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e subsurface soil conditions of alll nat u
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mogebwebeg&euctur ashdewbbhnmessl y homogeneou

de materials, stseeh,ageobercheieadnengi nee

ghl y nwdlruirrmd tl seosii laxlmsc.)k( As a resul t, hi gh var
he resistance of Jgewneéathinomatrtesbhomeshgr es
ructures) due to the vertical and horizo
te. GetmteiElalbogygrsgintgs taemgt $ narspeadarlroedt oomns
g., evamgyg atbwd alft ®ety) t est s arret rciommadaucc t e d
scretwhidcepechasd, t i n special wvariations of
Deee to variability problem, the accuracy
ed i nngtehoet edcehsniigc al s turnukcrtouwnre. aTrhee rseofnoerheo,w
gi neeri ng difftfdeir redheta lof wintcler t ai nti es t hat
ddeersi gn, which can cause faikconstroctowver

oist semeertainties are not considered prop

te investigation and characterization of
otechnical enginedéari sgfopeisi gneapldoratl g8
vest inpdtodlmyinr oyl eadw much the customer and
|l kongpend, rather eé¢hphhaoieyswbaurifaceresded
desi gns faonudn doatthheorn geotegdai &lap sésaruakluy e

okiengcWeogsoi | properties at numerous | ocaea
n be unlikely and expensive, sina@aeandit ma
teri al as well as ti me. Fortunately, som

cherotamd thus can be relaeedl[}d]3hany envi

e soil properties inherently vary spatia
rizontally and VvVectbochtédpbgdueohal semera
gree ofawdaphhgwickdglddgfl)>Theherent spati al

ri abi leintdye rosf isnoeislc arpgaebod tee ailareileg@lai nt y i n

riabi |l i tphadarmsonmeh@mommptrexm many di fferent s«
certainties. The four pri mairnyh essopudrtecideasl o f
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(SGS) can be used to generate variabl e map
and variograms off orhe hep ataital wv dhioahki Isimoy t
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The subsurface soil deposits are usheally h
spatial wvariati on,annd ssooiill Ttipyepoepse,o tseaeislt hlea yseo
properftiaegd natural soilsotilepasi abhirlyavg avdt
inherently from pointin obagtoh ratrhee rv eariotnitcaahle
di r ecdtuiemngissye asons including the depositione
weat heri ng, mmaded. dp[] Plhoyoskiicnag at t he mi cr osc
sosi lare associated with different types of
andept-ilmoxabl e fl| wirdganamsdnsmi Meanwhi |l e, at t
the soil heterogeneity |l eads to gseobkbogical
spatial formation such as physical, chemic
consolidation, cementation, desiccation, |

Researchers have |l ong recognized the neces
geacthei cal engineerihagseesides gand RBO)i alpipl
been developed inter naRaro nexTéaenypzleaeg,bal t he | a
emphatstherpdrtance of wuncertainty and unpred
engi neerginn g ndlp aBdavcetriad b sd @ elm edone by vari ou
reseate.hdiH] 1,4 R.32)4]Jo enthheeh@ée knowl edge in
geotechnical engineeri ng byanads saepspsliynign gvar i
rel i ®dlaisleidt ylesi gn met hodol ogi es.

Thervabsubsyr bhce soifir caperdtiitd o ni sanad comp !l

that resuldtid feoemaeangf Thecenhareni esoi | v,
usuadallsgri bed asvidnbraamndonp,f iceoled fi ci ent of v
scale ofof|l Baetf @mawi exng the historical prog
spatial wvariability in the field of geotec
background, to treat the various mat hemat.
This sectionvowadkV &i lpa lelseonnt ng dhoett ec lartiuac &1 engi
variability aynsd suncertainty anal
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Variability and Uncertainty in Ge

I n geotechnical engineering anal yses, var.i
reas cohfnigceaolt eengi neering, notably the char
raught with uncertainty. There are two ty
| eatory and ep[ifd]ti2driR)éc] Aheat baynunpceéertaint
onsequence of the spatial variability of

ntrinsic randomness. Lack of infoironati on

cause epistemrcexampteai sygbsamaedcbynfhacuo
such asmepaospremgnt met hods, modeling error :
dat a. Hu nahne etrhriorrd isso uHocwee,voelregcacs et it nti y. di
separate and its effects on probability ar
on aleatory wuncertainty, it is noax7]Jusually
Fi glpreetsse atchtheemati ¢ of the souricceasl osfoiulncert
properties.

o v o

Figure 1. Sources ofuncertainty in geotechnical soil propertieAdapted from [25])
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Spatial Random Measurement Statistical Error
Variation Testing Errors Procedures (too few data)

n the field ®ferge@tedhmridedli ommmdi n ool s for
eterogeneity have relaed lbocal hegygperfiaehoe
nconsistency in performance measur ement,

eed for more riptonpberatecbai Jubet eénogenei
uantitative scheme Sunttheed pteoe feonfgmagneecetre cnhgn i
trudepesrsl | ocal extremes of characteristic
ritical to pcobeeabrzéei she.8hbHd prhadadiel i st i c
|l assification of soil profiles offers a f
bout ssbasdinmdiatcieons at fea umnpedii foinc fwirt egp;er f o
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predncbi a geotechnical dnqgignédeirei mpg osbtarbu d ti
failamdeal | ows a geotechnical engineer to b
and testi[nh9]progr ams

Baecher originelyl godesesi bedvawbalkfioluintdy i n
from site  asvwbetegatspasi al vabyasaompl and
and twhsdan ngonducting site cha®laechkhder zani on
Einstein mmap 8daed h&rmet hod for coping with
rock mass ojnoisntad ilsd g ed | reag @iBnBja eacnhde rf or m
concltinthie sources aofe uwmeedmotgaicmtli eusncert ai nt
from site formations, geometry, and previ o
physical model offerings; parametric uncer
measur emenatn de rersotri mat iuonnc ebritaasi;n tayn da rfiisnianl gl yf,

overl ooking glex(ppB8BM]det ai |l s

Geot ecvhariicaabli I ity i s a complex attribute th
uncer tAasi nsthidewsrg 21ir recC h reits[t&ilBalna s & hubniceedr t ai nt'y i n
soil/rock pagamepsers(lpnptdatawoscatteaf, whi c
t he soialndd emandiotena t e seerimeagntd ; ( 2) systemati c ¢
includes statisticalTherspratamd umdedsqdidésine n ty
from t hge mlad glir@alpd ocepeeist s ddmtti npuouwsulcye dma
t hesiithu charact evihii cthi ena kefs dvbaeth ysroii 4 o rptr alpleyr t
vertifcalm ypl ace to place. Different par amet
waer content, density, stress |l evel) contr

Measurenehnhdgaesaedrby equtkipondeuncte do rv aorp eart a toonr,
t ake pm aocnee ftreost t o rachwd ek rv aipatriadmroccur s
judgem is required to r,eamddscahgssampke me
and haamddl ipnegsisli bdiesEtquribpamecnet err or ari ses fr
way tests are set up, | oadsFar eexdathhpeher edn
l'ight falling WEWRhets tdsef Itehcet d noeatderpl(at e of
on the material to be tested differently i
may vary slightly from one drmpaftfoeatotther
damping properties of the rubber buffer

Statistical error is predgomalhamuimpecawsednel
wh ertehaes d e | bswhe®nawmi €s®rrel ati on model i' s se
dat a.
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Figure 2. Uncertainty in soil properties [35]

Uncertainty in Soil Properties

[ =3
Data Scatter Systematic Error
[ | I l
Real Spatial Random Statistical Bias in
Variation Testing Error in the Measurement
Errors Mean Procedures

Baecher and@é@bpiedi &dacki[nI7 ¢sr ttewani maod ioqg yf or

uncertai nanyd eapliesatteomiyc uncertainty, which r
of i nformatiAsn, |deashaed@t idBadeeclicyher [ah&d] Chr i st
categobhe zewcert aialt yen gni ngeeeortiencchndecsi: gn i nto
natural variability (temporal, spatial), Kk
deci sion model wuncertainty (objectives, va

Figure 3. Categories of uncertainty in risk analysis [36]

Risk Analysis
[
I [ |
Natural Variability Knowledge Uncertainty D%ﬁgg:{'ﬂ?;fel
Temporal Model — Objectives
Spatial Parameters — Values

— Time Preferences

As defined by BAa8,6heat mrnadl COhkartibeed ialairtiyabi | i
gualities across ti me anad ssipnagclee, pel xapcree swsietdh
time (temporal) and variabilitAndthher gmaomud
for naturias whei albe da3ioamote thracse rbteaeinntiynt roduc
design due to a l|lamrdk wrdaédrndtoanditn gi,ns, Baed her
knowl edge W&mmoevnt aisntsy bijsdsdbiise kUapweat asnty.
uncer.Faglddeschotwkbe model and pacraanmebteer unce
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subdi vi dlkeh ofwlemdge wuncertainty. I n geotechn
Christian's deciwh ioondmpordeshg sei oacfiev ¢ ) nY 1 ue s,
prefeeanaess i mplementing designs that ref
uncertainties

PhoonKua nhdafwey] 7[( 3)8]eval uated threei key types

geot ecvhamii@ali L)t ynherent wvariability, (2) n
masurement error. The generic depiction of
Kul hawy @amnd hhirss d& gé hdwr ian homogeneous r ar
modehenherent variability nst pbpépwvasent ednus

of f | u[c3.&@]adtnilarke t he model uncertainty, the
considered by Kul hawy and Phoon reflects u
of empiriradomoaledtsi @an model s to convert .1
design plaiMahmeudeprnsent , procedural / operator,
contribute to measurement erfmdr during the

Figure 4. Uncertainty in soil property estimates[38]

SOIL  —» IN-SITU —» TRANSFORMATION —» ESTIMATED
MEASUREMENT MODEL SOIL PROPERTY
inhe_rent data statistical model
soil 5 :
variability scatter | |uncertainty uncertainty
inherent | | easurement
soil
variability error

Unl i ke most prior resleh® krheatsead @oait fofriyt hs a
uncersaihtfluctuati on that occurs naturall

variability of soil parameters and the app
for redadased Iddasyi gn. Vanmar c khe 'uss ersa n cheem cfoirerl
struct udiemeorfs iomrea l random processes in terr
scalfd uacft uati on, was ado[p3.®]dl hkey r@rnidfofm tfh se |«
aids in the clhastowuwcsti odyiohg modiel spatial
foundation of Griffiths and Fenton's relia
positive connection between soil par ameter

0 300



i nformati pheaat Grait fgfRildiddno devel oped t he randoc
met hod (RFEMpaisedr eleisalginl btyy combi ning rand
finite el ement approach with MondgearCahdd s
guantifying soil qgualities in order to cre
used to make inferences about other | ocat:i
([ 40 4W)1] Fenton used the fractal model to ex
from cone penetration tests (CPT) and cons
characterize the spat[izaBl]] variability of ti

