 8.9 Grid used for the numerical simulation of centrifuge tests CTCO1 and CTCO2 in FLAC.
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Figure 8.10 Soil types (within the grid) used for the simulation of centrifuge test CTCO1: dense
Monterey sand (pink for the treated and yellow for the untreated slope), loose Nevada sand (green
for the treated and red for the untreated slope) and Yolo loam (purple in both slopes)

The latex membrane in the middle of the model was simulated with extremely flexible beam
elements of zero width disallowing flow through it. Hence, the interface was impermeable,
but interaction between the two slopes was allowed. Tied nodes were considered for the
lateral boundaries, which are achieved by connecting grid points at the same elevation
through rigid elements in order to develop equal horizontal displacements. This type of
boundary condition can effectively simulate the response of a laminar (flexible) box during

dynamic base loading.

The constitutive model NTUA-SAND (Andrianopoulos et al. 2010b) was used to simulate the
response of the sand layers (dense Monterey and loose Nevada sand) with the values of
constants presented in Table 8-3. Observe that NTUA-SAND is considered able to simulate the
seismic response of Monterey sand (placed at the bottom of both slopes) by using the same
values of the model constants which result from the calibration of the model for Nevada sand.
Only the void ratio (and/ or porosity) was changed to account for the higher density of this
layer. In order to simulate the top layer of Yolo loam, the Mohr Coulomb constitutive model
was used with the values of its constants that are presented in Table 8-4 and are compatible

with the soft character of this soil (see also Kamai and Boulanger, 2013).

For the simulation of the CS treatment parameters Ao, ho and K=K,,/n were altered following
the rationale proposed in Chapter 6. According to Persoff et al. (1999) the hydraulic
conductivity value of a stabilized sand with CS5(%)= 9 is equal to 3x10°m/s. For the untreated
sand layers, the hydraulic conductivity was assumed equal to 2.94x10°m/s and for the Yolo
loam equal to 1.97x10°m/s. Finally, a base excitation was applied at the bottom of the grid,

which corresponds to the third shaking event (Shake 3) and for both slopes local damping
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(independent of frequency) was used with a value of 2% for the non-cohesive soils and 10%
for the top layer of Yolo loam.
Table 8-3 Values of constants used for the simulation of granular materials with NTUA-SAND

(based on the calibration by Andrianopoulos et al. (2010) as included in centrifuge tests CTCO1
(Conlee et al. 2012)

Parameter Dense Monterey sand Loose Nevada sand
Dry density (Mgr/m?3) 1.52 1.66
Porosity 0.42 0.33
e 0.72 0.49
M.© 1.25
M.® 0.72
(ecs)a 0.809
A 0.022
B 600
v 0.33
kP 1.45
k 0.30
Y1 0.00025
o1 0.6
Ao 0.8
ho 15000
No 40000

Table 8-4 Values of constants used for the simulation of the Yolo loam layer with Mohr- Coulomb
model, as included in centrifuge tests CTCO1 and CTC02

Bulk modulus (kPa) 18000
Shear modulus (kPa) 8300
Dry density (Mgr/m3) 1.90

Poisson ratio 0.30
Cohesion (kPa) 10
Friction angle (deg) 0
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Following the rationale of Chapter 7, the following figures compare numerical results for the
three (3) different simulation approaches, namely altering the values of Ao, ho and K=Kw/n
respectively. The numerical simulations are compared in Figures 8.11- 8.13 in terms of
acceleration time-histories: (a) at depths from the surface equal to z=0.6m, 3.5m, 5.7m and
at the base of the model as recorded from accelerometers T21, T4, T1 and C49 of the left
treated slope and (b) at depths from the surface equal to z=0.5m, 3.4m, 5.5m and at the base
of the model as recorded from accelerometers U45, U28, U25 and U49 of the right untreated
slope. Figure 8.14 shows the comparison of numerical simulation results with recordings in
terms of vertical and horizontal displacements, as they were recorded from transducers (a)
VT1, VT3 and (b) HT1, HT3 at distances of x=10.8m and 4.8m from the central membrane (axis
of symmetry of the model) respectively for the treated slope For the untreated slope the
corresponding transducers are VU1 and VU3 (settlement) and HU1, HU3 (horizontal
displacements) at distances of x=10.4m and 4.4m from the membrane. The locations of all

these recorders can be seen in Figure 8.2.
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Data (Conlee et al 2012)
—— NTUA-SAND (A,=0.3)
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Figure 8.11 Comparison of recorded acceleration time-histories at different depths z and horizontal
distances x from the central membrane x during CTCO1 Shake 3 (Conlee et al. 2012) with the
corresponding numerical analyses results for Ap=0.3 (2.67 times lower than for untreated sand).
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Data (Conlee et al 2012)
——— NTUA-SAND (h,=60.000)
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Figure 8.12 Comparison of recorded acceleration time-histories at different depths z and horizontal
distances x from the central membrane x during CTCO1 Shake 3 (Conlee et al. 2012) with the
corresponding numerical analyses results for h)=60000 (4 times higher than for untreated sand).
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Data (Conlee et al 2012)

—— NTUA-SAND (K=K, /50)
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Figure 8.13 Comparison of recorded acceleration time-histories at different depths z and horizontal
distances x from the central membrane x during CTCO1 Shake 3 (Conlee et al. 2012) with the
corresponding numerical analyses results for K=K,/50 (where K, is bulk modulus for water).

Additionally, Figure 8.15 presents the excess pore pressure ratio r, time-history for both

treated and untreated slopes at different depths from the model surface (z) and at different

horizontal distances from the central membrane as recorded in CTCO1 test and as predicted

by numerical analyses. The comparison in terms of r, is not considered as reliable as for the

other measurements, because the pore pressure transducers are designed to measure pore

pressures of water (with viscosity value equal to 1cP) and not for more viscous pore fluid. It is
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noted that the transducer recordings presented in this study were selected from the whole
instrumentation set of Figure 8.2 in order to fully illustrate the response of the two slopes
without taking into account the faulty measurements or misplaced instrumentation which

have been detected by the researchers themselves (Conlee 2010; Conlee et al. 2012).

Similarly to Chapter 7, firstly the adequacy of the values of the parameters which best simulate
the results of cyclic tests at element level (A;=0.3, ho=60000, K=K,,/50) is investigated via the
simulation of the 2D seismic response of the model CTCO1 configuration. A comparison in
terms of acceleration time histories (Figures 8.11 — 8.13) indicates that all 3 approaches above
can simulate satisfactorily the response of the treated side (left column), except for the model
surface (z=0.6) where an underestimation of the measured acceleration values is

systematically observed (note that this location is within the Yolo loam crust).

Based on Figure 8.14, the 3 numerical analyses do not lead to particular differences in terms
of vertical displacements, since they systematically predict significant settlements on the
stabilized layer surface, contrary to the recordings which show practically zero settlements.
Additionally, horizontal displacements resulting from the above numerical simulations are
also non-zero, contrary to the measured ones. Finally, Figure 8.15 presents similar
comparisons in terms of excess pore pressure ratio r, time histories at the treated slope (right
column) and at the untreated slope (left column). In this case, the numerical analyses show

similar results that overestimate the measured values in the treated slope.

Despite the qualitatively accurate simulations, the overall quantitative accuracy is not
considered satisfactory. Having in mind this observation, additional numerical analyses were
conducted by further altering the values of Ao, ho and K=Kw/n. More specifically, a 10 fold
change of these parameters was investigated, namely values of Ay=0.03, h,=600000 and

K=Kw/500 were assumed following the same rationale introduced in Chapter 7.
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Figure 8.14 Comparison of recorded surface settlement time-histories (a to d) and horizontal
surface displacements (e to h) at different horizontal distances x from the central membrane
during CTCO1 Shake 3 (Conlee et al. 2012) with the corresponding numerical analyses results for
Ao=0.3, hp=60000 and K=K.,,/50.
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Figure 8.15 Comparison of recorded excess pore pressure ratio r, time-histories at different depths
z and horizontal distances x from the central membrane during CTCO1 - Shake 3 (Conlee et al. 2012)
with the corresponding numerical results for Ap=0.3, ho=60000 and K=K,,/50: (a to d) for untreated

and (e to h) for treated side.

Comparison of the new predictions with the centrifuge recordings are presented in Figures

8.16 through 8.20 and follow the format of Figures 8.11 through 8.15, respectively. More

specifically, comparison in terms of accelerations is presented in Figures 8.16 to 8.18 and

shows similarly successful simulations for the stabilized slope (left column), but an

amelioration of predictive ability is observed for the untreated soil as an effect of the

interaction of the two slopes. On the contrary, comparison in terms of displacements (Figure
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8.19) shows that the simulation results for the new parameter values, h,=600000 and
K=Kw/500 approach better the recordings with the K=K,/500 approach offering the best
results. In terms of excess pore pressure ratio (Figure 8.20) all three numerical simulation
approaches lead to similar predictions and indicate significantly lower r, values at the
stabilized slope in comparison with the treated slope, in agreement with the recordings (at

least quantitatively).
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Figure 8.16 Comparison of recorded acceleration time-histories at different depths z and horizontal
distances x from the central membrane x during CTCO1 Shake 3 (Conlee et al. 2012) with the
corresponding numerical analyses results for A;=0.03 (26.7 times lower than for untreated sand).
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Figure 8.17 Comparison of recorded acceleration time-histories at different depths z and horizontal
distances x from the central membrane x during CTCO1 Shake 3 (Conlee et al. 2012) with the
corresponding numerical analyses results for ho=600000 (40 times higher than for untreated sand).

In conclusion, the numerical simulation which assumes a reduced fluid bulk modulus (K) by

500 times compared with that of water (Ky) is considered to be the most appropriate of the

three. Having in mind that this approach also offered the best results for the 1D seismic

response of a horizontal treated layer (presented in Chapter 7) it may be concluded that the

modification of pore fluid compressibility could be adopted as a simulation tool for the effect

of passive stabilization on soil response in boundary value problems. However, quantitatively,
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the value of K./500 may not offer the best approach for both boundary value problems,
because it predicts successfully the settlements for the centrifuge test of Gallagher et al.
(2007a) with CS(%)=6 (in Chapter 7) but overestimates the measured data of Conlee et al.
(2012) with CS(%)=9 here.
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Figure 8.18 C omparison of recorded acceleration time-histories at different depths z and horizontal
distances x from the central membrane x during CTCO1 Shake 3 (Conlee et al. 2012) with the
corresponding numerical analyses results for K=K,,/500 (where K., is bulk modulus for water).
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Figure 8.19 Comparison of recorded surface settlement time-histories (a to d) and horizontal
surface displacements (e to h) at different horizontal distances x from the central membrane
during CTCO1 Shake 3 (Conlee et al. 2012) with the corresponding numerical analyses results for
Ap=0.03, hy=600000 and K=K,,/500.
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Figure 8.20 Comparison of recorded excess pore pressure ratio r, time-histories at different depths
z and horizontal distances x from the central membrane during CTCO1 - Shake 3 (Conlee et al. 2012)
with the corresponding numerical results for A¢=0.03, ho=600000 and K=K,/500: (a to d) for
untreated and (e to h) for treated side.

For this purpose, the appropriate value of the divider n of the bulk modulus K (=Kw/n) will be
investigated here as in Chapter 7, based on its correlation with the concentration per weight
of CS(%). This investigation is performed for the centrifuge test (CTCO1), and the two values
that were investigated are n=1125 for CS(%)=9 as resulting from Equation (7-1) and n=975
estimated from the same equation for CS(%)=7.5, which corresponds to the average value of

the usually used CS concentration between 5% and 10%. Figure 8.21 and Figure 8.22 present
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the comparison of the measured acceleration time-histories with depth to their numerical
counterparts resulting from the simulations with K=K,/975 and K=K,,/1125 respectively. In
addition, in Figure 8.23 the comparison of recordings and simulations is presented in terms of
settlements and horizontal displacements at different surface locations, and in Figure 8.24

this is performed in terms of excess pore pressure ratio.

The foregoing figures indicate that predictions using a fluid bulk modulus equal to K=K,,/1125
and K=Kw/975 approach generally better the recordings in comparison to what was observed
for K=Kw/500 above. The value of K=K,,/1125 slightly overestimates the measured surface
acceleration time-histories (z=0.6m, x=10.0m), settlements (x=10.8m) and horizontal
displacements near the boundaries (x=10.8m) but leads to the best overall qualitative and
guantitative simulation of the treated slope. It should be also noted here that, this parameter
value (K=K./1125) expresses satisfactorily the response of the untreated slope as well, in
terms of both accelerations and displacements. Note that the untreated slope was simulated
using the same parameter values in all analyses (Ao=0.8, ho=15000 and K., namely the
parameters for Nevada sand according to Andrianopoulos et al. 2010), but its simulated
response changes because of the interaction between the two slopes which seems significant

based on all performed analyses.
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Figure 8.21 Comparison of recorded acceleration time-histories at different depths z and horizontal
distances x from the central membrane x during CTCO1 Shake 3 (Conlee et al. 2012) with the
corresponding numerical analyses results for K=K,/975 (where K., is bulk modulus for water).
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Figure 8.22 Comparison of recorded acceleration time-histories at different depths z and horizontal
distances x from the central membrane x during CTCO1 Shake 3 (Conlee et al. 2012) with the
corresponding numerical analyses results for K=K,/1125 (where Ky is bulk modulus for water).
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Figure 8.23 Comparison of recorded surface settlement time-histories (a to d) and horizontal
surface displacements (e to h) at different horizontal distances x from the central membrane
during CTCO1 Shake 3 (Conlee et al. 2012) with the corresponding numerical analyses results for
K=Kw/975 and K=K,/1125

Institutional Repository - Library & Information Centre - University of Thessaly

19/04/2024 06:23:13 EEST - 3.15.141.244

221



Data (Conlee et al 2012)
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Figure 8.24 Comparison of recorded excess pore pressure ratio r, time-histories at different depths
z and horizontal distances x from the central membrane during CTCO1 - Shake 3 (Conlee et al. 2012)
with the corresponding numerical results for K=K./975 and K=K,,/1125 (a to d) for untreated and
(e to h) for treated side.

To conclude, all the analyses presented in Chapters 7 and 8 indicate that the use of Equation
(7-1) can be generally adopted in order to numerically simulate the dynamic response of a
stabilized soil in a boundary value problem. This can be performed either for the ever current
CS(%) concentration, or for an average value (Kw/975) which corresponds to CS(%)=7.5, i.e.

the average value of the usually applied range of CS(%)=5-10 in practice. For this purpose, the
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Equation (7-1) will be further investigated in paragraph 8.4 by performing “blind” prediction
of other boundary value problems, as a means of estimating the overall reliability of this

simulation approach.

8.4 Evaluation of reliability of the numerical simulation methodology for stabilized
soils
Previous paragraphs of this Chapter as well as Chapter 7, present a numerical simulation
methodology for stabilized soils based on two dynamic centrifuge tests: Gallagher et al.
(2007a) for a horizontal stabilized layer with PBA=0.20g and Conlee et al. (2012) for a gently
sloping stabilized layer subjected to an excitation with PBA=0.15g (CTCO01, Shake 3). In this
paragraph, the reliability of this methodology is investigated via “blind” predictions of the
recordings of other centrifuge tests, namely the CTCO1 test at a higher intensity excitation
(CTCO1, Shake 4: Conlee et al. 2012), as well as the CTC02 test which employs the same
geometry but stabilized with different CS(%) concentrations (CTC02, Shake 3, Conlee et al.
2012). Hence, the same test (CTCO1) was examined with the same properties, but with
PBA=0.19g (Shake 4). This particular shaking event was selected because all other excitations
had either very low intensity (e.g. Shakes 1, 2) and were therefore inappropriate to illustrate
the effect of passive stabilization, or had extremely high intensity (Shakes 5, 6) with small
practical interest. The comparison of acceleration time-histories with depth is presented in
Figure 8.25 and Figure 8.26 (left column for stabilized slope) suggests that the results of the
analyses for K=K,/975 and K=K,,/1125 are able to successfully simulate the measured time-
histories at different depths of the stabilized slope, showing a slight overestimation at the soil
surface, which was also observed at CTCO1 (Shake 3) and is probably caused by the fact that
these measurements are recorded on the Yolo loam top layer which is simulated using a less
sophisticated constitutive model (Mohr — Coulomb) that was calibrated without available

laboratory element tests (based on the literature, e.g. Kamai and Boulanger, 2013).
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Figure 8.25 Comparison of recorded acceleration time-histories at different depths z and different
horizontal distances x from the central membrane during CTCO1- Shake 4 (Conlee et al. 2012) with

the corresponding numerical analyses results for K=K,,/975.
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——— Data (Conlee et al 2012)
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Figure 8.26 Comparison of recorded acceleration time-histories at different depths z and horizontal
distances x from the central membrane x during CTCO1 - Shake 4 (Conlee et al. 2012) with the
corresponding numerical analyses results for K=K,/1125 (where Ky is bulk modulus for water).