OnyejekivédB8énhdeamt eesdsatruachyt h t he goal of stat.i
the variability of geotechnical factors in
adoption -bAasedl|l dabihpntty RBD) an@ second stat
welsl tahe coeffici ewetr eofusvendtitigsh @ bac ( COV & |

characteristics. Their probability distrib
calcul ated. The deknewnoémpiti odl stadyelddat
Correl ati ons -thebttvaei enn pdairfafmectuelbtis ra amalr anroe tee re |
were gener av etah aetd htehye Semi vari ogram Functi o
for determining damewiscdal ¢ odifs yvarsad, omordcor
data received from | aboratory testing than
framework was suggested in his research th

parameters computed rfrre@m dvadnaratl iyn o sp ed astea
scale of fluctuation and variance reductio

McVay [dAdPt ed hteha&tl ori da Depart memtntdb& Tr ans
Feder al Hi ghway AdmEenicnhngstaanton]l ¢ &FdHWAnd r esi
design florRER)ep dfes,u gwlaitcs londepenadndon redunda
i ndeptenafenpi | e or sshtaatttheaddper noepresrit adre.§ fTehfe y6 o b n
one | ocat iaonnd taor ea noof ttdeenr aStiperddiheekail A yfaraisicsteinodn
beajnenegd spati alhseaivilerargo mgpiodkeaf tce osessthei
total shaft rEeGrywsitlalncneotv ase tatihreelf dsseayridd r o ¢ k
me a s u rveamweing ICyITihtegpyi ng degree of spatial <cor
a covari aaatedhcdou metl iad(a wind Illaorf eltéd t a | shaft
resi vytaamad g)ITihteyy (sthiwame dwriisl e GMincti on of pi
di men€Vgmasamned aslpactar r eelad tuieom,f trlreesd st momtce f a
constramtnyf ogi venpid oemciaded nf odmheguadrant iter
single and group pile/lshaft | ayouts, which
|l ayeredwbBbiyschpmedeasdi so the designer.
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Far aolnBep b athead AASHTO speci {wfearsreeasmat iaecye f

of design approaches, foundation types, an
reli ®dlaisleidt esfigm ¢peaptficeendati ons (e.g., |
care calibrated using databases of measur ec
defined targecdalriebn atbionthaes .t Adidr awback ¢
varying degirgegrespafameter variability that ¢
(i .e., homogeneous Weirmstursoahwdestdo@adpernie d@ys i gin

met hodolhegy At matsmrnt-spiece f i ¢ spatial vari abi
appliedrietw of deep foundation design pra
geostatistical tools are employed to descr
of either foundation resistance or rock ma

Data Scatter

The first rstoauirnctei eosf ruenscuel t s from the natur a

continuousl!l yimadichwrtalkté ermstics of soil . T
to place. Di fferent parameters (e.g. the m
stressohtevebdWte to the change ofaussceidl bpyr op
equi ponenependttoed variation, whilcchc attainon ak ¢
anot her :i n@Qpereadt ovrar i ati on occurs when perso
sda&s, take ,ommadwmriemgnsasmpl e preparation an

arises from vari at i oonasd swhaerne tdeesltisv earreett es eFto r
case of the LFWD, daog beaghhg obdyt hesl setad
from one drop to another, and the rubber b
Collectively, these two so(lB[tH]s8]lcan be des

Vari ous geotbgmccaphyandaknvironment al pr o
devel opmaeretpocBomei of these processes conti
and can moah &rya d.thedd ussotitilac st he osBg@si,ngonatur a
properties will wvary in bofThetbpahonrni zuoata
can be depicted preci seanyd btyh et hsec acleen torfa If Itu

Soi l Profile
The spati al vari ati onf ioefd sienrthoi par edpeetct t e e nd
component "f" and W Fhea droan atoimprosteing can be

fol | [owk4,2(4)3:]
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s =fz +Uz [ 1L

where sp is the soil property, z is the derg
represented by the random component . First
geostatistical operations, and the deter mi

Whlie quantifying spatial syraad abiHomoygemeous
random fung¢dubddhworcdnsilder ati ons are requir
funcstegboe considered sugtli)seneaddlg o Molgamae
trend and" Wdroinagt itchre afept h: and (2) the cor
deviations between two separation distance

data is collected ffbmcaulomogesnomstéaei sol
are probably conBi ghprreeds etnoasb ietaluenssdwalrt riv ar i a |
depth along soil profile.

Coef ficient of Variati on

The standard devi aliil¢idt yffori nmah enroenmmotg esnceiolu sv av
function sp(zjotHalge defined as

1 o

= 58Pz 2 [P

whemeis the numbefiz)os dheafpochusatiandat d

Di mensi osmd erstsatriegm of inherent soil wvariabi
var i @OiYcrane more usefudywbyhnoemakiczi hg t he
property trend (f) as foll ows:
a
COM:TW [ B
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Figure 5. Spatial soil variability ( [6], [7])

Ground Surface

Layer 1

Vﬁ' Scale of fluctuation

Layeri
Deviation from trend

Trend
Soil property

Scal e of Fl uctuati on

Anot her statistical parameter that 1s requ
di stance or sig,asl as hodRwng by uneat huiacthi ocnaan provi de
indication of the property values that sho

t,=0 .d8 [ B

whe,nig s the vertical dicaltdeofavfelr agteh &t isdra,nc
intersecpiohsl ecobtmeramgl ptre trend function
Figére
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Figure 6. Estimation of vertical scale of fluctuation ([6], [7])

Property, €

Depth, 2

Measur ement Error

The second s ourwhd cdmie ausnecrecgatieanittretdi eisycer t ai nt

divided into three categories: accludR:@cy, r
The cariascfyeetdo t he average of aisrodnpwirdcuwalwi mena
true, vehuvueh !l uetnlteed ol) w bsitaaab(iclhiatnyge i n bias o

t i neenldi ne(acchhangge inmrmads opwerh hneesag r eane g ¢ s

[ 4.%] ghoirlel ustrates t/Jendadaduwmreacy,t ystodbitlhiet yne
Repeat adbeifliintdyce iassa thmatuos when the same ope.l
measurametdemghhge dameseder t he s(@gsreieguorned i t i
8a) 4.Rlepr oducriebialtibtdy viasr tobcectuan bet ween two or
operat or sne@rs ud e nigsnddue itsteggmes asme measur ement
a stabl e (esneviegrdorje®d ht

Repeatabil ity (a&Rl) rceapnr obdeu ceisbta Umgaet yéREERRR$ | ng t
analnyestihdohdéa u gse ainy device that <can Tbhee used
R&R defined as the coordination of the devi

variabi |l ity T(hree pcroondcuecpitb iolfi tRyRIRBcriId es ulltuss tafat
a aGklge R&R study are EV (repeatability or e
or the operator variabi I[i4t3}y) , and SV (spec
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Figure 7. lllustration of accuracy, stability, and linearity of measurements[45]

= BIAS =
// 7 ‘.\\
'/V \\.
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Systematic Error

The third source of uncerttahsettay iisn igedt eah
result from the | imited amdunodo e$ti mabembah
tr efd meas,urhemdritesi ¢  do fn ucnalbee sd o & ssitbatei st i c al
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errort.y pTeimeiasé u ruemceenrtt ai nty c¢ grerbfe rmimigmitzed s
mo rseos d mp[| 6¢] 8[] 3.8 ]

The fourth sowWwrnoevhonfeosd@lasht aisnti wtroduced w
or ot her correlation models are used for f

consedyenransformed intdb dassiegtas olidy prope
estimated empirtilceeal hocdlyctcioompsdnmneaager ¢dd om
val uest loghassiemsvted values. Collectively, thes

the systg@atic
Figure 8. lllustration of repeatability, reproducibility, and GRR of measurement$45]

! Reproducibility

E_- - : —= ~""// : P ":><_;—c"/ljl:vl :\“\ \.\\\
Repeatability Appraiser A c B
(a) Repeatability (b) Reproducibility
Referenlce Value

GRR

(c) GRR or Gauge R&R

Met hodBe ammrdi gliweal datri ng Site Vari .

As st ateerd -scidirel ipmoperties of all soil depos
to certain degree of wvariability (spatial!/l
within the same site, which was irnladrn iotnead f
soi | properties can be statistically chara
0dThe di mensionless representation of inher
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of variation, COV, can be wisetsjwitmrebpgctto or mal |
the mean of the soil property trend, m, as

Vs
#/ 65— [ 5]
m

Orchan[tdétmbailned alrl spoousoseiebsitee metr euos ioh ¢ owi ng
equati on:

K =Kk +h ¢+ +K [ 6]
whefe: = total variamce=ottameasoeemenequi pr
Ky = variance of operafor # wamiee ddr ala nafof

testingfethecbperator has a good experienc
analc¢cbrated, the associated errors are exp
all 4éyaluated the variation of CPT data fro
tot al measurement erntdi noft htthe a@GQRE 0 B m

Di fferent met hods and tienc hiniitgeureest ahraavaet eb etehne
spatial wvari abiolfi tay spfercs diiitehsgph & pdviott heng s

| aboratory t-sisttu ntgelddteo wigphm cit m ons  wi | | pres
eval uation met hods andnatnlyeigre og ®gérme call ngpp
anal ysis and desi gn.

X-BardamRANOVAh alsg s e

Severalamethedeami deessedhGaogpeR&Bramal ysi s
i ncltuhdeg er age aBdrnme@8nigetiaetal ysi s (ANOWA) i anc

met hoddBearX R met hod all ows repeatabi lity, r
speci men variabpkerayowheneedaecitcen i s not
hand, ANOVA method is more precise in consi

antdhdee v 4.2]

The equatt bXaBsard@sRed ANODVA met hodBaldlaemdpr esen:

Tab2l ewhere m replitlbate preerafsaurrmenke ndys p oper ¢

speciTmMeasmmejfkewhiych mefasmus etma stt néhavd@e e

by op@oa&tpercikmeman be ekpeefskdovyrhiBdggequa
yijmxi+ jwit iU [7]
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whenxie¢ s theabhaoateuafl t he ulreesp rreesde nptasr atnmhegt eorp,er a

wirepresents the interaction bjaepes atethche sp
repeatability evalolmen DPkRreoGaagemelR&Rrom t he
[ 4:3]

GRR EW+AV [8]
wheEd represents the repeatability of equi

repr odofctopeerl ayt orThvearticatta lo nv.amd ad u roenmg nrtv) o

system can be calcul aveaedibyi apac i hme t hea Giaat
(Sdxs f dl4t3dws
TV EVW+AV+S V [ 1o

Table 1. Equations used to calculate variability parameters X-Bar/R Method according to AIAG
Guidelines (Measurement System Analysis Manual, 4th Edition)

'?Epﬁ?t%tglr']tty Reproducibility- | Repeatabity & Specimen Total
Vgrigtion Operator Reproducibility Variation Variation
Variation (AV) (GRR) (SV) (TV)
(EV)
R Ro > EV — Rs —
T 2 - (— E V+A \2 N GR RSV
2 d, nr 2

aAutomotive Industry Action Group (AIAGR = average range of measoments, d= bias correction factor
obtained from statistical TableRg = range of the operator averagds,= correction factor for estimating
variances obtained frostatistical Tablen= number of specimens= number of measurement repetitions,
Rs = range of the specimen average.
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Table 2. Equations used to calculate variability parameters ANOVA Method (Measurement System

Analysis Manual, 4th Edition)

Expected
Mean Sun of | Estimate of
Source o] Degree of Sum of Value of
Squares, Variance
Variation| Freedom Squares, SS Variance
MSS Component
Estimaté
n
. SSO MS S-S S
Specimer|  n-1 mp (v, -y ) 2> —— == 9
- n-1 mp
p
SSA -
Operatory{  p-1 nm (v 5y )2 ~ MS S-MS S o
=1 p mn
_ SSI MS SMS S -
Interactior] (n-1)(p-1) [ SS4SS-FSSSAS mb T 7
n P m SSE
Error | np(ml) W }2_ T MSSE &2
i = I]_ =RkR=1

varlyix) 49>+ 24Ys? SSO = Sum of Squares of Objects, SSA = Sum of Squares chtOse SSI =
Sum of Squares of Interactions, SSE = Sum of Squares of Errors, MSSO = Mean Sum of Squares of Objects,
MSSI = Mean Sum of Squares of Interactions, MSSA = Mean Sum of Squares of Operators, MSSE = Mean

Sum of Squares of Erromdgrepresents the average of the measurements frofithéij ect (t he fddot o
shows averaging over the second and third indices, j and k).

Second Moment Probabilistic Method

I n the second moment probabi bmsvacriembt bBods

sual Itye devtahuraough its first two moments, I
arameter) and the variance (a dispersion
heodienlg of soil parameters are widedfy usec
heir efficiency in trdatmsmseéRhaagn idgnpdrKulnh e
sed tdhhemesmemw@ihn pr obaboi Isitsattiics tapcparlodayc he st i ma
variability and mermmsiuve mmaartner.r offhay amp leixe
moment approach (using the mean and coef fi

soi | variability, measurement error, and t|

c —+ ~+ T C
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A summary of the COVs o fucitrulednridoonme avsau ri eanbbe nl t
error for various test measurements were p

vertical and horizont al scale of fluctuati
performed sever al | asbhreatosyreagth, (¢rgcectu
and plastic I'imit, total and dry unit). [ n
the COVs of measurement error for most | ab

bet ween 5% and 19%t thlaey taoles«CONVesumwmd cl ay
than sand soil

A detailed analysis of the measurement err
Traut[miafmpnr t hemedadsedrde nlednsdtys per f onmegsesgt es:
determine the amount of wvariation assignahb

second moment statistics (meahhreannddocroef f i c

t esti swgheerrer orrepl i cate data were availabl e

In model i ng nuntcheembsagecnotnydpr obabiilt sits cnence hoa
assumeancertainty prop@geaemntoas Caclhargiumul at i
compat itbhrea nwiotmh y @ dihabrlsetd e r -nsoenceonntd)( F OS

met hod has been eff eicntvievsethgy apts eg agatli oneod
moment uncert auvamtappbyxi mahe eenhit maltetehnd
par ametmeeran()e.agnnd t he di spteansdamdpthe aimat ieosn)
random tvhiad adblfeuncanodomovVab@jabklres

Spatial Correlation and Semivariogram

Geotechnimcagilneemds gfgr € qau ét hsepat eabgmbereabil.i
col lgedteec hamindali t diatpwé regmd @ta bad e emrgii maler i ng
appl i csatcihoms i/npmeopkee deasi gn bHbHusbkatnldow an
sl ope st abTihle tsyi napnlael yesviasl.ufartoinmo ns oo fl -siiedaruni nvgasl

teswiiniy a zone or | ayehsepg ast iaa lueved ruiha bmielaisteyn @
soi l proper tDy/fgaemraemetessr i n soil tplesepametadr s
variability throughout a si ttehe rdeesduiligeni ofg |
geotruct ur eaxisallc hc aapsa dihtei eAsd da ft | soenegheh ftyo @mh d a t
variability has a degree of correlation th

LRFD refnast amrsd gns torfugtewr es t(isbuacshe da so nf oduantde
within the doawapoumnsi debshsi oot pcant| gadi f
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Correlation in Soil Properties

I n geotechnical engineering, usipmngtddetrel a
value of onedpamatmed evalpmesrobpanmbhe easi |l
par ajmetaen beacquosc kemfedaxpcponsaeaxcrhd vintatt e d

relevant correlations are used. The quanti
soi |l oquwal iaioen de accurate assessment of de
an indicator of the degree of independence

analiy.s[edsd K,9 H5)0.]

The correlation between two or more soil a
soil type, the testing method used to get
homogeneity of thel 48]iThetre Wwawviealbleendagil ®¢
bet ween soil parameters that have been pub
presented in an artjblp by Kul hawy and May

Hi st ogram, Mean and Variance

Te dat asblody e aderebde opke@abht sedogmramt he site h

divided into | ayers oft rzecnrdeesd & md tsheatd athar
engi neer can see the frequencwysiamggedheof da
hi stogram (e.g., mode and mean align, etc.
the histogram can also be utili ded etxo sdet e
i nsi deoreeacdhir | ayer

Bot h t knpa mie amaAdi (o dattdisgsth oulid shte dfe thner mi ned
addoh to theekiasmpdegr am. For

- -B N [ 10]
» —B n [ 11]

The coeffici €EOVi onfa vairmerndionmléelsesr eareta suaiel o

variability that can be made more hel pful
regard to the meegams sfodlll popwso:perty tr end,
cow! [12]
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wheegies the dataset S mean,ianeiasthae hvda I0nuuensh, e ra
i s the dataset's standard deviati on. The s
represented by COV, a dimensionless number.

Engi saseheas & ldiehcet preosbtabi | ity di sttt hhkbaustti on func
reprafsentebsematva based on the shape of the
uni form, tri amarurhalr,, etodc.malas Ilwegl |l as s umme
mo d e , A lkednsatls)o.i | parameters (e.g., strength,
val ues dand apgwivteaif wees, resulting in conside

( mofsrtequent ) vs mean ivbalduebsyr shaody d.r et bebut de

Fdlowing the di momsestortafi secosd( mean, sta
coefficiteinan ofCQ@\)r,i aand probability distridftk
propeirtticeasn, be conmédmartd sthati steiconndar e hea
dependent, with data distribuditomn $htatve | vy
Publ i shed tweaeliues, dei rlange of values, frequ
the | ocal circumstances and, asffaectisuét,

out conesr.eAslpteci §inmoemseentomsd ati stics must be
Spatial Xamil gBilkity

The geographical variability of the par ame
secomodhemaseddmebhoes for wmazreadtae mitnzgiaciano iy et
par ametGerost echni cal parameters-dapend&eamtwn t o
relationships. They vary spatially, with a
similar values t han ¢ hseetcaomot chenneti gshtbaotriss.t iTchsi
i nsufficient hgeem tcehcahrna cctad r ipzad 4[2eTt}8.] uncert a
Fi gasrheowlsty hsee c mnthent st atistics al otnhee ar e i |
uncerdfpae ot ¢ c hanmectbd © .gpfamigctt hsei mul at ed spati al
identical distributions (top and bottom | e
weak correlation (top righfi)».23d3nd strong <co
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Figure 9. Spatial data with similar distributions (top and bottom left) but different magnitudes of

spatial correlation [52]
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Geostatistics is based on rtegaroen ada rzteldy vraar
partly spatial, and thanhoahe[rIPpldshiest ent fr
semivariogram, which is used to quantify t
samples along a cterithiosoraeaeataheodegnede o
characteristic in question, is one of the
The stationarity of data is required in or
foll owing mehdi dahbasi aredi d htto ebé sshatitora
(e varianttcewitshcaoinstamcehdhemoseendasseasy o
variataodbde(d)ate no irregular fluctuations.
Stiaotnarity i s more severe thannibogkosantdos
field theorytandogeestaai sbnssati onary dat
removi nogr daerl opol ynomi al trend, ustulad |y no r
Ordinary Least Sqpag#8](OLS) approach (

0 449



I n semivar i,enggrianne edrnsa lsyussisEs t he cor fseltati on
separated by differtattdrstant ésepdaatsiianlg def

variability from measured datajanlghegq covar.i
separated by a distance h is oneusddhd.ehe mo
covari aincec l(dyl ated as foll ows

6Q -Bg A4 * f [ 13]

whemgangamnge the data pairings separated by |
paiTrh&g( W plewgeual s t he v aerliyanccoer rfeolraztcgadmpd aetta (
C(h) = 0 if there is no correlation (i.e.,
and sums to zero). Mhegscardemahsoankcesesfre
the data's correlation.

" — [14]

Theé i mits of zglf)o rmenfd) enent( Ono< correl ation a
respectively. Anottheepti ahacacteratbbdononnofe:
semi varoifggr avhi cbhy itshegifvodn owi ng equation:

Q. —Bn 0 [ 15]

The vapni{pgalalme eval uated fr omtthlee vaaog Vv amicaen a
dat’a$ ol | ows:

raQ 0Q [ 16]
Figl@®e etsseynpi c all i ngtiganncdd 3 a$ &(hunction of
function indicating a decreasing correlati
to zero at a distance of h = a (coalrled cattehde
I n the watsie®p lsfF@EE[QC(h) =0], the variogram's t
attained. The spatial covariance function
model s. There are four types ohdmocd(elcsl asp
[ 6[1]7] The spherical mo d e | i's the most ext el
defined as foll ows:

CQ +4.B 005 f o< 1
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CQ = 0 f dad 1 [ 17]

Figure 10. Graphical examplesof: (a) Spatial covariance function C(h); (b) Spatial correlation
function J} (h); and ([@4) Variogram 2 (h)

C(h) r(h) v(h)
A A

24 1+ [ ) T oo -
S 1 h i .
) ' Ch)| =~

(a) (b) (c)
Di fferemtenComgothe Semivariogram

The semi ¢cardveesgcrtahnb emeasured sample points'’
A model is fitted through each pair of | oc
sompag operties that are f hegqaeMmbodigh messeedn ttso ¢
t tehded f er ent component swhafc ht h en cd aurdiev & rhieo gr
nug.get