A comparison in terms of displacements (Figure 8.27) shows that as PBA increases (from Shake

3 to Shake 4), the numerical analyses are less able to satisfactorily simulate the measured

settlement time-histories, since they predict non-zero settlements at the soil surface and

finite horizontal displacements near the walls of the model contrary to what the recordings

show. This simulation inability seems less important in terms of excess pore pressure ratio r,

and is thus hardly noticeable in Figure 8.28.
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Data (Conlee et al 2012)
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Figure 8.27 Comparison of recorded surface settlement time-histories (a to d) and horizontal
surface displacements (e to h) at different horizontal distances x from the central membrane
during CTCO1 Shake 4 (Conlee et al. 2012) with the corresponding numerical analyses results for
K=Kw/975 and K=K,/1125.

A general conclusion that can be drawn based on the results of numerical analyses for the
high intensity excitation, is that an underestimation of the effectiveness of the stabilization
can be observed in comparison with the recordings. However, it must be clarified here that
the higher intensity excitation (Shake 4) was subjected to the model after Shake 3 and this

fact may have caused a change in the overall geometry (especially of the untreated side) and/
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or the position of the transducers within the model. On the contrary, the numerical analyses
assumed that each excitation was imposed separately, namely with the same initial overall
geometry and the same initial transducer positions, without the effects of the preceding
shaking events. This does not hold for Shake 3, which also follows two lower intensity
excitations (Shakes 1 and 2), but its results are not expected to have been affected by these

excitations due to their very low intensity.
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Figure 8.28 Comparison of recorded excess pore pressure ratio r, time-histories at different depths
z and horizontal distances x from the central membrane during CTCO1 - Shake 4 (Conlee et al. 2012)
with the corresponding numerical results for K=K,/975 and K=K,./1125: (a to d) for untreated and
(e to h) for treated side
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For the sake of completeness, the accuracy of the numerical simulation methodology will be
also investigated for treatment with different concentrations of CS grout. To do so, the second
test series conducted by Conlee et al. (2012) will be simulated (CTC02). This test retains the
same model geometry (Figure 8.2), but in comparison with CTCO1 both slopes are treated with
CS: the left with CS(%)=4 and the right with CS(%)=5. The sinusoidal base excitation (CTC02-
Shake 3) had a peak base acceleration equal to 0.15g and a frequency of 2Hz, i.e. it has an
intermediate shaking intensity between Shake 3 of CTCO1 and Shake 4 of CTCO1. FLAC (Itasca
2011) was also used for the numerical simulation of CTC02 and the stabilization was
introduced in the simulation by reducing the bulk modulus of the pore fluid K (compared to
water) taking into account the concentration of CS used for each slope according to Equation
(7-1). Based on this expression, values of K=K,,/625 and K=K,,/725 were used for the left and
right slope, respectively. The hydraulic conductivity coefficients were estimated equal to 10

8m/s and 5.1x10°m/s for CS(%)=4 and 5 respectively, based on Persoff et al. (1999).

Figures 8.29 through 8.31 compare acceleration, (horizontal and vertical) displacement and
excess pore pressure ratio time-histories recordings, respectively, with the corresponding
results of the abovementioned numerical analyses. Unfortunately, in respect with CTC02 the
full presentation of the measurements (recordings) from the whole instrumentation set up
was not possible (as in CTC01), because the data in the literature are not provided with full

documentation (as in CTCO1).
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——— Data (Conlee et al 2012)
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Figure 8.29 Comparison of recorded acceleration time-histories at different depths z and horizontal
distances x from the central membrane during CTCO2- Shake 3 (Conlee et al. 2012) with the
corresponding numerical results for (a) K=K./625 for the left slope and. K=K./752 for the right
slope, (b) for average fluid bulk modulus value. K=K,,/975 for both slopes.
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Figure 8.30 Comparison of recorded vertical and horizontal displacement time-histories on the
model surface and different horizontal distances x from the central membrane during CTCO2- Shake
3 (Conlee et al. 2012) with the corresponding numerical results for (a) K=K./625 for the left slope
and. K=Ky/752 for the right slope, (b) for average fluid bulk modulus value. K=K,/975 for both

slopes

Transducers ACC-U4, VU-1, VU-3, HU-1, HU-3 and PPT-U1 refer to the left slope treated with

CS(%)=4 and the rest (ACC-T28, VT-1, VT-3, HT-1, HT-3, PPT-T15 and PPT-T17) refer to the right

slope treated with CS(%)=5. Briefly, Figure 8.29 indicates that an average value of the pore

fluid bulk modulus K for both slopes, as well as the variation of K by taking into account the
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exact CS(%) concentrations, can simulate satisfactorily the response in terms of accelerations
despite a general small overestimation in both cases (as in CTCO1). However, a careful
observation of the numerical simulation results in the case of the average K value, illustrates
a symmetrical response of the model, namely the same values of horizontal and vertical
displacements, accelerations, excess pore pressure ratios at the same depths for the two
slopes. These results are expected, but are not compatible with the recording which show a

small variability (the CS=4% performs less satisfactorily than CS=5%).

Especially in terms of displacements (Figure 8.30) both analyses satisfactorily predict the
response of stabilized soil, but the approach which correlates the reduction of the fluid bulk
modulus K with CS(%) concentration seems to be in better agreement with the recordings at
both slopes. In addition, as resulted from Figure 8.31, the numerical analyses systematically
underestimate the pore pressure development with or without taking into account the

different percent of CS used in the treated slopes.
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05 I
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Figure 8.31 Comparison of recorded excess pore pressure ratio time-histories at different depths z
and horizontal distances x from the central membrane during CTCO2- Shake 3 (Conlee et al. 2012)
with the corresponding numerical results for (a) K=K,/625 for the left slope and. K=K,,/752 for the
right slope, (b) for average fluid bulk modulus value. K=K,,/975 for both slopes

Based on all the findings in Chapters 7 and 8 it is considered that employing a reduced pore
fluid modulus K as a function of CS(%) in combination with a constitutive model for untreated
sands (like NTUA-SAND of Andrianopoulos et al., 2010a) offers a reliable means for simulating

the response of stabilized soils at least for small and medium intensity excitations.
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Chapter 9

AMPLIFICATION OF ELASTIC RESPONSE SPECTRA IN STABILIZED
SAND LAYERS

9.1 Introduction

This Chapter studies the elastic response spectra at the surface of stabilized soil layers, which
could be used to design civil engineering structures. Specifically, an effort is made to estimate
the amplification of elastic response spectra in stabilized soil layers based on coupled dynamic
elastoplastic analyses. This work will prove useful for the practical application of passive
stabilization, as the execution of such analyses from non-specialized engineers may prove a

difficult task and will be time consuming.

For this purpose, the calibrated numerical methodology presented in previous Chapters is
used, namely a parametric investigation using NTUA-SAND (Andrianopoulos et al. 20104, b)
with the proper reduction of the fluid bulk modulus K to account for CS in the sand pores. For
this purpose, a sand column of 9m total thickness and four different stabilization thickness
with depth is considered, and is subjected to 11 different seismic excitations. These
excitations have different frequency content and intensity as they were recorded from
earthquakes with different magnitudes (M). Hence, in order to homogenize the database of
the recordings, the 11 recorded acceleration time histories are processed so as to correspond
to the same effective acceleration value (aes), thus yielding comparable amounts of energy at
the base of the layer. To do so, the acceleration time-histories were uniformly multiplied with

a coefficient factor A, which is expressed by:

A :M (9.1a)
amax
with:
10
amax,req = aef‘f M—1 (91b)

where amax is the recorded maximum acceleration value (per recording) and amax,req is the final

maximum acceleration value (per recording) based on homogenization of the database so as
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to have the same effective acceleration aefr, regardless of magnitude M, for all recordings in

the database.

Table 9-1 presents the names of the 11 selected recordings (with their year of occurrence),
their recorded maximum values of acceleration (amax), their predominant period (T.), the
magnitude of the corresponding earthquake (M), the value of the coefficient factor (A) and
the final maximum acceleration value for a.#=0.25g (as an example) for all 11 excitations.
Moreover, Figure 9.1 illustrates the elastic response spectra of the 11 excitations after
normalization to the spectral acceleration for T=0sec and their comparison to the elastic
design spectrum proposed by Eurocode 8 (EC8) for soil type A (bedrock). Figure 9.1 indicates
that the chosen excitations securely cover the range of the expected excitation spectra, at
least for Europe, and also extend to lower frequencies (e.g. Lefkada, Aigio) so as to also cover
relatively extreme cases. The excitations with their elastic response spectra, and their time-
histories of acceleration, velocity and displacement for the 11 recordings can be found in

Appendix B.

Table 9-1 Properties of the 11 excitations used in the numerical analyses.

Excitation name (Date)  Qmax(m/s?) Te(sec) M A (‘;::’;:fg/zs;z)
Aigio (1995) 3.8 0.52 6.2 1.2 4.7
Coyote Lake (1979) 1.0 0.42 5.7 53 5.2
Kefalonia (1983) 24 0.18 6.2 2.0 4.7
Kobe (1995) 8.0 0.20 7.2 0.5 4.0
Lefkada (2003) 4.1 0.46 6.3 1.1 4.6
Loma Prieta (1989) 1.1 0.20 6.9 3.9 4.2
Northridge (1994) 8.6 0.36 6.7 0.5 4.3
Northridge 265 (1994) 4.2 0.40 6.7 1.0 43
Parkfield (2004) 2.6 0.27 6.2 1.8 4.7
Pyrgos (1993) 4.4 0.30 4.9 1.4 6.3
Sepolia (1999) 3.0 0.25 5.8 1.7 5.1

It should be mentioned that all acceleration time-histories at the surface, base and soil layer

interfaces presented herein, have been filtered. This procedure was considered necessary
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because the output acceleration time-histories from FLAC (ltasca Inc., 2011) showed high
frequency numerical noise. This noise made the interpretation of time-histories difficult, and

showed high frequency content which is unrealistic and unimportant for civil engineering

projects.
5.5
F base
SE Aigio
45 é —— Coyote Lake
F ——— Kefalonia
4 3 Kobe
3.5 é —— Lefkada
™ s é ——— Loma Prieta
8 E Northridge
T 25F ——— Northridge 265
n F Parkfield
2 g —— Pyrgos
15F ——— Sepolia
1E
05F
0 e ) el

0.1 1
Period T (sec)

Figure 9.1 Normalized elastic response spectra (5% damping) of the 11 excitations compared to
the elastic design spectrum proposed by EC8 for soil type A and large magnitude events (M>5.5).

The filtering process was executed with SeismoSignal (Seismosoft, 2016) using the
Butterworth method of order 8 to limit frequencies greater than 12Hz. This value was chosen
after a trial-and-error procedure as it does not distort the base acceleration time-history
energy content. As an example, Figure 9.2 presents the acceleration time-history for the Kobe
excitation filtered with different upper frequency limits and unfiltered, whereas Figure 9.3
presents the corresponding elastic response spectra. It is obvious that the filtering process for
the reduction of frequency content over 12Hz eliminates the unimportant (and erroneous)
amplification of the acceleration at low periods and does not alter the critical information of
the original (initial) spectrum (e.g. predominant period, maximum spectral acceleration
region). Furthermore, the filtered acceleration time-histories were further corrected using the
SeismoSignal software, so that the residual displacement at the end of the excitation will be

equal to zero (baseline correction).
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Figure 9.2 Acceleration time-histories for Kobe excitation (a) unfiltered and filtered with lower
frequency limit of (b) 10Hz, (c) 12Hz and (d) 15Hz respectively.
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Figure 9.3 Comparison of filtered (f>10, 12, 15Hz) and unfiltered elastic response spectra (5%
damping) for the Kobe excitation.

Four (4) soil profiles of 9m total thickness over bedrock were investigated: (a) 9m of (fully)
untreated soil, (b) 9m of treated soil (c) 6m of treated soil overlaying 3m of untreated soil and
(d) 3m of treated soil overlaying 6m of untreated soil. It is noted here, that the response of
the soil profile (a) is to be compared to the response of the soil profile (b) while the soil profiles
(c) and (d) are investigated in order to simulate a partially treated soil layer. For the numerical
simulation of the seismic response of the 9m column with FLAC (Itasca 2011) a grid of 3m x
9m with zones of 1m length and 0.5m height was used. At the area of the interfaces of the
untreated and treated layer (at depths of 3m and 6m) the grid was densified with zones of 1m

x 0.25m.

Figure 9.4 illustrates the grid used for the simulation of the abovementioned soil profile (d),
as an example. The term S, sur refers to the elastic response spectrum (with 5% damping) of
the illustrated node at the layer surface, whereas the terms S, nt and S, pas refer to the elastic
response spectra (with 5% damping) of the illustrated nodes at the interface and the base,
respectively. For the simulation of the 3m and 6m treated sand columns (which will be
presented in paragraph 9.3) a grid of 3m and 6m height was used, which retained the same
zone dimensions as presented above. The water table was simulated by applying a (water)
pressure equal to 9.81kPa on the surface, which corresponds to 1m-height water above
ground, in order to retain saturation of the underlain grid zones during the seismic oscillation.

Furthermore, the nodes on the left side of the grid were tied to the corresponding ones on
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the right side (tied nodes) in order to ensure identical horizontal displacements at each depth,

thus simulating 1D shaking conditions.
Sasur

N

° A A

Saint H..=3m

.

H=9m

Sabas

N,

Figure 9.4 Grid used for the 1D numerical analyses with FLAC (ltasca 2011) of the partially treated
soil column.

The constitutive simulation of the response of the geomaterial was performed with
NTUA_SAND (Andrianopoulos et al. 2010b), which is calibrated for Nevada sand with the
parameter values shown in Table 9-2. The simulation of the treated layers was done by
applying the numerical methodology presented and calibrated in the previous Chapters,
namely the fluid bulk modulus, K, was reduced in comparison with that of water Ky, using a
divider of 975 which corresponds to a concentration equal to CS=7.5% (average value of the
commonly used CS concentrations range: 5-10%). The hydraulic conductivity k of the stabilized
sand was estimated based on the results of Persoff et al. (1999) as equal to 8*107°m/s, while

the pertinent value for the untreated layers was assumed equal to 3.3*10“m/s. the sand was
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considered equal to D=40%, and this is illustrated by the values of void ratio e, porosity and

density (state variables).

Table 9-2 Values of constants of NTUA-SAND model calibrated for untreated Nevada sand
(Andrianopoulos et al. 2010b) and state variables for D,=40% relative density.

Nevada sand
Density (Mgr/m?) 1.52
Porosity 0.424
e 0.737
M 1.25
M:e 0.72
(ecs)a 0.809
A 0.022
B 600
v 0.33
k? 1.45
kA 0.30
|41 0.00025
o 0.6
Ao 0.8
h, 15000
N, 40000

9.2 Effect of passive stabilization, excitation intensity and drainage conditions

The beneficial effect of stabilization with CS on the seismic response of a liquefiable sand layer
was studied via analyzing three (3) cases of a 9m Nevada sand column at a relative density of
D=40%: (a) untreated sand, (b) fully treated sand with CS=7.5%. and (c) untreated sand
assuming fully drained conditions (i.e. with an unrealistically large k value). All three cases
were subjected to the 11 aforementioned excitations, but here only the results of the low
frequency Northridge excitation with a.#=0.25g will be presented (namely, a value of A,
according to Table 9-1). Figure 9.5 presents the acceleration time-histories at the surface and
base of the 9m column: (a) for untreated sand, (b) for fully treated sand and (c) for untreated

sand under fully drained conditions. It is obvious that the treated layer vibrates by retaining
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the characteristics of the base motion as opposed to the untreated sand, which after the first

cycle shows severe de-amplification of the seismic motion, possibly due to liquefaction.
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Figure 9.5 Acceleration time-histories at the surface of the 9m column with (a) untreated sand, (b)
treated sand, (c) untreated sand under fully drained conditions and (d) at the base of all columns
subjected to Northridge excitation with a.=0.25g (intensity level A).