Randgeami ning tbeBemmodel ogfam, we cannsee t h;
di st abhesteween sampl eThesdeafhigrdeads saasnese at whi ¢

mod el begins to flatten outt estpretl ieall oaxwttd @
separ attedt bgces | ess t han etshtel Isrmanpll eeoinBetr n
apart than the range. The range's physical
apart or more are not spatially connected.
Si:l IThe sill is the value that the-agseéemivar.
val uepar trih®l sill i s the same as the full ¢
NuggefT he semivariogram value is 0 in theor
The semivariogr am, on the other hand, fregq
val ue lyparea@ eat tan infinitesimall ¢gqsmhbBbI S ef

0.,10for exampl e, mofdetlhd nsteamxicvsgpriaso gorhadnDy
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Measur emendpaniisdlakesur ces ofl lvearr itahtaino nt haet sc
i nt earvhdotmi ght be bl amed for the nugget ef"
measuring apparatus causes measurement err
across a wide variety of scales. The nugge
smal | ere tshaamp lte di stances. Before you start
the different di mensions of geographic var

Figure 11 Different components of the ssmivariogram

25 r
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20¢ —
A
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: Sill
1 Empirical §h) |
5¢ Theoretical y{(h,0)

; tNugget l t Y
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h (m)
Eval uatcaheobf fFdl aumntSamiawmar i og

The staangir otbiabds | i st ige od reapleyrdaaseltoefr st haer e t he
of the deployment of relsitabilsit itngesdhfirebde ineade s
RBD are the mean, varidhlces e antdanscsatledc ofn | fy
specific bspeail socdaTlmheemean and variance
i s avéblwaebaleculcati on of the scale of fluct.
mor e dat ad afnidn ead wseb.4] profile

|l i tel suehadas cone penetration test (CPT)

est abl i-dsehf ian enwde lglrr ovin d ees bdid aTdh eausmdteh od 1 s th
standard penewhiaaaimmo tt epptloe(iStREl )a, t o est abl i
defined profided fwhi chempetriegagft et uati on.

Shel by tube sampling method is the alterna
providing suféabkti stheamddnagerhd ftiol eest hat can be
the scale of fluctuation. Tests can be per:
direct and indirect measurements([]dB]geotec
[ 5)4]
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The semivaroagr ampt btaeebaestttaeg escal e d&fe fl uct
experi ment afl i pvladrti toeggd -ham d s Wiiech e me&dt h e
parameters oflet@emmodeéel] e@ne@acfamehermqgdt he r
influence, a, 1s then used to evaluate the
equaftoront he s eGQmiuvsasriiaong,r aenx p(onent i)algpeepher.i
i mab3[&.5]

Table 3. Relationship betweerrange of influence and scale of fluctuatiof55]

Scale of
Model Mathematical Function Fluctuation
(0)
Gaussian m=C(1— e_hzfaz) +C, n%%a
Exponential w=C(l- e_h/n) +C, 2a
_ 3h _ h_’ .
Spherical w=C (Z 2-:3) * Gl h<a 3a/4
w=C+C, hza
. . 1= C (1 = (2/m)(cos™ (Wa) — Wa)(l — (Wa)2)'"")) + C,: 0<h<a ;
Circulas W=C+Cy h>a Sa/n
Notes: a = range of influence; h = lag length

Seve@mralgr amsi avtah étaimbmokdeethisv ari ogram, such a
and AITOEBERpGogra muwadstiuddy¢e he s mienes cal e of
fluctuati on.

| mpl ement i ng fsrideemiswaarriiiaotgirdailt RFD desi gn of

The ranges tohbeemi madi bgomm anal yses are use

factliort,4vhi ch will be applied to calculate t
CO¥, spassiaa function of COVq, ofqtt,hBRSEHFTS el d me
using the foll owing equation:

#1 G m #1/ 6 [18]

Here CO= G/ m is the coefficient of wvariation

pile foundation design, the generalized expression for £ be given as followi4]:
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“oB 0| , y
416 [19]

“@B 0 a a

where D is the pile diameter;l.are the known (determirtis) length intervals of the shatft;
my; are the expected values ofjf&@nd hence q) in each layerggis the value (expected)
ofend bearingresistange; i s t he U fgisthevariance i gdoy each jayef
a n d&g? isithe variane in end bearing resistandgquation19 reduces t&Equationl8 for
n. = 1 (single layer) and g8 = &s” = 0 (no end bearing}14].

In the above equatiothe reduction factot}, is a function ofh— hwhere aand a are

the correlation ranges in both the vertical and horizontal diresstrespectively; and L and

D are the pile length and pile diameter, respectively. Since the horizontal correlation is too
large compar@to the pile diameter, the valeé— is usually approaching to zere, T,

in many cases. Elkated al.[5] derived the following equation to determiddor spherical
model

U=1-—+— For00O—O 1
[20]
g=1-—+— For—O 1

In order to consider, botk- and—, we have to use the figure 1.8 given by Mc\&al.

[14]. Results from McVay et a[14] numerical intgration in terms o& 7 as a function

of the dimensionless variablesand— arepresented i i g L Xspherical)

Once the value of spatial coefficient of variation, GOM defined, theesistance factor,

(R, for pile design according to the load and resistance factor design (LRFD) method can
be calculated usg the followng modified firstorder secondnoment method (MFOSM)
calibration equation proposed by McVatyal.[14]:

p 60w
p 60w 21]

AgD 1o 600 p 606

wherees t he resi stminsc et hbei adse afda cltobaed; GaQwde Q o ad
the target opebi abel depdahsdaheé alcit ewei daoadd f
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the dead | oad bias fact or ag(inse atshuer eldi vde vli odaed
fact ogpi sQ@her dead Igoiasd faonrd tChCGeVp/l @ vse tlhoea dr.a tTi
of dead and live | oad (which is assumed to

Figure 12. Integrating a,-|7 as a function of L/as and D/a for piles for the spherical mocel [14]
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The value of the resistance bias factor, depends on the method used to design the pile
foundations. In this study, we will use thaboratoire Central des Ponts et Chausees
(LCPC)method[56] to design the piles from the CPT data. The LCPC is a direeCpllE

method that showed one of the best performanceQili€ methods on estimating the
ultimate pile resistance in Louisiaf/]. The resistance bias factos,g and CO\& method

for the LCPC method are 1.04 and 0.31, respectively. For design of piles using the sail
borings and laboratory tests, the static analysis method recommended by the Federal
Highway Administration (FHWA) will be considered. The FHWA recoends using the
Nordlund method for sand | ayer s-Tomasoed on
method for clay layers based on undrained shear strength, S he vabndes of
COVR methodfor the Nordlund method are 1.02 and 0.48pestively;andth v al wes of
and COVkmethod O r -Tomlmsotmethod are 0.87 and 0.48, respectiffsy.

It should be noted here that the coefficients of variation of resistancer,G@8%ented
above for the different design methdds., CO\k = 0.31, 0.48 or 0.48) do not include the
effect of site variability, which treats the site with low variability the same as the site with
high variability. In this study, we will incorporate the effect of site variability in calibrating
the resistance factoryg, for use in LRFD design of driven piles

Thevab e of resi straisaleulatedas s f act or , o
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°= [22]

where ar;j is the resistance bias factor for each site and N is the number of sites. The
coefficient ofvariation of the random loads, CQWvas introduced by McVay et 4lL4]
using the following equation

0
6—= oOvw _ oOuw
00 w = = [23]
v v
= CU== =

where COVgp and CO\4. are the coefficient of variatien(COV)for the dead load and
live load, respectively. According to the FHW39], the dmensionless parameterstire
above equationsan be defined as the follows

[ PXv_ PPLOb ™Y  pBu_  pEIYPOl L THGY
Bayesian Anal ysis

ThBRayest anastswaasloidutcrdd 6a3dy tBlagestc hni que was
adopted by L aoptlabclee apnrdo boa bhielri snt s at that ti
favorablt eedonirnegeent H acekn todr y odhuwawsttam ntdh en g
appropri atthpet yohapdbbabiliofeael §ghedi 8éeebkbap
thebngwn as frequentist statistics, occurrtr
The moder anBhyssstaarrett htblkde second édeahfumoy, tF
bywi mmy Savage in thelLUndn etdhetlanietse da nkdi rDged
t hBeayesi an inference remained extremely dif
early 1990s, when powerful computers becam
met hods were devel opBdye3hanssastgteiseficathba
considerabl e study,aisn wBd ) e saisan hmee talpgpd alcoag yi

met hods to pressing challenges in a variet
forecasting, healthaodreepoinegriogiminal
Bayesian analysis is a statistical paradig
research queries regarding unknown par amet
fixed value, a parameter icsf dweaslcuddb,edasdyi m
frequenti st analysis. Tihestisma&ticreg otf hiBa yaeis:

andptolseé erior distribution of a parameter o
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Prior Di stribution

A prior probability di stsroi tkkintoiwann acsf tare wpmrk
Bayesian statistical inference, i1s the pro
assumptions about the quantityFbdrefoexaemalhyg
the priber acpulodabi |l i thyg dihset rried uattii ovre ipmr dipooa
who will vote for a specific politician in
variable, the unknown quantity could be a

The posterior probabitheycdnditiboailodj swh

unknown quantity given the data, is calcul
renormali zed pointwise product of the prio
unconditional prabhdbml evenasori hedambi gupu
relevant data is taken into consideration
A prior can be calculated usingltbaaltsoa i cal
be derived from anpkepelryesuobpgdeexpeetbpi no
information is available, an uninformative
among outcomes.

|l nformat:tAver @ciioe,s definite information abc«
informati veaeiprtirarb.utA opnr ifooor t he temperature
exampl e. Making the prior a nor mal di strib

noonti me temperature atmdawp valatinkiet pqgofl a:
temperatur g@,urcer da sttemparta on for that day o

This example, |ike many priors, has the pr
(today's temperature) becomes the prior fo
prexi stiemgeevihadat has already been taken i nt
more evidence accumul ates, the posterior i
than any original assumption, provided tha
possi bwhlaitt yt hoef evi dence shows. The phrases
specific datum or observation in gener al

Weakly infoAmaarirvabpeisrparti al i nformati ol
informative prior. Forn efxoarmptlhee, tiefmptehrea tpurrie
noon tomorrow is a nor mal di stribution wit
standard deviation of 40 degrees, the temp
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(10 degrees, 90 deorifede)wdy® tidkwelga esensa lolr cahbaonv
degrees. A weakly informative prior is use:
witditnol erabl e range.

Il n this research, in | evel 1 analysis of B
(i .e.y, iwefaokrlmati ve prior) are wusually taken
statewide) testing database when avail abl e
Likelihood function

The joint probabil iftwnotfi drheo fobtshea vpear amnd tae
statistical mbtdel |l i Eedebopbpdbédnbyi on (some

l' i kel i hood) .

The i kelihda@dsfigmest aomprmbylbi | i st{)é ofror eca
each gi ven fdoxintheparameter spacel Thedikelihood includes both the

da-gmaer ati ng pr oc elsast aa mte cthhaen igins stihmag cr eat e
sample because it is effectively the produ
| i kel i hopordo biasbinott ya(RIRp sMeé gnWwhiinlceé j oinn Bayes
t heelliihkood function acts asdg) conduakt éorthb
parameter's posté¢mcm@gs phebéadbirkityo Rdyvlhenrt
|l i kel i hood, betbavangedtrf tsatnbteiosatkisceablf mod el

inference. Later, Barnard and Birnbaum end
the | ikelihoodtfiempgdritoaantc oinrtfadrmmié&faf)d.h f or i
The Iikelihood function, however, is iIimpor
[ 6.3]

Posterior probability

The conditional probability of a random oc
probability given the relevant daage,or bac
"posteriora'kiingdiicnatoesconsi deration all rel e
particular matter wunder investigaei on. The
probability distribution of an unknown gqua

i s based on data from an experiment or sur

A posterior distribution iIs made up of a p
mo d e | t hatanpertoevri diensf opramat i on based on obser
di stribution can be calcul ated analytical/l
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Monte Carl o (MCMC) methods, depending on t
used.

The postetiom disstumsield i n Bayesian inferenc
model parameters, such as posterior means,
known as credible interval s. Furthermore,

statedabsl ptygy assertions based on the pred
to incorporate priorannfatmatiepr interphet
intervals as fixed ranges totwhiactiprde ded ream
probaandithge ability to assign an actual p
al |l uni que features of Bayesian anal ysi s.

Bayesian inference

Il n Bayesian, statisticaldpcomnmnlobsieornws dr eqdra
probability assertions are used.oudmese pro
not at idgln afgy)p@ndHare conditional iocann t he ob
inference differs from the approach to sta

which is based on a retrospectivié oev gl Hat i
over the distribution of possinblvea Hautev alfues
the fundament al l evel of conditioning on o
Using the basic feature of conditional ©pro

conditioning on the known value of the dat

- — 2 [ 34

An equi valt et afgeram i @fn omiy)s, twmkei dracd mas pno
omManwlith fidcaedbg, conesndtearetdpo alsesaplotsitreg i or
density which ifsoltlhegqwmghonsi de of the

n—we®n—nuw— [ 45

wherdy) pi(s the ipond]} eor(t be punaornd dp spt|t hbuti on
|l i keli hood function.

Ther emaargeeasons t o use Whiyels iussaendalpenr ema ovhaeg 9 ,e |
domains. Several foundahabnahetbebyemaydem
consistemd &a&adi sioons in the f &Beeey eosfi amcer t
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approaches. The pragmadn capmpuiwveadmgeéedof tsh
expansion over the |l ast 20 yearwi aaerdi mg e t
range oBapvpestamsapproaches can solve vast
rel at idweoepswer ful computational resources
only approximate or fail compl etely.

Bayesian analysis in geotechnical anal ysi s

Th

e

pr esuwmpttihen bti as factors for the variou

have similar measurements and variabilitie
mp o ( e rss | properti &fsr amds iwtog ktmma nssihtig c an

co
st
Wi
pi
St
sSp

Mo
re
ch
he
an
pr
f a
co
un
pe
i n
de
mo
Zh
un
Zh

a
t
I
u
e

S
a
a

< O - O - T o0 9 S

d

tiatysat ah the bias factor and standar
hin the6ds]ldme 3i @ai f-9 remicfei o fv arhiea siiltiet y
e foundations basbdeonndémadsteatedat absa
ki.49H5,4(06,56)6.] They found out that the vari
cific swee, thanusbhakl ynl ohe regional ar

t of the time, any interpretation model
l'ity, modeal uwmwlerdrad mitlyi ttiy6a[t}6)8c]jo ORI $ hen tolf
nce th@tunbermadeti es are not thought o
ceforth the choices depesniddeendt oorn btihaes epdr.
Gli 6 dfed tLacassfe7fapun Naadutm t hat t he predi
babilities without considering the mode
|l ure probabilities of geotemphetcad foam
sider the i mpacts of wuncertainty associ
ertainty on the assurance of mo[d7ell] vul n
formed geot eaHtryisd sl amal ipaiploisteyd a model
orporabeunbermadety mean for tHe 2dff sho
el oped a methodol ogy to isolate the unc
ebmfthe maace@méetaemgs i es with the guide of

angpt oposed a Bayesian techni@ue for upd:

c

ertainties for sl ope st abasd iitnyt raondau cyesd sk

angB8p devel op a methodology to iGmcorpor at
par ameter s 7&ihiilnigzed alBayesian framewor k t
capacdely wm®ing the associated uncertaintie:
LRFD design of piles. The basic concept of
theorem and that is posterior function dep
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Tke prior information is a key piece of Bay

an uneartaandmader i s joined with the | ikelihoo
posterior information (predictndng¢howbesht
ianl ude the unceGememalplay,ameherl i kel i hood i s
which is relative to the probability funct

hypot hesis (H) at the point(,D)whens gtihvee nprao b
of getting D given that H is multiplied by

will be L(H) = K I P(D|JH). As a rule, the
parameter in a factual aodel st siubht agant h8i |
|l i keli hood is different from a probability
of probabhlasyin the case of | i kelidhotodpbet

1. h&nhienf or mati on Ife@imtitmat e@lry ojroiirsed wi t h 1
da,i aelyds a speotsitsefra cotr¢ riymJfTonremadtiisotnr i buti on of
information, in the Bayesian analysis, 1is

occasion happening, when new information i
posterior) can be obtained from the prior

theorem. Statistically, it can bdédeinferred
probabilitYoodumamiyngvegpitven that)ywhen anot
occurhreedposlit erior distributions ought to be
of an i nformation producing proce®sitomhan t
di stribution included more data. The poste
di stribution for an updated posterior dist
incorporated into the analysi s.

Mar kov chain Monte K&yl o Simulation ( MC

Many sophisticated approaches for building
di stributions have been proposed. Markov c
Monte Carl o, or MCMC) is a gener al met hod

appirmxte distributions and then correcting
posterior dypstrThetdmoaws preate a Mar kov cl

done sequentially and the distributiiours of
value drawn. The key to the method's effec
di stributions iIimprove at each step of the
di stribution. The Mar kovt hgeoopergegnice. usefu
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Figludpeeseatsi mple Mar kwivi cadh aMest rsoipnouiiast iad ng,o
t his dansdEvbi achotnrpoonent vector with a bivari :
di strdbwt(iobogon ), and is a vecrtiogru8dee phcbosal yhe
simulation'"s initialggetdadfeisngeusrEa mhet ehdean he f
path of a random walk starting near the ce
|l eaping through the distribution according
FiguBeshowsstke Dfinahe same Markov chain s
simulated random wal ks havedaithtaaskdr adp
stationary distribution equal to the goal

Bayesian Framework used to update the Prio

Theplaipcati on of Bayesiaurmrsufandmewomlsitsd wpgdadt

anal yses. I n | evel 1 of ,t hwee aBkalyye siinafno rf maatmeyv
statistical data is wuswually taken fsreom pr e
when availabl e. I n the absence of sduch dat
andbased on their judgment of the region. T
probability density function (PDF) of the
previous database or engineering exlpleyienc
the earlier prior information in the defic
of dominant prior information or data, a ¢c

can be fuhgl)Y ptnhadt (composed with sg[teandard r
[ 7,0]7)8s t he prior knowl edge i mphreo vneesx twiltehv et

of data and analysis, an increasingly usef
informa@#hendefinition of the prior distrib
is thoroughly diugegeysr®¥dgd in the Ilitera
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Figure 13. A Markov chain simulation with five separate sequences (a) after 50 iterations, away from
the convergence (b) the sequences are closer to convergence after 1@9@ations
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di stribution, the I|Iikelihood function, and
frameWwogkdpeesents a hBchypesihamtf odmewor k des:
l evel s ofoampdiatri agyt hew specific site. The
proportional to the produas wilthbepdescraha
Met hodol ogy section.

Figurel4Bayesi an framework for two |levels of updating
of bias (0) of data for any specific
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Probabilistic Analysis

Spatnakerpol atnon o elkdhinmmlade sdet hemat i cal or
met hods such as inverse distance weighting
inclgedst ati stical methods. Whereas the for
processiinmg tald tdaartqpet area owing to their i
relaeeddni ques are effective for spatial in
considering the spatial tendency and influ
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signifioaet beit i weemet hem comes from consi de
spatial wvariation (uncertainty) based on d

Whereas the values of the inverse distance
those of kan gowmwdyi capysseant ati ve met hod wused
vary even at [t8hdeh esmomen ti poiantcelwosed geost at
met hods adopt a variogram (semivariogr am)

varliiaAbggcor di ngéeyprediction accuracy of a sp
equal to or higher thanet p88 Bdf8)5iinverse di

Sincegobnating in the mining industry, geos:
such as meteorology, geod.opd218,8B)d.] petrol eul
Recently, they have been used in geotechni.

creating 3D geotechnicalemp&®Bl 8flasadiflonor
characterizati on eofp8t3dh&)9Rewkesnimdygstesu it e at laa \
attempted to analyzaiddetreanhnichalr-acdteas estts
statespb)o.p (

Kr i gMentgh o d

't i s begliostvadi sbatcde miawed bf rtchne tgheeo | roegsye aarn
mining dopn8&8.l1lphkovwriget was introduced befor
and met P2 pGeogst ati stics 1 nclkurdiefsiomnvgauli @ st o
estimate missing dat a.

Semivariance:Tdred f Varsikoggrinagm eir p ot mé i on met ho
computation of an experimental semivariogr
di stribution structure ofemheasoohbrpmepwet
The semivariance can bgeuadteisocnr:i bed by t he f

' —B 4w a6 Q [ 26

whedh@& s the number of dat @hdpmadf{)t s ssdpheaer at ed
semivariogram (conmmoondrya2n)ef erred to as va

The semi hasi sgmami pnpop eFRatgtiepdieba@ 1 nthte one i
Mugd@lehte. nugget effect meannost whteanr tt hfer ovira rOi oa
estimates the error caused by anéigss urhement

di st ance &l 1 er avdhelr eed . I n general, i f a nuc
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indicates strong spati al depemadesc weaWheama
dependency; otherwise, the [sHA]tTihael sdeaemre rnd e
seadicsttahnacte wi || be used in the spatial 1nt
r angoe4d |

Figure 15. Semivariogramterminology and properties[95]
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A
< 15}
o . Empricaln) |
5¢_ == Theoretical y(h,0)
OtN'-'gget . | Y
0 5 h(m) 10 15
There are same ns imopdled swegroinkehtudeahg: spheri ca
l'inear, and DW4gre nmocdell y( all types of spa
techniques can be represented as the weigh
estimated from the genersalf oslplactwsa:l i nterpo
(AN B _dow [ 47

wherdi,s the expected val &kgdzbdbs & heudmsashpleed
at s alnopcl aétich e@dins ktrh eyvien gamé@déi s t he number of sa
for the spaf 9&lo wenteer, pladlidd koo d ad i on met hod
a bagsuiact ieon, whi ch @ rss istdmegddopuogvtemoed i f aed f ol |
Ow ‘ B _don ‘o [ 48

whenrgéi,s the stati amarKyiok nolwen meamn , dfattahe Sg &

by step pkrroicgeindipgo € adof on met I€Cbds kwamne.6dHlameelb

To define the skpatgipaplg ocaocnht iunsuei st yt, h & hseemi var
al so used to meatsiugtei d dnle drrreenlgd thi of &4 aa f

The gener al fkorrinquS e md nidlsempatbeb veneffona I ts w
Afteght mbd, fwe addrbed d rod g eami inagn :
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QW B _ow p B _° [ 49

Ordi Kar gioKgt atli spricmper ti es ofi nTa@ammpmice dntge alt a
the okdi gi®Omge b d, which i s phettmai si chi f der ec
t hat OK considerspthewbghrablepalbbhmbanbyth
mean of samples within the se&arn gt hiiemdo w.

begi vefnolalsows:

O W B _dow p B ‘W [ 30

For orkdiimgamBg _ mt haB 1 spwhich is achieved
equaz2z6 ohhreg,efok di giar g esq Wbt laamndmaB8Ke t he esti
and estimates [|9FhbL@®eéenetihkEny i moaament al Sys
Research | n[s9iijteusteen t(SE Sabth ¢e xsepnaptliea lofdi mensi o
kri gwmgre O is an unknown constant).