Moreover, amplification of the acceleration is observed at the top of the stabilized layer (as
compared to the base acceleration), which however is less pronounced than the amplification
taking place under fully drained conditions. It is thus clear that the response of the stabilized
layer (case b) is intermediate between the response in cases (a) and (c). In addition it seems
much more similar to the seismic response under full drainage at least in terms of
accelerations. This fact becomes more obvious by observing the corresponding elastic
response spectra of acceleration (with 5% damping ratio) which are presented in Figure 9.6.

Particularly, the elastic spectrum at the surface of the untreated sand appears to be
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significantly de-amplified in comparison with that at the base, implying that the untreated
sand is liquefied, whilst the surface spectra of the treated and the untreated sand under fully

drained conditions are considerably amplified, indicating a more stable response.
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Figure 9.6 Elastic response spectra (5% damping) at the base and at the surface of the 9m column
with untreated sand, treated sand, untreated sand under fully drained conditions subjected to
Northridge excitation with a.;=0.25g (intensity level A).

In the following figures, the results of the numerical analyses are presented in terms of
surface-to-base spectrum ratios, denoted hereafter as AS,, which is used to emphasize on the
effect of the soil layer on the elastic response spectrum, regardless of the excitation

properties. This ratio is expressed by:

Sa sur
AS, =—— (9.2)
S

a,bas

Figure 9.7 shows the results of the analyses described before, but this time expressed in terms
of AS, for the three abovementioned cases (a), (b) and (c). it is observed that spectral ratios
for T=0, denoted by A, for brevity, the untreated layer under fully drained conditions, the
treated layer and the untreated layer are equal to 1.2, 1.0 and 0.4 respectively, namely the
peak ground acceleration of the untreated layer is intensely reduced, of the treated one
remains practically unchanged and of the untreated layer under full drainage increases
slightly. Moreover, in terms of the fundamental column periods, the stabilized sand column
has T.=0.47sec which is practically the same and only slightly increased if compared to this of
the untreated layer under fully drained conditions (Ts=0.45sec). These results imply that

stabilized sand seems to generate practically zero excess pore pressures, and its non-linear
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response is very similar to that of soil under full drainage. On the contrary, in the case of the
untreated sand, considerable excess pore pressures and liquefaction is implied in addition to
intensely non-linear response, especially for base excitations of high intensity (a.#=0.25g,

intensity level A).
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Figure 9.7 Surface-to-base spectral ratios of the 9m column with untreated sand, treated sand,
untreated sand under fully drained conditions, subjected to the Northridge excitation with
ae;=0.25¢g (intensity level A).
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Figure 9.8 Surface-to-base spectral ratios of the 9m column with treated sand subjected to the
Northridge excitation with intensity levels equal to A, 0.5, 0.1A.

The effect of the excitation intensity on the seismic response of stabilized sands was also

studied, by altering the multiplying coefficient A which sets the intensity level. Hence, Figure
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9.8 shows the comparison of the surface-to-base spectral ratios AS, for the 9m stabilized sand
column subjected to the Northridge excitation with intensity levels equal to A, 0.5\ and 0,1A,

which correspond to a.#=0.25g, 0.125g and 0.025g respectively.

As it is obvious, the value of AS,(T=0)=A, decreases when the intensity of the excitation
increases. More specifically, it takes the value of 2.2 for coefficient value equal to 0.1A, a value
of 1.5 for 0.5\ and a value of 1.0 for A. This behavior can be explained by the fact that at lower
intensity excitations the stabilized soil generates smaller excess pore pressures (even equal to
zero for 0.1A), as well as less intense nonlinearity, and as a result, its stiffness is not reduced.
This conclusion is also confirmed by the decrease of the fundamental period of the 9m
stabilized sand column from a value of Ts=0.47sec for A to a value of T;=0.33sec for 0.5\ and
finally to a value of T-0.26sec for 0.1A. Furthermore, a significant spectral amplification of the
acceleration (for all periods T) at the surface of the stabilized layer with a decrease of the
excitation intensity (ac or equivalently the percentage of A) can also be observed, indicating

the increasingly linear behavior of the stabilized soil.

It is also considered necessary to investigate the correlation between the seismic behavior of
the treated sand and this of the untreated sand (with or without drainage) for a much lower
excitation intensity, namely for 0.1A which corresponds to a.#=0.025g. Figure 9.9 refers to the
Northridge excitation with an intensity level of 0.1\, where the response of the treated sand
layer and that of the untreated one under fully drained conditions are identical, exactly
because zero excess pore pressures are generated in both cases. More specifically, the
spectral ratio for T=0 (AS,(T=0)) has a value of 2.2 for both the stabilized layer and the
untreated layer under fully drained conditions, whereas for the untreated layer it takes a value
of 1.4. Observe that even though the untreated sand does not liquefy at the low intensity
excitation, its reduced stiffness can be clearly observed by the increased fundamental period

of the 9m column of Ts=0.48sec, compared to that of the other two cases: Ts=0.26sec.
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Figure 9.9 Surface-to-base spectral ratios of the 9m column with untreated sand, treated sand,
untreated sand under fully drained conditions subjected to the Northridge excitation with
0e;=0.025¢ (intensity level of 0.1A).

9.3 Effect of thickness of the stabilized soil layer

In order to investigate the effect of thickness of the stabilized layer on its seismic response,
three fully treated sand columns of 3m, 6m and 9m thickness were examined. The selection
of these particular thickness values was made with respect to cost efficiency, since the
application of passive stabilization is considered too costly for thicker than 9m layers. The
recording of the Northridge earthquake was imposed at the base of each column so the results
can be compared with those presented in the previous paragraphs of this Chapter. These
analyses were repeated for intensity levels A and 0.1\ (ae#=0.25g and 0.025g) in order to take

into account the effect of seismic intensity, as well.

Figure 9.10 and 9.11 present the comparison of the seismic response of the three (3) soil
profiles in terms of surface-to-base spectral ratio AS, for the excitations with intensity levels
A and 0.1A respectively. Although the picture is more complex in the case of the high intensity
excitation (A) due to intense non-linear response, in comparison with that of low intensity
(0.1A) where more linear response is observed, both figures lead to the general conclusion
that the fundamental period Ts of stabilized layers increase with layer thickness, similarly to

non-liquefiable layers.
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Figure 9.10 Surface-to-base spectral ratios of fully treated sand layers of 3m, 6m, 9m thickness
subjected to the Northridge excitation with ae=0.25¢ (intensity level A).

Table 9-3 presents the values of fundamental periods Ts for each case studied, where this
distinction between the three layers is more notable for the strong shaking event (A) because
of the significant effect of non-linearity. Another conclusion that can be drawn from Figure
9.10 and Figure 9.11 is that the values of A, increase with layer thickness, from the Hy=3m up
to 9m, regardless of intensity level. This conclusion cannot be generalized, as this behavior is
expected only for low frequency excitations (like the Northridge one depicted in these
figures). It should be clarified at this point, that for the high intensity excitation, these initial
values of A, are slightly smaller than unity (de-amplification), which indicates a reduction of
the acceleration at the column surface with respect to the base due to intense non-linearity,
contrary to the low intensity excitation which appears amplified at the surface (compared to

the base).

Table 9-3 Fundamental period Ts values of 3m, 6m and 9m —thick stabilized sand layers for
excitations with intensity levels 0.1A and A.

T; (sec)
=H¢, 3m 6m 9m
Excitation 0.1A
(ac=0.025g) 0.11 0.19 0.26
Excitation A
0.12 0.25 0.47
(ac=0.25g)
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Figure 9.11 Surface-to-base spectral ratios of fully treated sand layers at 3m, 6m, 9m thickness
subjected to the Northridge excitation with a.f=0.025g (intensity level 0.1A).

9.4 Effect of surficial (only) stabilization

As previously mentioned, passive stabilization of a thick soil layer is rather too costly. For this
purpose, this paragraph studies the potential of surficial only stabilization of the 9m sand
column used in previous analyses. More specifically, two cases are investigated: (a) 9m sand
layer with the three (3) upper meters stabilized only, (b) 9m sand layer with the six (6) upper
meters stabilized only. Stabilization of only the underlain layers has no practical meaning,
since civil engineering structures cannot be founded on a liquefiable layer. Figure 9.12
presents the comparison of the results for the four different soil profiles, imposed to the
Northridge excitation at the base of each column with intensity level A (a.+=0.25g). Note that
besides the two cases of surficial only stabilization, this figure also includes the reference cases
of Hy=0 (untreated) and Hy=9m (fully treated) sand layer. It can be observed that for the case
of stabilization at the upper 3m, the partially stabilized column response approaches the
response of the untreated layer, showing significant de-amplification of acceleration at the
surface. However, for the case of stabilization at the upper 6m the response of the column is

much more similar to that of the fully stabilized layer.
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Figure 9.12 Surface-to-base spectral ratios of a 9m sand column: fully treated (Hx=9m), partially
treated with the upper 6m stabilized (Hy=6m), partially treated with the upper 3m stabilized
(Hy=3m) and untreated (Hy=0m), subjected to the Northridge excitation with a.z=0.25g (intensity
level A).

The value of AS,(T=0)=A, increases as the stabilized layer thickness increases, with only
exception the partial stabilization of the upper 3m, where the effects from stabilization are
practically zero (at least for periods up to 1sec). More specifically, A, has a value of 0.4 for the
untreated layer and the partially treated layer at the upper 3m, the value of 0.75 for the
partially treated layer at the upper 6m and the value of 1.0 for the fully treated column. From
all the above, it can be deduced that only the case of fully stabilized sand layer does not
present de-amplification of acceleration at the surface for this high intensity level A.
Moreover, in terms of surface-to-base spectral ratio, partial stabilization of the upper 6m
seems to provide an intermediate amplification between that of full stabilization and the

stabilization of the upper 3m.

However, stabilization of the upper 6m does not always lead to the above described seismic
response. Figure 9.13 shows the comparison of the response of these same four (4) soil
profiles for the Kefalonia excitation with an intensity level A (a.#=0.25g). The response of the
layer with partial stabilization of the upper 6m approaches the response of the layer with
partial stabilization of the upper 3m and the untreated column. This indicates that for this
specific excitation, a surficial only stabilization (either of the upper 3m or 6m) does not
essentially alter the vibration at the surface compared to the untreated layer (H,=0) and only

the fully stabilized layer (Hy=H) changes the vibration at the ground surface.
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Figure 9.13 Surface-to-base spectrum ratios of a 9m sand column: fully treated (Hy=9m), partially
treated with the 6 upper meters stabilized (Hy=6m), partially treated with the 3 upper meters
stabilized (H+=3m) and untreated (Hy=0m), subjected to Kefalonia excitation with a.;=0.25g.

The reason for this differentiation in the effect of passive stabilization on ground vibration
becomes evident in Figure 9.14 and Figure 9.15, which demonstrate the surface-to-base,
surface-to-interface (between treated and untreated layers) and interface to base spectral
ratios for these cases of surficial only stabilization for the two excitations respectively. In all
cases, the underlain untreated layer develops large excess pore pressures and their
dissipation becomes difficult because of the existence of a practically impermeable overlain
stabilized layer. This possibly leads this underlain layer faster to liquefaction than in the case
of a fully untreated layer. Observe that, the underlain liquefied layer is responsible for the
significant de-amplification of acceleration from the base to the interface, while the stabilized
layer leads to the amplification of acceleration from the interface to the surface. The final
surface-to base spectral ratio results from the multiplication of these two spectral ratios and
in the case of surficial only stabilization, the liquefied layer acts as a damper of the
acceleration. It is interesting to note that as the thickness of the underlain liquefiable layer
increases, the de-amplification of acceleration becomes more intense. Moreover, for the
Northridge excitation, the de-amplification of the ground motion in the underlain untreated
layers is less intense than that for the Kefalonia excitation and this explains the difference in

the response of the case with the upper 6m stabilized for these two seismic events,
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Figure 9.14 Surface-to-base, surface-to-interface and interface-to-base spectral ratios of a 9m sand
column: (a) partially treated with the upper 3m stabilized (Hy=3m), (b) partially treated with the
upper 6m stabilized (Hy=6m), subjected to the Northridge excitation with a.#=0.25g (excitation
level A).
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Figure 9.15 Surface-to-base, surface-to-interface and interface-to-base spectral ratios of a 9m sand
column: (a) partially treated with the upper 3m stabilized (Hy=3m), (b) partially treated with the
upper 6m stabilized (Hy=6m), subjected to the Kefalonia excitation with a.=0.25g (excitation level
A).

In order to further investigate the effect of intensity for a surficially only stabilized sand layer,
an intensity level of 0.1\ (a.#=0.025g) was studied for the Northridge excitation. From Figure
9.16 one can observe, that in terms of surface-to-base spectral ratio AS,, the acceleration at
the surface is amplified compared to the base for all four (4) soil profiles. Particularly, the
untreated soil does not seem to liquefy due to the low intensity excitation and generally shows

similar spectral amplification with the partially stabilized soil at the upper 3m. Non-linearities
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due to high excitation intensity are eliminated and especially in the case of 6m surficial only
stabilization and full stabilization behavior seems to be more linear hence leading to
amplification of the motion. Figure 9.17 presents the surface-to-base spectral ratio AS,, for
both cases of partial stabilization for 0.1\ intensity level. Similarly with the case of the
excitation with intensity level A, the interface-to-base spectral ratio, which refers to the
underlain untreated soil layer is the one that defines the final value of AS, ratio, but this time
there is no amplification of the motion, since the underlain untreated soil layer does not
liquefy. In any case, the results in terms of the effect of Hy, thickness are qualitatively similar
with those related to the Northridge excitation, but an intensity level of A. The differentiation
was more intense when the characteristics of the excitation changed from Northridge to

Kefalonia excitation.
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Figure 9.16 Surface-to-base spectral ratios of a 9m sand column: fully treated (Hx=9m), partially
treated with the upper 6m stabilized (Hy=6m), partially treated with the upper 3m stabilized
(Hy=3m) and untreated (Hy=0m), subjected to the Northridge excitation with a.;=0.025g (intensity
level 0.1A).

250

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



55 1 551
5 f Hy=3m 0.1 A-H=9m H,=6m
Northridge | —— Sur/Bas Sur/Int Int/Bas |Northridge

4

3.5

3

25

2

1.5

Spectral amplification
Spectral amplification

1

0.5

Ll L e 0 g gl 5 [ E R |
0.1 1 0.1 1
Period T (sec) Period T (sec)

Figure 9.17 Surface-to-base, surface-to-interface and interface-to-base spectral ratios of a 9m sand
column: (a) partially treated with the upper 3m stabilized (Hy=3m), (b) partially treated with the
upper 6m stabilized (Hx=6m), subjected to the Northridge excitation with a.z=0.025g (intensity
level 0.1A).

Finally, in Figure 9.18 and Figure 9.19 the spectral ratios for different excitation intensities are
compared, which were imposed either directly at the base of the column of H=Hy=3m or
H=Hu=6m (AS.) respectively or resulted from the analyses of surficial only treated soil as the
surface-to-interface spectral ratio of a treated over untreated layer profile. More specifically,
the surface-to-base spectral ratios (AS,) for the fully stabilized layers of 3m and 6m thickness
with excitation intensity levels A and 0.1A are included, as well as the surface-to-interface
spectral ratios of the Hy=3m (in Figure 9.18) and Hy=6m (in Figure 9.19) where the interface

intensity is a percentage of A between 0.1\ and A.

Particularly, in Figure 9.18 the 0.26A intensity stems from surficial stabilized layer (Hy=3m)
analysis with a base excitation of intensity A, whereas the 0.103A results from the analysis with
a base excitation of intensity 0.1A. Similarly, for H,=6m (Figure 9.19) the interface coefficients
0.61A and 0.11A result from base excitations with intensities A and 0.1A, respectively. These
figures indicate that for base excitation of 0.1\ and H=Hy the resulting spectral amplification
AS, is a conservative upper limit of spectral amplification (AS.), regardless of whether there is
an underlain untreated layer or not. However, the corresponding spectral amplification AS,
for H=Hy and intensity A is almost the lower limit of AS,, again regardless of whether there is

an underlain liquefied layer or not (for base intensities from 0.1A to A).