Figure 16. Example of ordinary kriging with one spatial dimension[97]
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Contdiional Simul ations
A conditional simulation is a type of vari
or dikirairgyi wigi cshmohoatshian gl refdaecitti on to maint ai
charactdatasets ot i stpodeikhdplmcearttyalil ratt ye
al so be assessed by generat] 8.§]Ashet hset opcrhiansc
of a conditional simul at igan edt hecptedinst iha
function rather than a fixed value. Par ame

construct a random fdmnomteinemonlh tmiter pol ey
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technical property i ssipamfoirmeldatuisomg( S
ametric method and a sequemdri arhetimidd cat
hod.

an SGS, the distribution of a point or

tribution. I|Its meani amdvalaunue aace armreort h
ougtkkrsigmmlgepectively. It i s suitable fo
l owing a nor mal di stribution. I f the di
processingscorcé aas og mormal transform i

SIS -pasr amentorni ¢ met hod used to obtain the
ction of the predicte&d igadiamtds cam dri adpp
aset with anyl®0o}fm octandbet ai bot empl oyed
a highly skewed distribution or a | arg
prolck@F]l hguses t he tiemad caft otrh e agii vaeon edsat
al cumul ative distribution function. Th
|l ed the indicator transform, which is ¢

uential Gaussian simulation (SGS)

evsa loubt aiknreidgirbhyg d gvies g em are predicted wi
i mation variance and, therefore, show |

[ue@2Hence, conditional rseipmuoldautcieo nt hneo daeclt
atistics, maintain the texture of the va

c
e

onditional simulation is simply the app
reby values are created weé mihvaripagrtamuf

wever, in conditional simulati on, in add
variables el sewhere, the generator must re

Thenditional simul ati on Diedtihrne cqtu easn dc adchi rbeec |
approaches. |l ndirect approaches are based

transfor med t o [tlhOe3 Jichoensdel ta popnrad a cohneess ar e u s €
variance are knohwea raemgli oo nasft ainnt eorveest .t Ho we

such as SGS, are used when the mean and va
study, it was assumed that the mean does n:
over increasinglghlapgeedompi aswider field
SGS method was i mplemented to perform cond
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The sequenti al Gausaight $omwlhadi ahgios i t hm

reali zation of a mul ttiewarnii gtuee , Gaelascshi avra rfiiaeb
sequentially according to its nor@@bDF condi
throughoakgogishg mati on system. The basic c
Ssimul ation steps piL64mentioned as foll ows
1. Define a random padthbhhewhgchdmeat saahl r
2 . Define a search el Itihe oa dlj a coern te akcrho vgrr |

3Uslkrigkmg gui bmdp a semi var irongrnaem tnmoed erie atno au
vari a@CRF of

4 . Draw a LIDé#¢ t hemramhedom variabl e,
5. Add thidhrenewmivdlade ctmnmdti ti oning datase

6 . Repeat wuntil al/l nodes are simulated.

As is discusstbd BBESDowtdhodshascbadeng!| aatdo
handling of anisotropies, data conditionin
ef fikeriiegnitem g @il yor i t hm with a moving neighbol
that i 9 10éddquired

Vaoggrams of transformed data are calcul at ec
grid for simulationgandsanpdpedokApgbhdt onga
mean andav&auastcan probability distributio
estimati ng 6&atn eecaecdn amroye etao t@ rAd o ra n gvehmhcvha |i use
drawn from Gaussi ani sprkorboawn last ya dsismuli atue d
node. The basic steps Fiigug@&AND6a]l gorithm ar e
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Figure 17. The basic steps of SGS algorithrfi. 06]

Calculate histogram _| Transform data into
of data "|___Gaussian space
v
. f:alculate and m_odel 1 Define a grid
¢ " variogram of Gaussian data
|
v
Choose a random path _| Krige a value at each
node

1—l

Define Gaussian

!

Simulate other
nodes sequentially

Back transform of
simulated value

Cross
validation
of Results

Il n many applhiec artaijoorrs @ loj o bttimadmts hthenabfe etnh e

variable studied. To achieve this objectiv:
geometric triangulation andrpall wygondlhmspprA
of these estimation approachesanpdr ddiucteh ea cna
okrigiagmap of the estsitmanaitenrd V arcmddekns atTh
produced by these estimation methods have

T The spatial wvariabil it yis @aododchoendptaorgerda m oo f
that knowndatam sampl e
T The assessment of urkaaergtaanignatnyc e()b yi smesat nrso |

controlled by the sampling configuration
sample grades thateinform the estimated
11t is very difficult to obtain a quantif
bl ocks because the uncertainty in each b

in the adjoining block.
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I n contrast to the estilmattiiom predviodless mams
var i alidmornt ht he samprepdadacealt éd@esddisd @ gtr laen,

spatial wvariability of the variable of int
procedure that resul besiofmahygy dameemnentib
realization honors sample values, geologic

continuity.

Unl i ke estimation, where a best map can be
(flori gtngs theofmitnheni meadn osxsquare error ), r €
rejected based on their capacity to honor

any secondary information. Therefore, ther
all consi dHekedyegoabtgur. The set of equal
tobtain a distribution of the possible gra
categories such as the geol ogi cal uni t. Th
uonertainty in the variable. This allows to
by the surrounding sample valuesedndalbees$o
on a poalntowscause to consi der t htee du npcoeirnttasi not
joint uncert acihnatnyg e Tohfi ss unmpepaanrst acan be per f o
bl ock support are obtained. The set of bl o
uncertainty of the variable at that suppor

I n sumrmeorydigiimwmladti on provides a quantific
surrounding an estimate. These values may
effects, hence allowing quantification of
variabl es thaer @lepiemputupwarisabl es can be c¢
simulation and their uncertainty, gquantifi
planning, in geometallurgicalA sompiles eor i
i ntroductmed m ctdda vaGI GaN[da 0O 7 The procedure of
al gorithm usaeadcsicm hRiblgith8 est udy i s

I n gemeraGS al gori tul-Bauebi asa| B@@fibeaec f or e,
prior to the application of ®@Sbagl ¢gdrei t hm,
Kol mogSsomiovn-&y (Kst to verify whether they w
treati ngMtshd8]dWPOtladm e aat ilnoggnor mal transfor mat
di stribution was obtained for the given so
| ayer wer e tihtehn tchael ctulaantsefdo rwme d dfaftar emltf t er
numbers of ,rdmekeomesaédds ng data were back t

(e.p11[073)1]
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Figure 18. Steps of SGS, basedn Goovaerts[107]

Sample values normal transform

Y

Compute semivariogram of transformed data

¥

Establish a random path through all of the grid nodes, each
node is visited only once in each sequence

T
At the i th node, model the con(}itiona] cumulative distribution
function (ccdf ) with the n original data and all (i-1) simulated
" values at the previously visited locations, using simple kriging
with the modele(!i semivariogram

Y

For the ith node, draw a realization from that ccdf and this
realization will become a conditional datum for all subsequent
drawings
|

nodes visited and each ha
ceived a simulated value?

Back-transform the simulated
logarithm into simulated value
in original space

Application of G8btecAmalicmdi §ity

plication of 55ope Wdnaaldaybsiiltsyt y

ope stability analkg&i snigeatkechhigathahl
fluence of wuncertainty involved in geote
i nelviatda b li e.n a I mestl hoopdes |sitgaubtihleigsyi | i bri um m

EM)ordinary met BBod iafpldlfiizedds ys eBmipsbhilofpi e d
t mmB8lpencer, nheatvheodbeen used forradiopieosalb
terministic seéesptetlhatseldr wintaye t e p(rgefIe)csha f et y

nnot explicithynénesunnheol|l ved umcegebt ech
i lure mechani sm, |l eading to erroneous r e
actice is highly persuadable to probabil

e uncertalilnyt yi rmtnedg rr attii rogn at Meenryeamea ricrhtead st |
udihed eff fsepcatt i al vari ati dire @fr otbladidoislt igr c
al(gsp 59N 1[201[31)A] more advamdegprapmamboddlst i
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anal ysis in geoteéeankmirpdiraginalgneamrical@irifietdy
as hteamddinite ed RREM . [dRhowhs deveTbeed in
RFEM i s a compl et elew ad iufadtielrnend . mrp @b B &EIMi, tf y
sopriopantti evsnandemathd es at anyolidc atoiman nwi

typiwoedil ménsi onal random field wig hshown aind
FigL9e
Thandom | i mi meehgod!| (RLEMM, asrdmdcem fgiealed a

using the | ocal awmet hge slebei opedoby( ERAS8}) 0
[ 28hd themtmappagdiid of el ements ( mesh). Ea

field has different values of soil propert
are closer in magnitude, based spatial <cor
carried out to find the mesh el ements inte
property values are assippned tfa hthlse ed leineaest
A Ilimit equilibrium approach is then used
(simulation). The probability of o&&ilure i

simul ations<résubtthg totB&ES. number of si mu

Figure 19. Typical 2D random filed for slope with § Small correlation length, andb) high correlation
length [20]

11l 17

The spatial variability analysis using the
i mpl emented in many geotechnical software
RocscSleindcel 20tlBjtts&Ret ssidiyence Slide 2018 soft
evaluate the effect of site variability 1in
anal ysi-eptisom efubt he probabilistic analysi :
user to simulate theswahiadbidtirtenptih saond pr
|l ocation within the soil ma sys .a nAa It ysaids td ooens
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account for this type of vaaralabsidltsiat y.stlirc ad

di stribution is defined for a)gmd afneert ed@a dle
simulation, the entire soil masgsiig@@assign
Wi t h t hvearsipakiilailty anal ysis, a statistical

par amet eaq)Cgrerglaticon | ength between the pai
and y direction, and for each simulati on,

masas shbwg2ZbBuring the sl ope stability ana
passes through the spatially variabl e mate
along the slip surface.

Since moesdt edhnihealg desid«wan dp aurnainte tweerisg h(te). gh

degree of spatial variability, the sl ope s
variability is consiedeéehed f mct@rro @®addfislaif teg yt
fial ure. The wuse of spatially variabl e anal
probability ©f Fanlaeaxaeamplfeshshipegceustabiolri t

spatial vaprapetttgsofesgilc anpgrobabi wiei g
of failure, as compared to the sdme 5dnal ys
probabilistic analysis that does not <consi
unreal i sti ceamnwdtdwer Ipyr oAb b] i ti es of fail u

Figure 20. (a) Single random sample value (cohesion) applied to entire soil region, (b) Random field
of spatially variable cohesion

cohesion sample value = 37.5 kPa




Thenwens| spelbmeltintoyds frequently fail to pr
phenomenfom.i tTeheel emrdva s mpt bpdséd to solve t
and two major applications for analyzing s
applicati @ yimygoltsvhes sap |l ' s body force to t
an eplaasoic stress anal yi€opsl oimbecsitesses
be used t blecccadlc ud aftlecB jyt e mct lnelsseenedsetesr mame
Therae chn also be defined using the actua
foe.c I't' s wor tSh annod icnrgi ttihcaatl tfhaelFIEMr aynsius f ac
are frequently close to thosA]nfunobne ra olfi mi t
scholars have used the FEMWMI11i7iwdhlou cuisregd ShHam
anal yze sl ope s[tlalb8WwWhd yyseadda Lmsmedr iadalt hraet

FEM t o evatlaimitlei tsy opwer isng sei smic | oading

The primary aim for developing probabilist
recodgmhveazreisateioon p.r oletrhdweggsh a sensitivity a
detmene these variables, it cannot esti mate
or |ikelihood of a slope failure is comput
components, which is based on theud.undamen

When the chances of f arcbuaoseeddar e | gorpeeca tceorl |tahp
more | ikely. This is a mordéSraalstsablce apmr L
A quantitative explanation oifn tder ifsak | amr ede
anal ysis. Differetnhperobabat cbséebs bpppeasbdabd
anal o s .an[dl l¥a]a gtylzre dChi uf enger shan | andsl i
proposed a Mositteo Claogdlo iamtad ytsh e raensaildyusals s |
suggested that the residual sl ope was mor e
Leynaud 4nMd®p0fuddsend a probabi |l i smpilci caaptperdo a c
geometry usingod B®disf iope sttraadniladdivitidd2 . 5jof t wa
empl oyed Monte Cafliossi muldaetri ol amdidheéy m
response surfacetmet hed" Rotahiopénip Pl jev
conduct a probabilistic anal {sliDshvefstsilgaped
the probability of failure of a chadgey sl o
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Application of 88l € oWwarrioamidlaitti v n

Many researchers investigated the effect o
sall ow fs@eupddiliz2®n] Fent on [dmd dG1 iefdf isthlas | ow
foundation | oaded over soi l-psl ausstiincg friamidtoem e
i nvestigate the eftfheecbsefcoertel atmrommpl engy
pacity of shallow foundati ons.

D S5 O

hheoad and resistanfcasrhfaddtoavr {hades i @mRFD)
si st anahee faacfteacrt ed by many factors includ
mpling borehole anagttihbe fl@enmydadati ame tPheob
dvtahe asoioh parameters (e.g., cbhleesi on c,
i parameters cansibteu ifniteearsp rteetsetds pferooenh rtaht
st s t(aRITa)r,d rsp € I5dPtTr) a tt idhet $ ,a bonr aftToey vitae 9 tad |
the soil parameters depends on the inhe
rmation, the operator anmdemadliiece eeorfr ar,e
soi l pamamee &r iorf @ sdhap d oiwtassoehddt ednin d
Nt on 1&t3 Baolt.h t hecawnmar icatwieoms i inc | Wedd nien t F
e resi stsamalel dva cdtlabhuen dsadtra toinst i ¢ a l relation
il propejrsiresf d cc @aardalsatcir @i s

o - ® 5 O 5 d® O S 9 o=

w "+ Mo = — ~ un 99 n = —

Bearing Capacity of Shall ow Foundati on

Terzaghi124] provide a complete approach for determiningutienate bearing capacity

of shallow foundationdHe proposed that the surface (failure) in soil at ultimate load for a
continuous, or strip, foundation be considered to be comlpatathat shown inFi gur e
2 Irhe ultimate bearing capacityy, of shallow foundations can be esti@ausing the
following relationship[124]:

n @ 1o - @ [31]

wherec i s the cohesion, q is the overburden s
width, and N, Ng, and N are the bearingapacity factors. Tarzaghll24] used an
approximation method to determing ¢ h a t I s whveghtless sdil) arfdig=0ge . ,

then @ = c.Nc, which will be used in this study for the analysis
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Figure 21. Tarzaghi bearing capacityanalysis[124]

[«—— B —]

[«———B=20 —
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o

| nporr ating sitehalalradva bfidaadyatianadme sf act or

The bearimghalalp@awiftogundati on depends on t he

di mensi opntdbuaespade al variation in soil prop

the footing will follow the weakestdpath t

The resistance factor based on the soil pr
Y )B| D [3P

wheWYe, Resi st ance o&5eottheec hsnaicla,f oreshatl & oave f

foundatd@bdahal | owi bompdrat=an de ofaalc tfardt=or , an
characteristic |l oad. The soil Ypre®perties us
b & AgBB 1B [3B

—B ) [3 #
For cothhgerioonet ri ¢ average i s used because o0
friction angamri shmetmpuotadenage. To deter
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utti mate geotechH,niictalwirlelsifsitrasntc ehe ass.sumed t
This simplifies the cadaxmpdamgobyn of the ul't

nooa [ 35

The assumption of weightlessness is conser
overall bearing capacoiwsy.t hTeh iasn aal syssuinsp tti o0 ne x
the rclbe aofti mate bearing capacity, since
effects of spatial variability frelating to

Most of the bearasgumea ptalcatt i telse tfthaiolrurees s i

l ogarithmic spiral shape:

6o 35

The ultimate geWtschonincai onesmabentemgdatip
wi dt,hbec®8mes as foll owing:

Yo' [ 37

no G [ 38

The charactacisotiicsofletermined using the cl
strip footing the LRFD equation as foll owi

n ) o |0 [ 39

The width of the footing could be calcul at

o [ 40

The random soi l mo d e |

The cghesisomssumed t o be hl ongggorsntaa nidyardd st r
devi agi and some spati,al. cOhea ell@agdn ommalt rdiicg
selected because it is commonly used to re
simp relationship omgnachring hdi sbr mhut edheando
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obtained from a nor maOl @, dhhatvirmpuzedor medo,

variance, and spat, athrcougll|tahe otnr dreanfgd hma t
oo AP , O w [ 41
wheroeis the spatial position at whciack c i s

obtained from,ahe sapecancedoimeaohesi on usi
‘ [ -, and ITp O, respeleli eef yi;s the

coefficient of variation of the cohesi on.

The correlation coefficientoletdwaers etcltoer dl @

W, Iiccifsiped by a cprmelhitsont ddwnctaoni, mpl e ¢
(Markovian) correlation fumction will be a
"o Agp= [ 42

whetewr wis the desmnatnmice tbhwd wpoi nt s.

l't should be noted that the correlation fu
becawse hoarmally distributed, and a nor mal |
defined by its mean andtbtevaoiraet¢tatsoOandctn
be estimated by eval taei hggtbehspdt@bhdasta

The spati al c p(rtr)e,| ahtaiso na fcuonrcrteesopnondi ng var.i
[ O, whichhewethé&ieariance is r édauwerd upon
some domai n-dD.meinmitomalt wamalOQ s sOcenshdered
ar.eafthwedbi mensi onal varianceasr;eduction factorl
I 0 ho —— . O o6 0 ool Q&o [4 B

which can be evaluated [UAhd2CHhoss manequaed

The soil ffricsi asnsamgd et o be | ognormally di
standar di,deayncatsome spati al correlation str
i s selected because it igsatciovmemosno iyl upsreodp etrot
simple relationship with the normal; a | og
obtained from a normally distributed rando
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| t seems reasonabl e t oataisosnu neet rtuhcatturie o fh ea

changes in the constitutive nature of the
angle would have similar correlation | engt
functo.om€&y wi |l al so have the sameOvari ance

[ O 1 0. A detailed description on teite rand
all.123]

Anal ytical sol uittiyonofoff aihleurper obabi |

I n this section, an analytical approxi mat:.i
of riap sftooti ng Bqsu asButvwemsa rd ezveedl.oped assuming a
whose shear strength i s t heWhseanmes oeivle rpyrwhpeerr
are spatially variable, as they are in rea

Equa3ktam be rtelpd afceldl dwi ng equati on:

n o [ 44

Whemjgnidare the equival ent ¢fcaochteosri,o nd eafnidn eedq ua
uni form soil parameters which eée@andthe theal
spatial §9i varynngther words, it i Sjanpdropose
0O, exist such that a wuniform soil having t

capacity as the acteaVakbpeat obltlay nedr bgblusi
equi val ent % rBgoutai3olinonangl e,

0 “ [ 45

then the width of footing become

— T [ 46
I f the | oad L exqgdBedbthe i mgsifat dadnuce Iwoadd, h
of failure could be calcul ated as:
n 00 N6 00 apo [ 47
The probability of failure shoulpmph blehd ess
probability of failure can be calcul ated a
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noobr ——— [ 48
Letting

A m%- [4 D

means t hat
n 06 —— 5D

and the tadgdk sitg itbawtfiiomd otfher. Assuming that
(an assumption found t ¢ 1R& Jarneda swvdhn athl @ sbhyw | B
to some extent by the central l'i mit theore

e Oaedad a&Lad  a&l [ 91
The maeéams of
S T [5 P
The vardéawsce of
o » . r GOébdneal coéad e [5B
where the | oad, L , f have beersassunhed mputually iedepgemndens , ¢

To find ttéres piamr atntee méaaedg watdi oras | amke fodl | o
assumptions are made,;

(1)The equi vakbtfenits ctohhee sgiecoomet ri ¢ average of
influence zone D under the footing.