This can be explained by the fact that the case for the H=Hy, implies a rigid bedrock which

leads to zero radiation damping, in contrast to the case where there is an underlain soil layer.
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Hence, as a first approximation, the emphasis may be given to cases where H=Hy, and the

resulting estimation of AS, will be conservative for the cases that have an underlaying layer.
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Figure 9.18 Surface-to-base spectral ratios of a fully treated (Hy=3m) sand column subjected to the
Northridge excitation with excitation levels A and 0.1A, and of the same layer with underlain
untreated layer with interface excitation intensities 0.26A and 0.103A.
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Figure 9.19 Surface-to-base spectral ratios of a fully treated (Hy=6m) sand column subjected to the
Northridge excitation with excitation levels A and 0.1A, and of the same layer with underlain
untreated layer with interface excitation intensities 0.61A and 0.11A.
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9.5 Average spectral amplification of stabilized soils

In the previous Chapters, the typical response of stabilized sands was presented, emphasizing
only on the low frequency Northridge excitation for reasons of brevity. However,
generalization of these results is difficult and in order to do so, all employed excitations should
be studied. Table 9-1 shows that the properties of these excitations (predominant period Te,
maximum acceleration PGA, earthquake magnitude M) have a wide range as a whole which is
expected to lead to a significant scatter of the seismic ground response. However, by
estimating the average spectral amplifications from all excitations, the compatibility of the
average response with the “typical” Northridge excitation can be studied. Figures 9.20 — 9.24
present the surface-to-base spectral ratios AS, of the 11 excitations for all cases tested, along
with their average curve. All these curves are also compared to the corresponding elastic
design spectral ratios proposed by EC8 for ground categories B, C, D and E when compared to
the spectrum of ground category A (for rock) for high earthquake magnitudes (M>5.5). A
general conclusion that can be drawn from Figure 9.20 is that the spectral amplification of
stabilized sands for low intensity excitations (0.1A) is larger than what results from EC8
(especially for periods T<0.6sec) as expected since 0.1A is a quite low intensity level,that may
be related possibly to M<5.5 events. On the contrary, the corresponding spectral amplification
for high intensity excitations (A) is lower than this resulting from EC8 for all periods T (Figure
9.21) but this was not expected since A is an intensity level that is typical for M>5.5 events.
Figure 9.22 indicates that if an untreated layer exists, then spectral amplification converts to
de-amplification if the intensity is high (A, a.#=0.25g), while for low intensity excitations (0.1A,
a.#=0.025g) the amplification is generally comparable with this suggested by EC8 spectra
(Figure 9.23).

Finally, Figure 9.24 presents reference case analyses related to fully drained conditions (a, b),
as well as intermediate intensity 0.5\ analyses for comparison with lower 0.1A and higher A
intensities. Moreover, this figure indicates that for fully drained conditions the spectral
amplification for high intensity A excitation is compatible with this from EC8, whereas for low
intensity 0.1\ excitations is expectedly higher than what EC8 proposes. Finally, the same figure
also shows that for medium intensity 0.5\ excitations the spectral amplification at thick
stabilized soil layers (Hy=9m) is compatible with EC8 provisions, as opposed to low intensity
excitations (0.1A, Figure 9.20) and high intensity excitations (A, Figure 9.21) where the EC8

seems to be non-conservative and conservative, respectively.
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Figure 9.20 Surface-to-base spectral ratios for all excitations with intensity 0.1A (ae=0.025g) for
fully stabilized columns with H=Hy=9m, H=Hy=6m, H=Hy=3m in comparison with the corresponding
average spectral ratios and the design spectral amplification of EC8 (M>5.5).
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Figure 9.21 Surface-to-base spectral ratios for all excitations with intensity A (ae;=0.25g) for fully
stabilized columns with H=H=9m, H=Hy=6m, H=Hy=3m in comparison with the corresponding
average spectral ratios and the design spectral amplification of EC8 (M>5.5).
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Figure 9.22 Surface-to-base spectral ratios for all excitations with intensity A (ae;=0.25g) for a fully
stabilized column with H=Hy=9m and surficially only stabilized columns with H=9m and H=6m,
H=9m and Hy=3m in comparison with the corresponding average spectral ratios and the design
spectral amplification of EC8 (M>5.5).
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Figure 9.23 Surface-to-base spectral ratios for all excitations with intensity 0.1A (a.=0.025g) for a
fully stabilized column with H=H=9m and surficially only stabilized columns with H=9m and
Hy=6m, H=9m and Hy=3m in comparison with the corresponding average spectral ratios and the
design spectral amplification of EC8 (M>5.5).
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Figure 9.24 Surface-to-base spectral ratios for all excitations: (a) for a 9m untreated column under
fully drained conditions with intensity 0.1A (ae=0.025g) and (b) A (aef=0.25g), and (c) for a
stabilized column with H=Hy=9m with intensity 0.5A in comparison with the average spectral ratios
and the design spectral amplification of EC8 (M>5.5).

In the sequel, the average spectral amplification curves of the above figures were also used in
order to further investigate the effect of excitation intensity, drainage conditions, thicknesses
of the stabilized layer, as in the typical case of the Northridge excitation. Figure 9.25 and Figure
9.26 which refer to the average curves of all 11 excitations lead to similar conclusions with the
Northridge excitation in terms of average elastic surface spectra S, and average spectral ratios
AS, respectively. More specifically, the fundamental period T of the stabilized layer remains
almost the same and even slightly higher than this of the untreated soil under fully drained
conditions for high intensity A excitations. In general, the beneficial effect of stabilization is

clearly observed as the stabilized soil retains its stiffness, and its response approaches that of
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the untreated sand under fully drained conditions and is widely different from the response
of the untreated sand (under realistic partially drained conditions) which shows significant de-

amplification of the motion, due to liquefaction.
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Figure 9.25 Average surface elastic response spectra for the 11 excitations with intensity A
(aes=0.25g) of a 9m column with untreated, treated and untreated with fully drained conditions
sand in comparison with the average spectrum at the base of the column.
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Figure 9.26 Average surface-to-base spectral ratios for the 11 excitations with intensity A
(ae=0.25g) of a 9m column with untreated, treated and untreated under with drained conditions
sand.
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The effect of intensity on the response of a stabilized H=H=9m layer is presented in Figure

9.27. It is observed that as the excitation intensity increases, the non-linearity of the

geomaterial increases leading to slightly increased fundamental period Ts of the sand column

along with clearly decreased amplification spectral ratios (for all T values).
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Figure 9.27 Average surface-to-base spectral ratios for the 11 excitations with intensity of A
(aef=0.25g), 0.5A (aef=0.125g) and 0.1A (a.;=0.025g) for a fully stabilized 9m sand column.
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Figure 9.28 Average surface-to-base spectral ratios for the 11 excitations with intensity of 0.1A
(aeff=0.025g) of a 9m column with untreated, stabilized and untreated under fully drained

conditions soil.
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Moreover, for the low intensity excitation (0.1A) the average response of the stabilized sand
coincides with the response of that of the untreated soil under full drainage, just like in the
case of the Northridge excitation. This can be explained by the fact that due to the low
intensity of the excitation, the stabilized soil generates zero excess pore pressures exactly like
the fully drained column. Moreover, the untreated soil does not liquefy hence slight

amplification with respect to the base are observed.

The effect of thickness of the stabilization layer under low intensity excitation (0.1A) is shown
in Figure 9.29. An obvious increase of the fundamental period Ts is observed as the thickness
of the stabilized layer increases. However, for a high intensity excitation (A), Figure 9.30, the
average spectral ratio for the stabilized layers of 3m, 6m and 9m thickness show negligible
differences, but all of them show the expected de-amplification of the ground motion at the
ground surface. More specifically, the effect of excitation intensity (and the ensuing
nonlinearity) seems to overshadow the effect of the stabilized layer thickness Hi resulting to

negligible differences of the average spectral amplification for these cases.
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Figure 9.29 Average surface-to-base spectral ratios for the 11 excitations with intensity of 0.1A
(aeff=0.025g) of fully treated columns with H=Hy=9m, H=Hy=6m and H=Hy=3m.

261

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



35 - Average A - treated
3m

3 — 6m
— 9m

|

0 | |
0.1 1

Period T (sec)

Figure 9.30 Average surface-to-base spectral ratios for the 11 excitations with intensity of A
(aeff=0.25g) of fully treated columns with H=H=9m, H=Hy=6m and H=Hy=3m.

The average surface-to-base spectral ratios for the untreated (Hy=0), fully stabilized and
partially stabilized (Hy=3m, 6m) soil columns are compared in Figure 9.31 and Figure 9.33 for
excitations with intensity levels of A and 0.1\, respectively. It is observed that in terms of
average spectral amplification, the response of the “thin” partially stabilized column (Hy=3m)
resembles the response of the untreated layer (Hy=0m), while the response of the “thick”
partially stabilized column (Hy=6m) resembles the response of the fully stabilized column
(Hw=9m). Apparently, for the low intensity excitation (0.1A) the differences between the
abovementioned cases are smaller, but again the maximum amplification is observed for
Hx=9m. The corresponding average surface-to-base spectral ratios of the partially stabilized
columns using the individual interface-to-base and surface-to-interface spectral ratios for

excitation intensities of A and 0.1\ are shown in Figure 9.32 and Figure 9.34 respectively.

262

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



Average -
a5 9 A - H=9m
—— H,=9m
3 —— H,=6m
H,=3m
2.5
tr

L L L L L L L L L L
I
1]
o
3

(/

0 | |
0.1 1

Period T (sec)

Figure 9.31 Average surface-to-base spectral ratios for: a fully stabilized column with H=H=9m,
partially stabilized columns with H=9m and H,=6m, H=9m and Hy=3m and for an untreated column
under excitation with intensity A (a.;=0.25g).
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Figure 9.32 Average surface-to-base, surface-to-interface and interface-to-base spectral ratios of
a 9m sand column: (a) partially stabilized with the upper 3m stabilized (Hy=3m), (b) partially
stabilized with the upper 6m stabilized (Hy=6m), subjected to excitation with intensity A
(aef=0.25g).
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Figure 9.33 Average surface-to-base spectral ratios for: a fully stabilized column with H=H=9m,
partially stabilized columns with H=9m and H,=6m, H=9m and Hy=3m and for an untreated column
under excitation with intensity 0.1A (ae=0.025g).
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Figure 9.34 Average surface-to-base, surface-to-interface and interface-to-base spectral ratios of
a 9m sand column: (a) partially stabilized with the upper 3m stabilized (Hy=3m), (b) partially
stabilized with the upper 6m stabilized (Hy=6m), subjected to excitation with intensity of 0.1A
(aef=0.025g).

Consequently, the existence of a “thin” surficial stabilized layer of 3m does not seem to affect
the vibration at the ground surface, which is governed by the occurrence of liquefaction (or
not) at the underlain untreated layer. This conclusion remains, more or less, valid even if the

surficial stabilized layer thickness increases from Hy=3m to H,=6m.
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Finally, Figure 9.35 and Figure 9.36 present the average surface-to-base spectral ratios for the
fully stabilized columns of 3m and 6m thickness and for intensity excitations of A and 0.1A
along with the related surface-to-interface spectral ratios for partially stabilized columns
denoted by the excitation intensity which corresponds to the interface with the underlain
untreated layer. More specifically, for Hy=3m the average intensity level at the interface is
estimated equal to 0.31A for base excitation of intensity A and equal to 0.11A for base
excitation of intensity 0.1A respectively. Similarly, for Hy=6m, the corresponding average
intensity levels were equal to 0.42A and 0.11A at the interface with the underlain untreated
layers. Thus, it is observed that the average spectral ratios for the fully stabilized columns
under both the high and low intensity excitations (A and 0.1A) are the absolute lower and
upper limits respectively for the surface-to-interface spectral ratios of layers with the same

thickness in the cases of surficial only stabilization.
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Figure 9.35 Average surface-to-base spectral ratios of a 3m sand column fully stabilized (H=Hy=3m)
subjected to excitation intensities A and 0.1A, and of the same layer with underlain untreated layer
with interface excitation intensities 0.31A and 0.11A.
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Figure 9.36 Average surface-to-base spectral ratios of a 6m sand column fully stabilized (H=Hy=6m)
subjected to excitation intensities A and 0.1A, and of the same layer with underlain untreated layer
with interface excitation intensities 0.42A and 0.11A.

9.6 Multi-variable relations for the estimation of spectral amplification of
stabilized soils
Based on the results presented in previous paragraphs, the seismic response of stabilized soil
layers with Hy=3m, 6m and 9m has similar qualitative characteristics with the response of
stable, natural layers. However, there are some quantitative differences. In addition, based
on the previous findings, the predictions which refer to fully stabilized layers with H,=3m and
6m may offer useful guidance for estimating the response of such layers even when an
underlain layer exists, regardless of whether it is liquefiable or not. Hence, by emphasizing on
the predictions for fully stabilized soil layers, multi-variable relations are proposed herein for
estimating the spectral amplification ratio AS.. The general form of the spectral ratio AS,can
be expressed using three parameters: the fundamental soil period Ts, the amplification of peak
ground acceleration A,=As,(T=0) and the peak spectral acceleration Asp=Ass(T=Ts). These
parameters are indicatively defined in Figure 9.37(a) for the Loma Prieta excitation, along with
an analytical prediction originating from the pertinent suggestion by Bouckovalas &
Papadimitriou (2003) for stable natural layers. Particularly, this relation uses the normalized
over A, parameters: Asy*, Asap® which are defined in Figure 9.37(b) for the same excitation.
This relation is expressed by Eq.(9.3) and refers to stable natural soils but will be generalized

to stabilized soils herein.
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\ = (9.3a)
1 2
2\ | 1+—
1- T + AT
T, A:ap T,
. ASap
with ASap = A— (9.3b)

o

Based on Eq.(9.3),the estimation of AS, for any given structural period T, requires first the
definition of Ts, Aq and Asap . Hence, an effort was made to devise multivariable relations for

estimating these 3 parameters.
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Figure 9.37 (a)Typical surface-to-base spectrum ratio of a fully treated sand layer (observed) and
approximate relation which simulates it (predicted), (b)Typical behavior of the normalized surface-
to-base spectrum ratio (to Aq and Ts) Asa™ of a fully treated soil layer (observed) and approximate
relation which simulates it (predicted)

For this purpose, the results from the analyses conducted for fully stabilized (with CS) soil
layers of 3, 6 and 9m thickness, subjected to the aforementioned 11 excitations with low (0.1A)
and intermediate (0.5A) were used. It should be noted here that results from the high intensity
analysis (A) are excluded from this statistical analysis, since the results indicated extensive
non-linearity of the stabilized soil response and the employed numerical methodology is not
considered sufficiently verified for such levels of seismic intensity. This assertion is based on
the fact that the simulations of centrifuge test data showed satisfactory accuracy for

accelerations as high as 0.20g — 0.25g, and less so for higher intensities (see Chapters 7 and
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8). In the following figures, results from the analyses with intensity levels of 0.1A and 0.5\ are
shown with red and blue color respectively and refer to an effective acceleration equal to
a.#=0.025g and a.+=0.125g respectively. Note that based on Eq. (9.1), these aes values

correspond to peak acceleration values 40% to 100% higher for M=6 to 8.

Processing of the data begins from Figure 9.38, where open symbols represent the T values
of stabilized soil layers of 3m, 6m and 9m thickness, subjected to the 11 excitations for
effective acceleration values equal to a.#=0.025g and a.=0.125g as resulted from the
analyses. Moreover, in the same figure, the approximate relation for the two different values
of the effective acceleration, which predicts the fundamental period T of the stabilized soil

layer, is illustrated with red and blue line respectively. This relation is expressed analytically

by:

T.(s) =B[H, (m)]™ (9.4)
where:

B= o.04(1+ %ﬁj (9.5)

By observing Figure 9.38, it is obvious that the fundamental period T of the stabilized soil
column depends mainly on the thickness of the stabilized layer H(m) and secondarily on the
(effective) acceleration level of the excitation (aes). Interestingly, the selected form of this
relation has physical meaning, in the sense that the T; increases with Hz (and Ts=0 for Hrz=0),

while as the effective acceleration increases, the fundamental period, Ts, also increases.
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Figure 9.38 Fundamental periods T; of a stabilized soil layer as a function of the layer thickness Hi
for ae=0.025g and 0.125g as resulted from the analyses (symbols) and from approximate relation
(lines) based on Eq (9.4)

It is important here to quantify the error introduced by Egs (9.4) and (9.5). for this purpose

the relative error will be used as an index, which for any variable X is expressed by:

_ (predicted _ x) —(observed _ x)
observed _ x

R

X

(9.6)

Namely Re>0 corresponds to overestimation, Ry<0 to underestimation and finally R=0 implies
a perfect prediction. The standard deviation of the relative error is calculated as the standard
deviation of parameter Ry, while consistency is depicted by the average value of Ry which

should converge to a zero value.

Hence, Figure 9.39 and Figure 9.40 present the relative error Rys of Equations (9.4) and (9.5)
for the prediction of the Ts as a function of the thickness of the stabilized soil layer Hi and the
effective acceleration acs respectively. In the same figures the standard deviation of the
relative error is also presented with the dashed lines. Observe that the relative error is
generally small and uniformly distributed (with a standard deviation of just £11%) without any

systematic bias introduced by the parameters affecting the fundamental period T of the layer.
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Figure 9.39 Relative error (and standard deviation of the error) arising from (9.4) for the prediction
of the fundamental period Ts in relation with the thickness of the stabilized soil layer Hy for
0e=0.025g and 0.125¢.
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Figure 9.40 Relative error (and standard deviation of the error) arising from (9.4) for the prediction
of the fundamental period in relation with the effective acceleration a.s for layer thicknesses
Hy=3m, 6m and 9m.

Then, emphasis is put on the amplification of the peak acceleration Ay=Asar=0). The relationship
proposed by Bouckovalas and Papadimitriou (2003) is adopted herein as a general relation for

estimating the A, of natural — stable soils. This relation will be used after re-calibration for
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stabilized soils as well. Particularly, the general form of the suggested relation is (Bouckovalas

and Papadimitriou, 2003):

A = = (9.7a)

where the new calibrated values for c; and c; are:

-0.8
¢, = O.26[0.1+ %ﬁj (9.7b)
0.4
aeff
C2 = 310(7} (9.7C)

Figure 9.41 compares the values of A, as resulted from the analyses (symbols) and from Eq.
(9.7) (lines) for effective acceleration equal to a.=0.025g and a.=0.125g respectively.
Observe the satisfactory overall fit. Furthermore, note that Eq.(9.7) is physically sound since
the value of A, for Ts/T.=0 always equals to unity, because then the acceleration at the ground
surface equals the acceleration at the base of the layer, either due to a very stiff/ shallow layer
or due to a very high predominant period of the excitation. Moreover, for the resonance value
of Ts/Te=1, Eq.(9.7) is able to predict the maximum amplification, while it can also estimate
the de-amplification of the acceleration when ae is further increased due to the very
nonlinear ground response (e.g. for an excitation with intensity equal to A, which corresponds

to a.#=0.25g).

Figures 9.42 up to 9.44 explore the relative error of Eq.(9.7) for the prediction of the
amplification of the peak ground acceleration A, in relation with the period ratio Ts/Te, the
effective acceleration aesr and the thickness of the stabilized soil layer Hy,, respectively. These
figures also illustrate with the dashed lines the standard deviation of the relative error, which
is relatively small (£21%). It can be observed that there is no systematic bias introduced by
the important parameters which affect the A,, and that the error is relatively small and
uniformly distributed with no obvious underestimation or overestimation of the numerical

results.
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Figure 9.41 Effect of period ratio T./T. on the amplification of peak ground acceleration A,
resulting from the analyses (symbols) and from Eq.(9.7) (lines) for effective acceleration equal to
0e=0.025g and a.=0.125g
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Figure 9.42 Relative error (and standard deviation of the error) arising from Eq.(9.6) for the
prediction of the amplification of the peak ground acceleration A, in relation with the period ratio
To/Te for ae=0.025g and 0.125g.
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Figure 9.43 Relative error (and standard deviation of the error) arising from Eq.(9.6) for the
prediction of the amplification of the peak ground acceleration A, in relation with the effective

acceleration aefs.
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Figure 9.44 Relative error (and standard deviation of the error) arising from Eq.(9.7) for the
prediction of the amplification of the peak ground acceleration A in relation with the thickness of
the stabilized soil layer Hy for a.=0.025g and 0.125g.

Finally, in order to propose a complete design methodology, it is still required to define the

peak spectral acceleration Asap, or alternatively, to define its normalized value Asap*=Asap/Aa.

The latter is hereby performed and a statistical analysis of As,p* values led to the following

expression:
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. T, “ ¢, ey -
ASap =:l'—'—CO ? H(m) F (9.8)

e

Where: Cp=3.97, Cr=1, C=0.4 and C,=-0.2.

Figure 9.45 presents the values of As,p* in relation with the period ratio Ts/T.as resulted from
the analyses by the use of different symbols differentiating for effective acceleration
(2e=0.025g and a.#=0.125g) and for thickness of stabilized layer Hiy (3m, 6m, 9m). The
included lines originate from rhe use of Eq. (9.8). As expected, the value for Ts/T.=0 for any
tested case equals to unity, as the vibration of the layer surface is identical with that at its the
base (remember that A,=1 for Ts/T.=0 based on Eq.(9.7)). Moreover, the proposed relation
considers the effect of effective acceleration, ac, and for a given stabilized layer thickness Hy,
as a. increases there is a corresponding decrease of Ass,p*, and so the reduction of
amplification due to the increasing non-linearity can be successfully simulated. A similar
decreasing effect on As,p* value is observed when the layer of the stabilized layer, Hy,
increases and the value of effective acceleration aef remains constant. All these effects are

captured by the proposed Eq.(9.8).

Figure 9.46 investigates the effectiveness of the proposed methodology to predict the values
of the normalized peak spectral amplification Assp*. More specifically, this figure compares
the values of Asap* resulting from all analyses to their counterparts estimated from Equation
(9.8) for all analyses conducted after considering the value of T, from the analyses and not
from Eq.(9.4). In this way, one can estimate the error related to Eq.(9.8) alone, without any

propagation of the error from the estimation of period Ts.
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Figure 9.45 Effects of period ratio Ts/T. and stabilized layer thickness H: on the peak normalized
spectral amplification As.p” resulting from the analyses (symbols) and from equation (9.8)
(continuous lines) for effective acceleration equal to aef=0.025g and aef=0.125g and layer
thicknesses Hy=m, 6m and 9m.
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Figure 9.46 Comparison of the values of normalized peak spectral amplification Asap* resulting from
all numerical analyses (observed) and from Eq.(9.8) for the same cases (predicted), by considering
the value of period Ts from the numerical analyses.
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The comparison of analytical estimates to numerical results for As,p* is satisfactory and the
relative error of the prediction is investigated in Figures 9.47 up to 9.49 as a function of the
period ratio Ts/T., the effective acceleration aer and the thickness of the stabilized soil layer
Hi respectively. In the same figures, with the dashed lines, the standard deviation of the
relative error is also presented, which is considered satisfactory (£27%). No significant bias of

the error is observed in these figures.

- o
08 | 0 a,~0.025g
06 - o 0 a,~0.125¢g
- e} - - — st. deviation (20.27)
0.4 |- o o o ©
02f T 550 G0 G T
$ ol 2 o3%% © 5 o)
S0 O O g@
(14 °© o579 o © o o
02 o@8Lo®  ° .08 % .
-04 - O O
%) o}
- O
-0.6 |-
-0.8 -
-1 i L L L L | L L L L | L L L L | L L L L | L L L L
0 0.5 1 1.5 2 2.5
TJT,

Figure 9.47 Relative error R (and standard deviation of the error) of the normalized peak spectral
amplification Asap* as a function of the period ratio T,/Te, for a.=0.025g and 0.125g.
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Figure 9.48 Relative error R (and standard deviation of the error) of the normalized peak spectral
amplification Asap* as a function of the effective acceleration a.s stabilized layer thickness Hy=3, 6,
Im.
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Figure 9.49 Relative error R (and standard deviation of the error) of the normalized peak spectral
amplification Asap* as a function of the layer thickness Hy, for aef=0.025g and 0.125g.

In addition, the effectiveness of the methodology to accurately predict the amplification of
the peak spectral acceleration of a stabilized layer Asap, was investigated using successively all
proposed multi-variable relations and comparing the analytical results with those from the
numerical analyses. Firstly, the values of Ts were estimated using Eq.(9.4) and (9.5) for the

stabilized layers with a layer thickness of 3m, 6m and 9m and for effective acceleration values

277

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



equal to a.#=0.025g and a.=0.125g. Figure 9.50 compares directly the values of the
fundamental period T; resulting from the approximate relations (predicted) to their

counterparts from the analyses (observed) and an excellent predictive accuracy is obtained.
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Figure 9.50 Comparison of the values of fundamental soil period Ts resulting from all numerical
analyses (observed) and from Eq.(9.4) and (9.5) for the same cases (predicted).

Then, the estimation of the peak ground acceleration amplification A, (via Eq.9.7) for the
predicted (and not the measured) values of period T; was obtained. Figure 9.51 shows the
comparison of predicted A, with observed A, from the analyses for a.=0.025g and
a.#=0.125g. The overall accuracy is again satisfactory (as in Figures 9.41 - 9.44) and the
standard deviation of the relative error remains equal to +21-22%, given the practically

excellent prediction of the period Ts.

Following the same rationale, for the same values of predicted fundamental periods Ts, the
peak normalized spectral amplification values As.,* were estimated using Eq.(9.7). Figure 9.52
presents the comparison of the aforementioned predictions of As,p* with the values resulting
from the numerical analyses (observed). Again, satisfactory accuracy is achieved, which is
similar to the accuracy illustrated in Figures 9.45 — 9.49, since the standard deviation of the

relative error remains in the range of +27%.
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Figure 9.51 Comparison of predicted peak ground acceleration amplification ratio Ay« (Eq.9.7)
versus the observed Aq values from the numerical analyses for ae=0.025g and ae=0.125g.

/7
O a,=0.025g . 4
4| O aeﬁ=0.1259 /
perfect prediction Py 4

- - - ASap,pred*:1 27 ASap,obs* /

- = ASap,pred*=O'73 ASap,obs* 70 0. 4
. 3F O > (/) e

Q
] / o 8@
< O ®) A O O P
> o, 60 5
) oQ O o
1S 5 v R 0 (@)
8 I O@ 7 OO o) i O
a QZ o 8 )/ o
700 o le)
/ .
o © g
7/ s
4 s
/
7/
7
7
1 Z L L il
1 2 3 4 5

observed A *
Sap

Figure 9.52 Comparison of the values of As.p™ resulting from all numerical analyses (observed) and
from Eq.(9.8) for the same cases (predicted), by considering the value of Ts from Eq.(9.4).

By multiplying the estimated values of Ay and As.p™ the peak spectral amplification Ass, can be

calculated. Hence, Figure 9.53 shows the comparison of the abovementioned estimated
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values of Assp (predicted) with the corresponding values which resulted from the numerical

analyses (observed). The comparison is satisfactory and the standard deviation of the relative

error is +33%.

In order to examine if the relative error of the Ass, prediction is affected by the involved

parameters of the problem, Figures 9.54 — 9.56 show its values for all predictions in relation

with the ratio Ts/Te, the effective acceleration aes and the thickness of the stabilized soil layer

Hi, respectively. In the same figures, the standard deviation of the relative error is also

presented with the dashed lines, which is still relatively small. No significant bias is observed

in these figures a fact that underlines the reliability of the proposed multivariable relations for

estimating the amplification of the elastic response spectra in stabilized layers.
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Figure 9.53 Comparison of the values of Asap resulting from all numerical analyses (observed) versus
the estimates of Asap (estimated from the values of A, and Asap*) for the same cases (predicted).
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Figure 9.54 Relative error (and standard deviation of the error) of the peak spectral amplification
Asap (estimated from the values of Aq and Asap*) as a function of the period ratio T/Te for aef=0.025g

and 0.125g
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Figure 9.55 Relative error (and standard deviation of the error) of the peak spectral amplification
Asap (estimated from the values of A« and Assp*) as a function of the layer thickness Hy for
ae=0.025g and 0.125¢g
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Figure 9.56 Relative error (and standard deviation of the error) of the peak spectral amplification
Asap (estimated from the values of Aq and Asap™®) as a function of the effective acceleration aes for
ae=0.025g and 0.125¢g

In order to further understand the applicability and the reliability of the proposed set of multi-
variable relations for predicting the spectral amplification of stabilized soil layers, three (3)
examples are presented below where the full set of relations is applied and compared with
the results of the numerical analyses. The comparison is presented in terms of surface-to-base
spectral ratios of the stabilized soil column, so as to be consistent with the already presented

figures from the numerical analyses.

The first example refers to the Northridge excitation for reasons of compatibility with the
previously presented typical results and the other two examples refer to the Loma Prieta and
Coyote Lake excitations for effective acceleration values of ae#=0.025g and a.=0.125g. The
followed procedure was the same for all three examples: firstly, the fundamental period T of
the soil column, and the ratios A, and As,p* were estimated through Eqs.(9.4), (9.5), (9.7) and
(9.8) respectively for given predominant periods of these excitations : T.=0.36sec for the
Northridge excitation, T.=0.20sec for the Loma Prieta excitation and T.=0.42sec for the Coyote
Lake excitation. The estimations are performed for the average thickness of the stabilized soil
layer Hy=6m (indicatively). The normalized spectral amplification As,* was calibrated using
Eqg.(9.3) as a function of the normalized fundamental period of the structure T/Ts, and then
the final spectral amplification Asa(T) was calculated based on the predicted values of ratio A4
and period Ts. The spectral amplification curve representing Asa(T) which resulted from this

procedure was compared to the curve of the corresponding spectral ratio that resulted from
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the numerical analyses. Hence, Figure 9.57(a) and (b) represent the comparison for the
Northridge excitation, for a.#=0.025g and a.=0.125g. Similarly, Figure 9.58(a) and (b) present
the corresponding comparison for the Loma Prieta excitation, while Figure 9.59(a) and (b) do

the same for the Coyote Lake excitation for a.=0.025g and a.#=0.125g, respectively.

It is observed that for the Northridge excitation there is an underestimation of the numerical
results at resonance and the contrary is observed for the Loma Prieta excitation. However, for
the Coyote Lake excitation the overall predictions seem to be more accurate. As a whole,
judging from the comparisons of all three (3) indicative examples, a satisfactory prediction of
the spectral amplification of stabilized soil layers can be achieved via the proposed set of

multivariable relations.
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7E Northridge ' 7 Northridge ,
—— predicted —— predicted
6 observed 6 observed

[$)]
(&}

Sasurlsabas

w
w

Sasurlsabas
N
LA AN AR N UL L L LA AL AR R AR A A A

0 L1l L] 0 | |
0.1 1 0.1 1

Period T (sec) Period T (sec)

Figure 9.57 Comparison of the estimated surface-to-base spectral ratio (blue line) with the one
resulting from the analyses for the Northridge excitation (red line) for a stabilized layer of 6m
thickness with (a) ae=0.025g, (b) ae=0.125g.
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Figure 9.58 Comparison of the estimated surface-to-base spectral ratio (blue line) with the one
resulting from the analyses for the Loma Prieta excitation (red line) for a stabilized layer of 6m
thickness with (a) aes=0.025g, (b) aef=0.125g.
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Figure 9.59 Comparison of the estimated surface-to-base spectral ratio (blue line) with the one
resulting from the analyses for Coyote Lake excitation (red line) for a stabilized layer of 6m
thickness with (a) aes=0.025g, (b) ae=0.125g.

To conclude, the proposed analytical procedure seems able to predict satisfactorily the 1D
seismic response of stabilized soil with different layer thickness and for different cases of
realistic excitations of small and intermediate intensity (e.g. amax up to 0.25g). For this reason,
this procedure is considered a useful tool for the application of passive stabilization in

practice.
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Figure 9.60. Comparison of the values of (a) Aa and (b) Assp*, for ae=0.025g and 0.125g,
resulting from all numerical analyses (observed) and from the application of the hereby
proposed multi-variable equations (predicted; solid symbols) and the respective equations of
Bouckovalas and Papadimitriou (2003) (predicted; hollow symbols) for V,, = 20V..

As mentioned above, the hereby proposed multi-variable relations essentially originate from
a re-calibration of the pertinent equations of Bouckovalas and Papadimitriou (2003), which
were proposed for stable untreated soils and pertained to the soil-to-rock outcrop spectral
amplification ratio. On the contrary, the hereby proposed equations refer to stabilized soils
and pertain to the surface-to-base spectral amplification ratio, thus dictating the necessity for
the re-calibration. The former difference is not expected to yield significant differences, but
the latter poses a practical problem for the application of the literature relations, since they
correspond to a compliant bedrock (where the bedrock wave velocity Vy is finite) whereas the

hereby performed analyses (and the proposed relations) imply a rigid bedrock (Vy = <).

However, in order to investigate the necessity for this re-calibration, the accuracy in predicting
the A, (via Eq. 9.7) and the Assp™ (via Eq. 9.8) should be compared to the accuracy offered by
the literature relations. To allow for this comparison, the literature relations are used beyond
their range of applicability, by assuming a value of V, equal to 20 times the average shear
wave velocity Vs of the stabilized soil, and this as an approximation of a rigid bedrock. This
comparison is shown in Figure 9.60, where the solid symbols present the accuracy of the
hereby proposed relations and the hollow symbols that of the literature relations. Observe
that the literature relations predict satisfactorily the numerical results of A, for a.=0.025g,
but they over-predict the results for a.#=0.125g. In terms of Assp™*, the literature relations

underestimate the results for both values of the effective acceleration. Based on Figure 9.60
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the necessity for the proposed re-calibration becomes obvious. Moreover, this figure
underlines that the literature relations should not be used for rigid bedrock conditions, since

such conditions are beyond their scope.
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Chapter 10

SEISMIC RESPONSE OF SHALLOW FOOTINGS LAYING ON STABILIZED
SOIL LAYERS

10.1 Introduction

According to existing anti-seismic code provisions, the construction of civil engineering
structures with shallow foundations is prohibited on soils which are at risk of liquefaction,
unless ground improvement is performed in advance. However, in many cases, the foundation
soil is characterized as liquefiable after the construction of the structure and this is true for
many structures built before 1980 or so. For such cases, an alternative technique of
improvement of the foundation soil is passive (site) stabilization, which has the comparative

advantage of easy application at developed sites.

As presented in Chapter 9, the 1D seismic response of surficially only or fully stabilized soil
layer is very different from this of the natural — untreated soil. This is because liquefaction
(re=1, and related de-amplification of the vibration) is not expected within the layer that has
been stabilized. The goal of the present chapter is to investigate the seismic response of a
shallow footing which rests on a stabilized layer, since shallow foundations are the most
commonly used foundation types for structures, especially in previous decades (existing
structures). Unfortunately, there are no experimental data available in the literature referring
to this issue and so a purely numerical study will be performed, by adopting the simulation
procedure presented and calibrated in the previous chapters. More specifically, stabilization
of the soil is simulated with a reduction of the fluid bulk modulus K in the soil pores, while the
response of the sand skeleton is simulated via an appropriate constitutive model for sands

and without change in the values of its model constants.

10.2 Methodology of numerical simulation

As shown in previous Chapters, relatively accurate simulations of stabilized sand response
may be attained by using existing elastoplastic constitutive models for sands, if one takes into
account the seemingly increased compressibility of colloidal silica in the pores of the saturated
sand (e.g. Andrianopoulos et al. 2015). Hence, here, the simulation of the shallow footing

resting on a stabilized layer will be performed by adopting the boundary surface plasticity
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critical state model, NTUA-SAND (Andrianopoulos et al. 2010a; b), since it has proven its ability
to simulate the cyclic response of sands at both element and system level, using the same set
of model constants independently of initial conditions (stress and density) and cyclic shear
strain level.

The foregoing relative compressibility of colloidal silica (CS) was observed by Towhata (2007),
who performed unconfined compression tests on gelled (pure) CS samples and concluded that
this material has relatively increased volume compressibility in comparison to water, which is
practically incompressible (it actually has a fluid modulus K, = 2x10° kPa). In other words,
while any tendency for volume reduction (e.g. due to seismic shaking) translates to excess
pore pressure development in untreated sand, in stabilized sand any similar loading is not
expected to generate (significant) excess pore pressures. This fundamental observation
allowed the use of NTUA-SAND in boundary value problems of saturated media, whose fluid
in the soil pores is filled by a CS dispersion, which is characterized by a decreased value for the

pore fluid (bulk) modulus (in comparison to Ky).

A plane strain analysis is used for the shallow strip foundation (footing) with a 106x9m grid
which is presented in Figure 10.1.The grid zones have dimensions of 084x0.41m at the free
field and are densified in the area under the footing (0.5x0.41m), leading to a total number of
132x22. The soil layer is Nevada sand with relative density of D.=40% and saturated density
psat=1.91Mgr/m3, which is simulated using NTUA-SAND with the model constants values in
Table 10-1, which also includes the state variables of density, porosity and void ratio
corresponding to Di=40%. In all numerical simulations, the surface footing had a width of 3m.
The grid height is 9m and corresponds to a 9m thick saturated sand layer over bedrock. The
employed grid size is wide enough in order to provide results unaffected from any potential
lateral boundary effects. To further ensure this for the seismic shaking, tied-nodes boundary
conditions were assigned at the lateral boundaries, thus enforcing equal horizontal
displacements of the corresponding nodes on the left and right boundaries. All boundaries
were considered impermeable, apart from the top boundary where flow was allowed towards
the free surface. The footing was simulated using cable elements interconnecting the
corresponding surface nodes, while these nodes were also tied to one another to enforce
common horizontal and vertical displacements. As such, a rough rigid (and massless) footing
is simulated, on which a vertical velocity v is applied as the structural load on 6 adjacent nodes
0.5m apart (see Figure 10.2). According to Itasca (2011), this velocity varies linearly from the

value at the last grid point upon which it is applied, to zero at the adjacent grid point.
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Therefore, half the width of the adjacent zones should be added to the footing width, thus

resulting to a 3m wide strip footing.

Table 10-1 Values of model constants of NTUA-SAND model for Nevada sand and state variables
for D,=40% (Andrianopoulos et al. 2010a,b).

Parameter Dense sand
Density (Mgr/m3) 1.52
Porosity 0.424
Permeability (m/s) 1.02e-10
e 0.737
M€ 1.25
M 0.72
(ecs)a 0.809
A 0.022
B 600 (180 for monotonic loading)
v 0.33
ke? 1.45
k& 0.30
V1 0.00025
o 0.6 (1.0 for monotonic loading)
Ao 0.8
ho 15000
N, 40000

Figure 10.1 Grid used for the simulation of the seismic response of a shallow strip footing in FLAC
(Itasca, 2011).

In order to achieve full saturation of the layer during the whole seismic shaking, the water
table level was set 1m higher than the layer surface and a pore pressure equal to 9.81kPa was
applied on the surface. Firstly, the bearing capacity of the footing resting on untreated Nevada
sand was estimated by applying a vertical constant velocity on the 6 nodes of the footing (see

Figure 10.2). The velocity used was small enough (2.5:10® m/s), so as to achieve a stable
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response and minimize the unbalanced forces for this specific grid geometry. The load from
the footing which corresponds to each settlement value was calculated by summing the
vertical resistance forces at the tied and moving nodes related to the footing. As uniform
settlement is imposed with a very low velocity, the loading is practically static and so the
analysis is conducted under fully drained conditions. The bearing capacity qu: of the sandy
foundation soil (with D,=40%) for the footing with width B=3m was estimated equal to
gqut=601KPa, based on the load — settlement curve presented in Figure 10.3. All analyses with
stabilized sand assumed that the bearing capacity (qur) is not affected by the low-pressure
injection of CS in the soil pores, since the injection takes place long after the construction and
the loading of the footing with the structural load, i.e. when hydrostatic pressures have been
restored. This is a reasonable assumption, considering that, during the CS injection, the soil
skeleton continues to carry the load of the footing and the pore fluid (no matter its

consistency) remains in a hydrostatic pressure regime.

Figure 10.2 Detail of grid used for the simulation of the seismic response of a shallow strip footing
at FLAC (Itasca, 2011) with notation of the 6 nodes related to the footing location.
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Figure 10.3 Static load — settlement curve for 3m wide surface strip footing resting on a 9m-thick
untreated Nevada sand layer with D,=40% (loading under fully drained conditions).

Consequently, the dynamic analysis was performed after a uniform contact pressure equal to
g = 200kPa was first established via a stress-controlled analysis, i.e. when the operational load
brings the footing at a static factor of safety FS = qut/q = 3 and hydrostatic pressures have
been also established (see qu=601kPa in Figure 10.3). This implies that stabilization is applied
to an existing structure, that rests on a liquefiable foundation soil and its loading corresponds
to a static factor of safety equal to 3. It has to be mentioned here that the footing is considered
an impermeable barrier for the pore fluid flow during shaking, and that the analysis does not

take into account a potential increase of qut (and FS) under static conditions.
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The effect of passive stabilization on the surface footing response is studied by comparing two
(2) reference dynamic analyses, one for an untreated layer (with water in the soil pores) and
one for a stabilized layer (with CS in the soil pores) of the same 9m thickness subjected to the
same ground excitation. The untreated layer has a hydraulic conductivity equal to
k=3.31*103m/s, while the treated layer is considered stabilized with C5(%)=7.5 (average value
of the commonly used concentrations CS(%)=5-10) and has a hydraulic conductivity equal to
ke=10°m/s (Persoff et al., 1999). The NTUA-SAND model was used for the simulation of the
seismic response of the sand skeleton with the model constant values presented in Table 10-1,
while for the simulation of the seismic response of the stabilized layer the fluid bulk modulus
value was reduced by dividing the water bulk modulus K,, with the factor n, using the
expression n= (CS(%) + 2.25) x 100 = 975 (Equation 7.1). It is mentioned here, that the CS is
assumed to have reached the desirable (very high) viscosity value before the dynamic loading
is applied. The input motion consisted of 10 cycles (N=10) of sinusoidal (purely) horizontal
acceleration, with uniform peak base acceleration of 0.15g at a period T. = 0.15sec. In all
analyses for the simulation of the seismic response of Nevada sand, local non-viscous,

frequency independent damping was assigned having a value of 2%.

The above outline the characteristics of the basic reference analyses for the problem at hand.
The paragraph that follows presents their results and the next paragraphs of this Chapter
proceed in presenting the parametric investigation results for the effects of the excitation

characteristics, as well surficial only (partial) stabilization on the footing response.

10.3 Effects of full stabilization on the seismic response of a surface footing

The results of the two (2) reference analyses for fully stabilized and untreated soil (described
in paragraph 10.2) are presented herein. Figure 10.4 presents the comparison of the
acceleration time-histories of the ground surface (z=0m) and at depths of 3 and 6m below the
middle of the (rough rigid) surface footing, as well as for a surface location far laterally from
the footing (approximately 42m from the middle of the footing), e.g. essentially at the free
field. It is observed that under the footing, the sinusoidal form of the input motion is more or
less retained in the shaking of both stabilized and untreated soil and only a slight de-

amplification of the peak acceleration is observed in the former case.
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Figure 10.4 Acceleration time-histories at different depths under the footing and at the free field
for the fully stabilized and untreated 9m thick soil layers.

On the contrary, at the free field the stabilized soil exhibits a slight amplification in comparison

with the base excitation, opposite to the untreated soil which shows an intense de-

amplification (especially after the first 1-2 loading cycles, or after t=1sec) typically observed

response in liquefied soil formations. The amplification issues are better depicted and

compared in Figure 10.5, which presents the elastic response spectra (5% damping) at the

ground surface under the footing and at the free field.
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Figure 10.5 Elastic response spectra (5% damping) at the ground surface under the footing and at
the free field for the fully stabilized and untreated 9m thick soil layers.

This difference in response can be explained by observing the excess pore pressure ratio time-
histories (Figure 10.6) where liquefaction of the untreated soil at the free field occurs at
depths of z£3m (mainly near the surface), contrary to the stabilized layer where excess pore
pressures are practically zero everywhere. The small values of r, under the footing are a side-
benefit of the increased vertical stresses, due to the footing loading, which increase the
denominator (vertical effective stress) of the r, ratio, thus reducing the liquefaction risk even
for the untreated soil. Given the stabilization, the already small values of r, due to the
increased vertical stresses, become essentially zero under the footing. In addition, the small
differences in r, values are the reason that the accelerations under the footing are quite
similar in both stabilized and untreated layers. This is not the case at the ground surface of
the free-field, where even the stabilized soil shows non-zero (but small) excess pore pressures,
whereas the untreated soil liquefies (ry, = 1) at t=1sec and remains so until the end of shaking,
while r, dissipates fast thereafter. Interestingly, t=1sec is the time when the intense de-
amplification of accelerations is observed. Moreover, the fact that the stabilized soil does not
develop significant excess pore pressures even at the free-field is the reason that slight

amplification is observed (see also Chapter 9).

294

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



under the footing

z=0m
05 |
L:
0
0.5 | | | |
0 1 2 3 5
1
z=3m
05 |
h:
0
05 | | | |
0 1 2 3 5
1
z=6m
05 |
1.5 /'I—‘.’"NW.‘_\
0
-05 1 1 1 1
0 1 2 3 5

t:sec

fully stabilized

untreated
1 at the free field
z=0m
0.5 |
‘_:I K
0
05 | | | |
0 2 3 4 5
1
z=3m
0.5 |
h:!
0
05 1 1 1 1
0 2 3 4 5
1
z=6m
0.5 |
h:!
0
-05 1 1 1 1
0 2 3 4 5
t:sec

Figure 10.6 Excess pore pressure ratio time-histories at different depths under the footing and at
the free field for the fully stabilized and untreated 9m soil layers.

Figure 10.7 presents the settlement time-histories for the ground surface under the footing

and at the free field. The settlements that occur under the footing during the shaking are

shear- induced, accumulate during shaking and do not result from the excess pore pressure

dissipation after the end of shaking. Settlements are clearly larger for the case of the

untreated layer in comparison with those of the stabilized layer, which shows a notably

improved response. Indeed, the value of the final settlement in the case of the untreated layer

is considered prohibitively large, and equals to almost 13cm, contrary to that in the case of

the stabilized layer which is within potentially acceptable limits (almost 4cm).
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Figure 10.7 Settlement time-histories at the ground surface under the footing and at the free field
for the fully stabilized and untreated 9m soil layers.

Moreover, at the free field, where there is no vertical loading from the footing and there are
no static equilibrium shear stresses (geostatic conditions), settlements are almost zero for
both cases of fully stabilized and untreated soils. The fact that settlements at the free field are
insignificant compared to those under the footing is expected based on laboratory data for
untreated soils (e.g. comparison of response in Velacs Nol with Velacs No12 model tests, see
Andrianopoulos et al., 2010). However, the practically zero settlements predicted herein are
also a consequence of the inability of the NTUA-SAND to predict large plastic volumetric
strains without a significant change in the deviatoric stress ratio (n=q/p), such as in the case

of a 1D (free field) seismic shaking of a horizontal soil layer.

The effect of the static factor of safety (FS) against bearing capacity on the seismic response
of the surface footing resting on a fully stabilized layer was also investigated. Particularly, the
values of operational loads which were additionally selected relate to: q=400kPa and 100kPa
for the dynamic analyses, which correspond to factors of safety FS=1.5 and 6 respectively and
were compared with the reference analysis values (q=200kPa and FS=3). Figure 10.8 presents
the acceleration and excess pore pressure ratio time-histories at the stabilized layer — footing
interface for the different values of factor of safety FS, while Figure 10.9 shows the
corresponding settlement time-histories. It is obvious that a decrease of the factor of safety
leads to an increase of acceleration amplification under the footing. Moreover, a decrease of
the factor of safety FS has an increasing effect on the accumulated settlements. These effects
can be related to the fact that as the FS becomes smaller, the operational load g becomes
larger and thus the footing approaches bearing capacity failure and large shear induced
settlements are accumulated under both static and seismic loading. It is interesting that for

FS=6, the seismic settlements are practically zero after stabilization, while for FS=1.5 the value
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of the settlement is increased and is equal to 16cm despite the fact that the soil has been
stabilized (obviously for untreated soil and FS=1.5 the settlements are much higher, not shown
here). This significant effect of FS on accumulated settlements is not related to the excess
pore pressures (which are always practically zero), but to the increased amplification of the

motion and the related increase of shearing loading.

Finally, the effect of the relative density D, of the foundation soil (before stabilization) on the
seismic response of the surface footing resting on a stabilized layer was investigated. In
particular, two (2) additional analyses were conducted to complement the reference one
related to D«(%)=40%, one for D,=20% which corresponds to a very loose formation and
another for D,=60% which corresponds to a quite denser sand formation. Note that the new
D: values lead to new values of the static bearing capacity, which were estimated equal to
560kPa and 720kPa respectively using the static load — settlement curves that were estimated
via a displacement - controlled analysis (not shown here). Hence, in order to make a
comparison for a fixed factor of safety FS=3, different operational loads were considered for
the different D/(%) values. The comparison of the results in terms of acceleration and excess
pore pressure ratio r, time-histories (Figure 10.10) does not demonstrate significant effect of
the relative density D, on accelerations, since no differences are observed in the response of
the fully stabilized layer. Only a slight de-amplification of the motion is observed in the analysis
of the loose sand (D=20%), but in terms of settlements a decreasing effect of the relative
density is observed (Figure 10.11) just like for any untreated but stable soil layer. Observe, for
the smaller value of D,=20% the final value of the settlement is 10cm, which potentially could
be unacceptable. However, again, the calibration of the numerical methodology has been
performed for sands with medium density (Conlee et al. 2012; Gallagher et al. 2007b) and
hence the response for really loose sand shown above may be an artifact of the methodology

and not a drawback of passive stabilization.

297

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



under the footing (z=0m)

acc:g

FS=1.5

0.15 |

-0.15 |

-0.3 . .

0 1 2 3

t: sec

under the footing (z=0m)

FS=1.5
1 1 1 1
1 2 3 4
FS=3
1 1 1 1
1 2 3 4
FS=6
1 1 1 1
1 2 3 4
t:sec

Figure 10.8 Effect of the factor of safety (FS) against bearing capacity failure on the seismic
response of a surface footing resting on a fully stabilized soil layer in terms of time-histories of

acceleration (left) and excess pore pressure ratios (right).
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Figure 10.9 Effect of the factor of safety (FS) against bearing capacity failure on the seismic
response of a surface footing resting on a fully stabilized soil layer in terms of settlement time-

histories
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Figure 10.10 Effect of the relative density D, of the soil (before stabilization) on the seismic response
of a surface footing resting on it after stabilization, in terms of acceleration time-histories (left) and
excess pore pressure ratios (right).
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Figure 10.11 Effect of the relative density D, of the soil (before stabilization) on the seismic response

of a surface footing resting on it after stabilization, in terms of settlement time-histories
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10.4 Effects of seismic excitation properties on the response of a surface footing

resting on fully stabilized soil
In order to investigate the effects of the seismic excitation properties on the response of a
surface footing resting on a fully stabilized layer, further analyses were conducted and their
results were compared to those of the reference analysis for the fully stabilized layer (see
paragraph 10.3). Firstly, the effect of the number of cycles N of the excitation was
investigated. Figure 10.12 shows the acceleration and excess pore pressure ratio time-
histories at the stabilized layer - footing interface for number of loading cycles N equal to N=2,
10 (reference analysis) and 20, while Figure 10.13 presents the corresponding settlement
time-histories of the footing. As deduced from the results in terms of accelerations and excess
pore pressure ratios r,, the number of cycles N does not seem to cause significant change in
the seismic response under the footing (e.g. peak acceleration remains approximately 0.2g,
zero excess pore pressure ratios ry). Moreover, as expected, the number of loading cycles N
has an increasing effect on the settlement accumulation of the footing which rests on a fully
stabilized layer, as would appear for untreated soils as well, in qualitative terms. However,
this effect is not intense and leads to small changes in the final values of the settlements which
reach a value of 7cm for the maximum studied value of loading cycles (N=20). It is interesting
that the effect of loading cycles is not linear, e.g. for a fivefold increase of the number of cycles
from n=2 to N=10 settlements show only a twofold increase, while for a tenfold increase from

N=2 to N=20 settlements show a fourfold increase.
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Figure 10.12 Effect of number N of loading cycles on the seismic response of a surface footing
resting on a fully stabilized soil layer in terms of time-histories of accelerations (left) and excess
pore pressure ratios (right).
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Figure 10.13 Effect of number N of loading cycles on the seismic response of a surface footing
resting on a fully stabilized soil layer in terms of settlement time-histories.
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In the sequel, the effect of excitation intensity was investigated. Figure 10.14 presents the
acceleration and excess pore pressure ratio time-histories at the stabilized layer - footing
interface for peak base acceleration values equal to PGA=0.10g, 0.15g (reference analysis) and
0.35g, while Figure 10.15 shows the corresponding settlement time-histories of the footing.
When the excitation intensity increases, a slight de-amplification of acceleration at the layer
surface (due to the increasing nonlinearity) takes place, while no substantial effect seems to
exist in terms of excess pore pressure ratios, which remain approximately zero even for the
maximum value of the base acceleration. However, in terms of settlements, the effect of the
excitation intensity seems more intense, because as the intensity becomes higher, plastic
strain accumulation becomes larger under the footing and leads to larger overall settlements.

Indeed, for PGA=0.35g, the final value of settlement is equal to 12cm, which is considered

excessive.
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Figure 10.14 Effect of peak ground acceleration (PGA) on the seismic response of a surface footing
resting on a fully stabilized soil layer in terms of time-histories of accelerations (left) and excess
pore pressure ratios (right).
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Figure 10.15 Effect of peak ground acceleration (PGA) on the seismic response of a surface footing
resting on a fully stabilized soil layer in terms of settlement time-histories

It should be reminded here that the calibration of the methodology on the basis of centrifuge
tests (Conlee et al. 2012; Gallagher et al. 2007b) is based on lower intensity excitations (010g-
0.15g) if compared to the maximum value of peak base acceleration (PBA=0.35g) which led to
prohibitive values of settlement (12cm). Hence, it is uncertain here if this settlement value is
an artifact of the numerical methodology, or a shortcoming of the passive stabilization
technique. This can only be clarified when pertinent data becomes available, but it is believed

that it is an effect of the former.

Figure 10.16 presents the acceleration and excess pore pressure ratio time-histories r,, at the
stabilized layer - footing interface for different values of the predominant period: Te=0.15sec,
0.25sec and 0.45sec of the sinusoidal motion, while Figure 10.17 shows the corresponding
settlement time-histories of the footing. In terms of accelerations, the stabilized layer shows
an increase of the amplification of acceleration at the footing when the predominant period
of the excitation Te increases. This increase of the amplification for lower frequencies is related
to the fundamental period of the stabilized layer T and with the out-of-phase oscillation for
T.=0.15sec in comparison with the excitations with lower frequency which are closer to Ts.
Excess pore pressure time-histories r, retain their very low (approximately zero) values,

independently of the predominant excitation period.

Taking into account that an increase of Te leads to higher peak ground velocity values, the
significant increase of settlements is expected and it is also amplified by the increased
amplification of the acceleration at lower frequencies shown above. This qualitatively explains
the significant increase of settlements for the low frequency excitations and leads to

problematic values of settlements equal to almost 13cm even for T.=0.25sec.
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Figure 10.16 Effect of excitation predominant period (T.) on the seismic response of a surface
footing resting on a fully stabilized soil layer in terms of time-histories of accelerations (left) and

excess pore pressure ratios (right).
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Figure 10.17 Effect of excitation predominant period (T.) on the seismic response of a surface
footing resting on a fully stabilized soil layer in terms of settlement time-histories.
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In conclusion, judging from the results of all the aforementioned analyses, it is clear that the
basic parameters which affect the response of a footing- fully stabilized foundation soil system
are the predominant period of the excitation Te, the excitation intensity (peak ground
acceleration, PGA) and finally the static factor of safety, FS against bearing capacity failure.
Other parameters like the number of cycles N, or the relative density D, of the soil are of less

importance.

10.5 Effects of surficial only stabilization on the seismic response of a surface
footing.
This paragraph investigates the effect of surficial only (partial) stabilization on the seismic
response of a 3m- wide surface footing resting on a soil layer of total thickness equal to H=9m.
Two (2) cases of surficial only stabilization were analyzed, where the surficial sub-layer is
stabilized having thickness Hy=3m or Hy=6m and the remaining underlain layer is left
untreated. Figure 10.18 presents the acceleration and excess pore pressure ratio time-
histories at the stabilized layer — footing interface for stabilization thicknesses equal to Hy=3m
and Hy=6m with an underlain untreated Nevada sand layer and compares them with the
corresponding response of a fully stabilized soil layer (Hy=H=9m). In terms of accelerations,
the partially stabilized column with Hy=3m shows amplification of accelerations at the ground
surface, while the opposite response is observed for the partially stabilized column with
Hwy=6m. The effect of partial stabilization does not seem to be monotonic as far as the values
of accelerations are concerned, since for the fully stabilized column with H=H{=9m, the peak
acceleration at the layer surface is practically equal to that at the base of the model
(PGA=0.15g). It should be clarified at this point that the response of the partially stabilized
column is governed by the response of both the (surficial) stabilized and the (underlain)
untreated sub-layers. If the untreated sub-layer liquefies and the stabilized sub-layer causes
amplification of the ground motion, the final result of the shaking at the ground surface can
be either amplification or de-amplification depending on the predominant period of the
excitation T. and the thickness of the stabilized and untreated sub-layers. However, the values
of the excess pore pressure ratio r, under the footing remain equal to zero regardless of the
thickness of the surficial stabilized sub-layer. In terms of settlements, Figure 10.19 clearly
depicts the benefit from passive stabilization, since the increase of the stabilization sub-layer
thickness leads to significant reduction of the induced settlements. The final values of
settlements are acceptable for the fully stabilized layer (Hx=H=9m) and the partially stabilized
with Hy=6m, while for the case of partial stabilization with Hy=3m the benefits of stabilization

are not obvious, since the final value of the settlement reaches almost 12cm. If one considers
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the results from another perspective, it may be concluded that stabilization with Hy:=3m is not
sufficient for a 3m-width footing, while full stabilization with H=H{=9m is probably
unnecessary because for partial stabilization with Hy=6m, the settlements are practically

equally reduced.
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Figure 10.18 Effect of stabilized sub-layer thickness on the seismic response of a surface footing
resting on a surficially only stabilized soil layer in terms of time-histories of accelerations (left) and
excess pore pressure ratios (right).
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Figure 10.19 Effect of stabilized sub-layer thickness on the seismic response of a surface footing
resting on a surficially only stabilized soil layer in terms of settlement time-histories

The effect of the permeability of the untreated soil on the seismic response of a surface
footing when it rests on a fully untreated (Hx=0m) or on a partially stabilized sub-layer
(Hx=3m) was also investigated. In particular, two (2) analyses were conducted one for the
reference permeability value equal to k=3.3*103m/s which corresponds to a coarse or gravelly
sand and one with a 50 times reduced value of k/50=6.62*10°m/s which corresponds to a
fine grained or silty sand. As it is obvious from Figure 10.20 where the results of the two
analyses are presented in terms of acceleration and excess pore pressure ratio time-histories,
the reduced permeability value (k/50), for the case of the untreated layer, leads to larger de-
amplification of the motion at the soil — footing interface and also to negative excess pore
pressures under the footing due to dilation. On the contrary, for the case of partial
stabilization, the 50 times reduced permeability value of the underlain untreated sub-layer,
does not seem to have significant effect on the response, as both the de-amplification of the
accelerations at the soil — footing interface and the approximately zero excess pore pressure

are practically the same in both analyses.
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Figure 10.20 Effect of untreated soil permeability value on the seismic response of a surface footing
resting on a fully untreated (up) and a partially stabilized soil layer (down) in terms of time-histories
of acceleration (left) and excess pore pressure ratios (right) at the ground surface.

Figure 10.21 shows the results of the same comparison in terms of acceleration and excess

pore pressure ratio time-histories at a depth of 3m under the footing. By comparing these

results with the results at the layer surface (in Figure 10.20), it can be observed that at larger

depths accelerations do not show such intense de-amplification compared to the base

acceleration, while excess pore pressures in the case of partial stabilization are again

practically equal to zero.
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Figure 10.21 Effect of permeability value on the seismic response of a surface footing resting on a
fully untreated (up) and a surficially only stabilized soil layer (down) in terms of time-histories of
accelerations (left) and excess pore pressure ratios (right) at a depth of 3m.
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Figure 10.22 Effect of untreated soil permeability value on the seismic response of a surface footing
in terms of settlement time-histories at the ground surface when it rests on (a) a fully untreated
layer of 9m thickness, (b) a surficially only (Hy=3m) stabilized layer of 9m thickness.

In terms of settlements, for the untreated layer (Figure 10.22) a decrease of settlements is

observed as the permeability value decreases and this due to the anticipated dilation effects

which increase rather than decrease the effective stresses during shaking. However, for the

case of the partially stabilized sub-layer with Hy=3m, the settlement time-histories are

practically the same regardless of the permeability value of the underlain untreated sub-layer.

Hence, it is clear that the permeability value of the untreated underlain sub-layer in the case
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of partial stabilization is not a crucial parameter for the accumulation of the induced

settlements, since they seem to depend mainly on the response of the stabilized layer.
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Chapter 11

CONCLUSIONS - RECOMMENDATIONS

11.1 Summary and Conclusions

Passive (site) stabilization is a novel liquefaction mitigation technique (Gallagher 2000), with
comparative advantages over existing pertinent techniques when used at developed sites, or
around lifelines. It concerns the low pressure injection of a stabilizer (colloidal silica, CS) with
time-increasing viscosity, at the up-gradient side of a developed site followed by delivery in
place (e.g. in the foundation soil of existing structures) via enhanced groundwater flow. Once
colloidal silica gels in the pores of the non-cohesive liquefiable soil, it alters the mechanical
response of the soil skeleton—pore fluid system, making it less vulnerable to plastic strain

accumulation related to seismic liquefaction.

This liquefaction mitigation technique is still an experimental stage worldwide and this
Doctoral Thesis aids in advancing the related state-of-the-art in an attempt to make this
technique practically useable by engineers. In particular, the Thesis comprises a combined
experimental and computational effort studying the stabilizer properties (gel time, viscosity
variation), the application procedure (injection) and the mechanical response of stabilized soil
in the laboratory (element and centrifuge tests) and in the field (seismic response of stabilized

soil layers, as well as of footings founded on them).

The experimental effort includes a full set of viscosity measurements with time of different CS
solutions and a series of one-dimensional (1D) injection tests of CS in sandy columns aiming
to complement the literature in establishing the rheological properties and the injection
potential of CS. These measurements also lead to design charts and multi-variable relations
for predicting the gel time and the viscosity versus time curve of CS, as well as an analytical
tool for simulating the (1D) flow rate of CS, when injected in soil. In addition, the
computational effort is based on a hereby proposed numerical methodology for simulating
the dynamic response of CS-stabilized soils, on the basis of laboratory element tests, as well
as a series of dynamic centrifuge tests. This methodology was then used parametrically for
analyzing the 1D seismic response of stabilized soil layers, and the results of these analyses

were used for devising a set of multi-variable relations for predicting the surface-to-base
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amplification of elastic response spectra (5% damping) for such soils. The same methodology
was also used parametrically for analyzing the seismic response of strip footings laying on
stabilized sand layers. Emphasis was given on depicting the important problem parameters
governing the footing vibration and its seismic settlements for fully or surficially only stabilized

foundation soil.

The basic conclusions from this Thesis are outlined below, with references to the Chapters of
the manuscript where these issues are addressed. In particular, the results from the literature
review which refer to the rheological properties of CS (Chapter 2), as well as to the mechanical

behavior of the CS-stabilized (Chapter 3) soils showed that:

. CS seems like an ideal stabilizer, since it is characterized by fairly low cost (competitive with
other chemical grouts) and has appropriate chemical (environmentally inert) and
rheological properties (low initial viscosity allowing for low pressure injection and rapid
gelation at a well-controlled time),

. Viscosity and as a result gel time are strongly affected by pH value, the percent of CS per
weight, CS(%), and the normality of cations (the concentration of an aqueous solution or
how many gram equivalents of the ion are diluted into one liter of the solution) of the
CS solution. As viscosity increases, the travel time of CS in sand decreases dramatically, and
low-pressure injection essentially stops for viscosity values higher than very few cP. On top
of viscosity, hydraulic gradient plays a significant role in CS injection, and delivery over large
distances can be achieved if the viscosity of CS is retained at low values.

. Based on laboratory element test results, CS-stabilized sands have non-zero unconfined
compression strength, which increases with the percent per weight of colloidal silica, CS(%),
in the pore fluid, and show consistently stiffer and more dilative response, as compared to
the untreated sand under the same initial and loading conditions

. Stabilization of sand with CS leads to a small increase of the elastic (small-strain) shear
modulus (10% on average), but no substantial effect on the normalized shear modulus
degradation and hysteretic damping increase curves with cyclic shear strain level.

) Cyclic element tests depict liquefaction (i.e. they attain a large level of cyclic strain
amplitude, e.g. 2-5%) after a much increased number of cycles, as compared to the

untreated sand under the same initial and loading conditions.

The results from the performed viscosity measurements at the University of Thessaly for a

wide range of CS solutions (Chapter 4) led to the following main conclusions:
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. Gel time (tg) of CS is affected by four (4) basic factors, CS(%), cation normality, pH value, but
also temperature T. The CS(%), cation normality and T have a monotonically decreasing
effect on tg, in contrast with the pH value which has a non-univocal effect. Appropriate
adjustment of these 4 factors enables the control of t; for values of a few hours to a few
days or even more (as required for the application at hand).

. For all combinations of [CS(%), cation normality, T] there is a value of pH (denoted by pHopt),
where the minimum gel time (tg) occurs. The value of pHept is affected by CS(%) and cation
normality, but not temperature T.

. The initial CS viscosity (Mo) is generally less than 1.5¢P (for CS £ 10%), and proves an
increasing function of CS(%). The viscosity versus time curve is qualitatively similar for all
[CS(%), cation normality, T, pH] combinations and shows that a viscosity value 4 times higher
than the p, appears at a time approximately equal to 80% of the gel time tg.

. On the basis of the created database, a set of design charts and multi-variable relations is
proposed for estimating the gel time t; of CS solutions and the CS viscosity versus time

curve, given the 4 controlling parameters [CS(%), NaCl normality, T, pH].

The 1D injection tests of CS in sand and silty sand columns of various heights performed at the

University of Thessaly (Chapter 5) showed that:

° The ability to inject CS into sand and silty sand columns depends on the hydraulic
conductivity of the soil, the properties of the CS solution and the initial gradient. The CS
solution needs to be tailored to the required gel time (tg) in order to allow delivery over the
required distance, since viscosity values of 4—7cP essentially stop permeation, at least for
the tested initial gradients ranging from 0.03 to 0.23.

. In order to design the injection of CS in situ, two CS characteristics need to be considered:
the rate of CS viscosity increase with time (which is a function of the 4 controlling
parameters [CS(%), NaCl normality, T, pH]) and the higher density of CS [which is a function
of CS(%)] in comparison to the water that it displaces.

) The CS flow rate during injection may be satisfactorily simulated via an analytical tool,
proposed by Agapoulaki et al (2015), that was developed in a research effort conducted
concurrently with this Thesis. This tool is based on Darcy's law after appropriate
adjustments for the differences in viscosity and density of CS as compared to that of water

that it displaces.

Given the lack of a dedicated constitutive model of the mechanical response of stabilized
sands, Chapter 6 investigated the potential of using existing state-of-the art constitutive

models for sands, after appropriate adjustments. For this purpose, the critical state NTUA-
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SAND model (Andrianopoulos et al. 2010a, b) was used, following two (2) approaches for the
simulation: (a) recalibration of the model constants for the soil skeleton (depicting a stiffer
and less contractive response) and (b) decrease of the pore fluid bulk modulus K in comparison
to the value K, for water (denoting the seemingly increased compressibility of colloidal silica
in comparison to that of water). Comparison with cyclic element tests shows that both these
approaches are capable of simulating the increased liquefaction resistance of stabilized sands,

as well as the related decreased dilatancy and compliance in monotonic response.

Then, Chapter 7 and Chapter 8 investigated the accuracy of both approaches in boundary
value problems by comparing pertinent simulations (using coupled finite difference analyses)
with recordings from dynamic centrifuge tests involving stabilized sand. The former Chapter
emphasized the 1D seismic response of a stabilized sand layer (Gallagher et al. 2007), which
does not exhibit the de-amplification of ground motion that is typically observed in liquefied
layers. The latter Chapter focused on the lateral spreading response towards a free face of
stabilized sand layers (Conlee et al. 2012), which shows minimal horizontal displacements and

settlements. The comparisons of simulations to recordings show that:

° The recalibration of model constants and the pore fluid bulk modulus decrease that are
quantified on the basis of cyclic element tests proved qualitatively accurate, but
underestimated the effectiveness of stabilization in both dynamic boundary value
problems.

° However, only the reduction of pore fluid bulk modulus K (via K/n with n>1) can provide
guantitatively accurate predictions for both dynamic boundary value problems, and this
when the denominator n increases (in comparison to its value on the basis of cyclic element
tests) and is correlated to the used percentage per weight CS(%) for stabilization.

) The proposed phenomenological methodology for simulating the dynamic response of
stabilized sands is applicable for the range of conditions of the experiments on which it was
based, i.e. for the usual percentages per weight of CS (= 4 — 10%) and for low and

intermediate intensity shakings (up to peak accelerations of 0.20g).

The foregoing proposed methodology was employed in Chapter 9 for parametric analyses of

the 1D seismic response of stabilized soil layers. These analyses showed that:

. The response of fully stabilized soil in terms of acceleration time histories is reminiscent of
the pertinent response of the untreated soil under fully drained conditions, while it
becomes identical to it for low intensity excitations (when zero excess pore pressures are

generated in both cases).
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. The surface-to-base spectral ratios for fully stabilized layers are qualitatively similar to those
for stable untreated soils, like clay. For example, an increase of excitation intensity leads to
an increase of the fundamental period of the stabilized soil column Ts and thus to a decrease
of the spectral amplification level due to increased non-linearity, while resonance
phenomena appear when the soil period Ts approaches the predominant excitation period
Te.

. In cases of surficially only stabilized soil, the seismic response at the ground surface depends
mainly on the response of the underlain untreated layer, i.e. if this liquefies and its thickness
is adequate, then intense de-amplification of the ground motion is observed.

. On the basis of the 66 performed parametric analyses, multi-variable relations are proposed
for estimating the (surface-to-base) spectral amplification of acceleration, which require as
input data: (a) the excitation properties (effective acceleration, predominant period Te) and
(b) the thickness Hi of the stabilized soil layer, considering that the soil layer before
stabilization is of medium density. The necessity of the new relations is dictated on the fact
that currently available relations for stable untreated soils lead to considerable scatter

when used for stabilized soils.

Finally, in Chapter 10, the seismic response of a strip (surface) footing resting on stabilized soil
was also simulated with the proposed methodology, and this investigation led to the following

conclusions:

Full stabilization of the foundation soil reduces seismic footing settlements considerably, in
comparison to what is expected for an untreated soil under the same excitation. However,
qualitatively, for both stabilized and untreated soils, footing settlements are shear-induced
and appear during shaking, i.e. they are not related to post-shaking excess pore pressure
dissipation.

) The acceleration at the soil-footing interface may be significant for both fully stabilized and
untreated soils, while at the free field notable differences may be observed (e.g. the
untreated soil may show intense de-amplification due to liquefaction, unlike the stabilized
soil).

° Seismic settlements of footings on fully stabilized soils increase with increasing acceleration,
predominant period and number of loading cycles, with the effects of the first two being
more significant. On the contrary, an increase of the static factor of safety against bearing
capacity failure and/or the relative density of the sand prior to stabilization reduce the post-
stabilization seismic settlements of the footing.

° A surficial only stabilized layer (of infinite extent) having thickness equal to the footing width

does not provide adequate reduction of seismic settlements. However, if the thickness of
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the stabilized layer becomes twice the width of the footing, the reduction of settlements

approaches its full extent (that of a fully stabilized foundation soil).

11.2 Recommendations for future research

Based on everything outlined above, this Thesis has shed ample light to various aspects of
passive (site) stabilization. However, this novel ground improvement technique is not
considered yet ready forimmediate application by engineers. This is due to the fact that there
are still quality control and assurance issues that require further research. In particular, the

following are suggested:

° The temperature T effect on gel time of CS is a newly explored parameter for passive
stabilization which was introduced in this Thesis. This effect should be explored in more
detail, especially in regard to actual soil temperatures in situ, as opposed to the CS solution
preparation and storing temperatures.

° The injection of CS solutions prepared with low NaCl normality into marine environments
should be further investigated, since in such cases the water in the sand pores already has
NaCl (in relatively large amounts) and this could hinder the CS flow in great distances or
long times (since increase of NaCl normality reduces the gel time).

. Large scale CS injections should be performed insitu, after establishing a procedure for
designing the injection procedure. Given the higher density of CS in comparison to water, it
is advised that the pressure levels are not very low so as not to allow the CS solution to
migrate downwards. For injections that require more than one day, one crucial aspect is
whether the CS is prepared once (and stored until injection), or if different batches are
prepared each day (which have different viscosities due to the time lag in their mixing time).

. The proposed phenomenological methodology for simulating the mechanical response of
stabilized sands is based on the premise of a relatively compressible CS solution, a fact that
has been observed only indirectly. The actual value of the compressibility of CS has not been
measured reliably yet, and this is a requirement for the methodology to gain further
credibility. However, it has to be underlined here, that a dedicated constitutive model for
stabilized sands is always preferable to any phenomenological simulation methodology, like
the one proposed herein.

. In addition, the foregoing methodology has been calibrated and verified for medium dense
stabilized sands that have undergone low and medium intensity excitations. The simulations
for higher intensity excitations seem to underestimate the effectiveness of stabilization, but
these observations are based on recordings which are not considered as reliable as those

for lower intensities. Hence, reliable measurements on stabilized media of different
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densities founding various structural types (e.g. footings of different sizes and load levels)
and undergoing high intensity excitations are required, not only for verifying the proposed
methodology, but mainly for verifying the effectiveness of this novel ground improvement

technigue under more extreme seismic hazard scenarios.
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Chapter 11: Conclusions - Recommendations
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APPENDIX A

OVERVIEW OF COLLOIDAL SILICA VISCOSITY MEASUREMENTS AT THE

UNIVERSITY OF THESSALY
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Figure A. 1 (a) Typical CS viscosity versus time curve for CS(%)=5 with no added NaCl for different
pH values, (b) Gel time curve for CS(%)=5, with no added NaCl at unknown (room) temperature
and comparison with literature data of Gallagher, 2000.
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Figure A. 2 (a) Typical CS viscosity versus time curve for CS(%)=7.5 with no added NaCl for
different pH values, (b) Gel time curve for CS(%)=5, with no added NaCl at unknown (room)
temperature and comparison with literature data of Gallagher, 2000.
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Figure A. 3 (a) Typical CS viscosity versus time curve for CS(%)=10 with no added NaCl for different
pH values, (b) Gel time curve for CS(%)=5, with no added NaCl at unknown (room) temperature
and comparison with literature data of Gallagher, 2000.
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Figure A. 4 (a) Typical CS viscosity versus time curve for CS(%)=5 with 0.03N NaCl normality for
different pH values, (b) Gel time curve for CS(%)=5, with no added NaCl at unknown (room)
temperature and comparison with literature data of Gallagher, 2000.
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Figure A. 5 (a) Typical CS viscosity versus time curve for CS(%)=7.5 with 0.03N NaCl normality for
different pH values, (b) Gel time curve for CS(%)=5, with no added NaCl at unknown (room)
temperature and comparison with literature data of Gallagher, 2000.

800

600 |

viscosity (cP)

200 [+

400 |

X

|

CS(%)=10
0.03N
T=N/A

pH values

- 3.01

- 3.41

-4 3.99

5.04

- 5.31

-0~ 555

-9 6.00

6.41

- 7.00

-4 7.55

otommad

(@

10

20
time (days)

30

200 1

100

50

30
20

10

Gel time, t, (days)

—@— Laboratory data
—@— Gallagher (2000)

(b)

Figure A. 6 (a) Typical CS viscosity versus time curve for CS(%)=10 with 0.03N NaCl normality for
different pH values, (b) Gel time curve for CS(%)=5, with no added NaCl at unknown (room)
temperature and comparison with literature data of Gallagher, 2000.
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Figure A. 7 (a) Typical CS viscosity versus time curve for CS(%)=5 with 0.1N NaCl normality for
different pH values, (b) Gel time curve for CS(%)=5, with no added NaCl at unknown (room)
temperature and comparison with literature data of Gallagher, 2000.
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Figure A. 8 (a) Typical CS viscosity versus time curve for CS(%)=7.5 with 0.1N NaCl normality for
different pH values, (b) Gel time curve for CS(%)=5, with no added NaCl at unknown (room)
temperature and comparison with literature data of Gallagher, 2000.
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Figure A. 9 (a) Typical CS viscosity versus time curve for CS(%)=10 with 0.1N NaCl normality for
different pH values, (b) Gel time curve for CS(%)=5, with no added NaCl at unknown (room)
temperature and comparison with literature data of Gallagher, 2000.
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Figure A. 10 Typical CS viscosity versus time curves for CS(%)=7.5 with no added NaCl at
temperature of T=25°C and different pH values.
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Figure A. 11 Typical CS viscosity versus time curves for CS(%)=10 with no added NaCl at
temperature of T=25°C and different pH values.

1000 g
- | cs=5%
[ 0.03N
T=25°C
§ pH values
—— 4.31
o 100 | —- 5.03
o r —— 553
-.2‘ -
= i
o »
O
R
> 10 =
1 [ I [ I [
0 1 2 3

time (days)

Figure A. 12 Typical CS viscosity versus time curves for CS(%)=5 with 0.03N NaCl normality at
temperature of T=25°C and different pH values.
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Figure A. 13 Typical CS viscosity versus time curves for CS(%)=7.5 with 0.03N NaCl normality at
temperature of T=25°C and different pH values.
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Figure A. 14 Typical CS viscosity versus time curves for CS(%)=10 with 0.03N NaCl normality at
temperature of T=25°C and different pH values.
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Figure A. 15 Typical CS viscosity versus time curves for CS(%)=5 with 0.10N NaCl normality at
temperature of T=25°C and different pH values.
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Figure A. 16 Typical CS viscosity versus time curves for CS(%)=7.5 with 0.10N NaCl normality at
temperature of T=25°C and different pH values.
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Figure A. 17 Typical CS viscosity versus time curves for CS(%)=10 with 0.10N NaCl normality at
temperature of T=25°C and different pH values.
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Figure A. 18 Typical CS viscosity versus time curves for CS(%)=7.5 with 0.10N NaCl normality at
temperature of T=20°C and different pH values.
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Figure A. 19 Typical CS viscosity versus time curves for CS(%)=10 with 0.03N NaCl normality at
temperature of T=20°C and different pH values.
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Figure A. 20 Typical CS viscosity versus time curves for CS(%)=10 with 0.10N NaCl normality at
temperature of T=20°C and different pH values.
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Figure A. 21 Typical CS viscosity versus time curves for CS(%)=7.5 with 0.10N NaCl normality at
temperature of T=15°C and different pH values.
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Figure A. 22 Typical CS viscosity versus time curves for CS(%)=10 with 0.03N NaCl normality at
temperature of T=15°C and different pH values.
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Figure A. 23 Typical CS viscosity versus time curves for CS(%)=10 with 0.10N NaCl normality at
temperature of T=15°C and different pH values.

340

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 06:23:13 EEST - 3.15.141.244



APPENDIX B

ELASTIC RESPONSE SPECTRA - ACCELERATION VELOCITY AND
DISPLACEMENT TIME HISTORIES FOR THE 11 RECORDINGS
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