 Agb 1 hoQw [ 94

(2)The equivalent firsi ¢thieomrandimeti c aver ag:¢
over the zone of influence, D,

- w Qw 55
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Probably the greatest source tGPbhicecerft ahmet
domain, D, over which the equivalent soil
averaging domai n awasd yfsa usneds obbyu ttiroinable fabneds t
approxi @Matwedy,byent er ed dioroefsi erbgyg 2Rhethe it hi Is e
studythaV isfl uakeer dep80% of the average me

zone directly beneath the footing, as give
: 8. A A%

w —' OA4 — 58

The friction angle in radians. The esti mat
L [5F

The fosbowmgg226e just one possible realizat
B, is actually a aman do[mlf§ffautdihyas bal ses.u nireedn ttohna t
wi dth was knowgqned.,atdared rtdangniesed t hat t he
did not well represent the mean bearing ca
value i n probdmi Itihtey sad anud wlta toinsngper f or med

presented hpetrhe,i st htea kseoni |eeod eéb e0 .H1 Sex ). Swimd maen d
width of the columns of fi(neFi @2@leements us

Td irst ordeiri,;st he mean of

‘ [5 B

Using the above information and assumption
aeté@guations can be computed as foltllmevs (gi
| oadfsnumber and | ocations of the soil sampl
(A)Assuming that the total | oad L i, equal t
acting over the | ifetime ofp(it.hee L 8Lt r=ucLt ur e

Lp), both of which are random, then the sp
using the transfbr matépomnsanglrel ip 0 ,

respectivel,y. ,ivwhadahef fi ci entt ootfalv alroiaadt.i on

(2)Cal cul ating thead@ban and variance of
BT [59
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Figure 22. Typical sketch used to determine the shallow foundation bearing capacity failure

B
f(! otinlg /— ground level
T
w D Q
A !
}<— w —" — soil sample

B - k- Ax
X
>

bedrock j L . )

§ ' (

AssumihBigdsct ual |l y represéndsera & od@axdiawv eofags
Hwheaxe i s the hoan zofnttaHe ds arielnssampl e, whi c
the horizohuahcerooné af CPRANhdr HSP3 sbandéepgh
which the samp,J gjss apreo i alkleyn, marhenaccur at el

., w—B B "o o , 1 Yaio [ 40
3)Cal cul anteiamg atntde ¥&r i ance of

‘ l_‘ [&J]
” r” r'o [&ﬂ
whealle) oW, W) , as discussed above.

4Cal culating theamean and variance of

& & [ @2

. s, —— p OQ p Q — [ &7

whedeODAT ,A ©,Q OAF —) . The v arainarbee obft ai ne
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i —B B "o ® [ Yaio [ Bc]

(5)Cal cul ating the amean and variance of

‘ ‘ ‘ [ Ba]
” ., —— P OQ p Q — [ b ]
whededAT A O ,Q OAF —) . The v arainarbee obft ai nec
s . [ Gho [ Bc]

6)The covariance between the observed cohes
benheatthe footing isOobtaiam@dYms$y foll ows f

bt édl — "o o QQw , [ %]

whelreis the aver age nao rbredlweeteino n hogola\qdi cair e a
The area D denotes the averaging region be
properties are defined and the area Q deno
gat her ec.asT hha xei iFirlgRi2ter at ed

(7)Cal cul atéiundghié h e

Substitutingmehesandesal tteému svteesquati on of

‘ ‘ [6a]

, \ \ \ r Yefio 1t oho o [ 6Db]

Letting

N ) o |0 [ B]

All owe probability off failure to be expres
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R 0 — Dad ai— p B —— [ &]

whelgies the standard nor mal Tchuemurleastiisvtea ndcies tfr
could be calcul ated as:

[ €]

|l ncorporating variability into reliability

The reliindesxl usgd to baaksed atwuelyi abhi lai shal |l o
a vertical | oad (cemtusadd .i MM htehd#@i@ &s edradle
where, C is the Dousddetntaggdx ) cOpaeipregsamds s
condwhigb(ex ) <0 r epr es enlthddswrflsearf ¢ rcelnidakkii loint. y
() is widely used mebhhsedmeahddt h[¢2]l8gueaehi art

i iET® © 8 o [70]

Where, the vector of random pgdreametaenr ¥ a(l nu)e
vector for matr) aarcae tmadir iKic@®lsd ddewo ttelde alda Lo
Li ned irabi laintdlg ei o d e kdeesspi ognnd ipnogi nt

Figure 23. Hasofer- Lind reliability index and the design point[129]

Tangent plane

A

gX)<0 Actual
performance
" (design point) function

ﬂH[.

g(X) >0 gx)=0

> X1

>
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Application of D8 Hpoeu nVdaatiiadon | i ty

A punchifrag bt ears fwhremne tdaepl i ed to the pile
surpasses the shear stiégBgg@giTheofpitlee i SUSUPYP
soil through friction, end bearing, and co
Naghlilb3ainl]d Naglhlaind] FRindmpmsed a meot h ampd leorge nt

var i dhboirl idteyep foundations where only cohesi
would be in a soil under the total stress

enldearTihnegy. so applied si mitlhaer edri&Icysive tSa r e x
of piles for cohedieanml emgs waendit gwdode repdt chpdohseenc
Naghibanf@ 1R& ¢ aind] F&inltlonbe defsar i dbelde viev ® wa n
cohesionless soil s.

For Cohesive Soil Condition

The ultimataeadumst®ml resehesanone(c)sbetwaad th
pile foundation surface is given by:

Y . nteQa [71

whepeis the perWgmetiesetstonie ttphiralatpe | ®hear str es
and the | ength of the pile is H.

a-Tomlinson Method

Sever al approaches can be used to deter min
the soil and the pil e Tihredeno sttotwdldestgrdened hc
cohesive U3oiml smestemach.e Tot al stress anal ysis
t haeamet ho d. For any specfi=filO, shoasledwiotnh tfhrei cl
foll owi ngamrghatuoead to repeeisehandcde( smirff a
uder the total stress conditions:

ta | a [ 12

wher e, c(z) is the cohesion of tHWHessbhk (a

empirical adhesion factadbr Higdwaygddsmi adsbhy
Fi g2 4 & o w s fattdrsefor driven piles in clay according to FHWA.
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Figure 24. a factors for driven piles in clay according toFHWA [132]

100 = <
075 \\\\\ ....................... // /

Adhesion IZIIZZ.‘.ZZIZZ.‘.ZZIZI\'ZIZ\ZI‘.;/LIZ.’..Z.’ZI‘.Z Clay
0.50 \ N
Factor, o
0.25 B aRNEE . AN
................. D= QT M
1Y

0.00 1 1 1 |

Undrained Shear Strength, ¢, (ksf)

Subst Eguaiff@e@BEgouatil onhe ultimate cohesive r

Y . nl @Qq [ 13
't i s assumed i n analeysoissa nipdeastio Mpli e st kme waf
and t he dedseitgenr neimti aniglesds fTohehave no I mpact ¢
factors (required), as wil/ be proven | ate
through an investigation aimed atefecegaerdi bi
in this study. Just the wultimate | imit sta
factored | oad must not exceed the factored
Y BQ™O [ 74

whefgqei s the wultimate geotechni ca¥Yi sretshhest anc
geotechnical resi stancesopuloppiemat e Hadadac
i s the i mploQOtsantchee flacwadrf,act or .

Il n t hitshces miid pdlteiaadn | oad willuls bheée vet d diaad,

o | 01| O [ 15
whe®ies the |live |Oias t({hdadact erDath@c) har a
are the |ive d olagad afcd otr dhri ss,n drhedse@enct tail v d loya, d

(equival ents)pecifé eRllHWhamp If agxsd sis uatgh i wher e
= 1. 75=0.n25) . However, the idea described
| oad combinations and circumstances.
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Il n some circumstances, the means of the | o
design amewdgedihrggd,can be defined more broa

0o Q [ 7aq
0 Qf [ ©4

wheee hret means ofepit $ etelaénwse olf o & the dhded aldi vieoads
|l oad bi,asdfiscttdires dead [|I1BBHdebvak akkbwodrbe s
estimated flo,lBreedpedtiandgl y

The soil cohesdbosn t(hceh aw eaicg hetitdi ds d aned)realge of t
observations),

& —-B U [ 77

The ultimate gedtearmnb e ad e mikegswe asftPagncm , t h e
assumUn ghu

Y 1 OdR [ 18

According to The Feder al Hi ghwhyt gdmhdesgses.
and 3.d0ognswiedered in this study.

Ra n dsoomd d e |

In this study, we assumed cohesion of soil (c) is distributed lognormally wittmean),

» (standard deviation), ane- (spatial correlation structure). Because it is often used to
illustrate nonnegative soil attributes and haslationship with the normal distribution, the
lognormal distribution was chosen; Out of a normally distributed (random field) function
[[O &, with mean (=0), unit variance, ane- (spatial correlation length)], a
lognormally distribued (random field) function can be created, by following
transformation:

wd AP , O a [79]
where,

S [80a]
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\ i ip U [80b]

The coefficient of variation of the cohesian, , ¥ and (z) is the spatial position. A
Markovian correlation (simple exponentially decaying) function is assumed in this study,
where, |} is the correlation function, in t

o Agp2® [81]
whered & z & is the inter point distance.

In the above equatior{spatial correlation length) is generally described as the separation
distance between twé & values that are significantlyssociated. The o (spatial
correlation function) has a variance reduc

o — . " a@ & Qda [82]

Both* andUwill cancel out of tle probability (failure) prediction equations, as will be
shownlater, so their values are completely arbitrary and have no impact on the geotechnical
resistance factor utilized in the design process.

Randloomd model

The dead loadsr{ostly satic) and live loadgmostly dynamig make up the load acting on
a foundaton. The dead load can be calculated, and therdf@enean and the variance of
dead lads are quite well understood. Theel loads, on the other hand, are more
challenging to probabilisticallcharacterizeThe total load, F will be:

O 0 O [83]
Themean and the variance of the load, F, are given by:

‘ ‘ ‘ [84a]
” woom [84b]

The dead loadand thdive loads are considered to be distributed lognormally. So, the total
load is also distributed lognormally, which is also supported by Fenton[£23]. So,

. [85a]
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, Ip — [85b]

Theoretical approach to estirtegprobability of failure of cohesive soll

The soil is first represented as a spatially vaeimandom field to assess the probability of

a pile failure. In general, cohesion varies in all the three dimensions, however, considering
the third dimension has minimal effect since piles are one dimensional, a 2D random field
analysis is used, where tpée is positioned verticallylmout the soil samples, as theil
boring,CPT test or SPT sounding, are performed vertically in a distinct, perhaps different
locatiors, asdepicted inF i g A BTée following is ahypothetical estimate to the pile
failure probability in soils at total stress circumstances. When soil parameters are spatially
varied, as they are in practi¢be value oR, becomes:

Y N OgF [86]

wheredfis the cohesion (equivalent). The average of the spatially variable cot{gfion
across the pile length H is hypothesizgeken as:

f -, ©aQde -B df [87]
Figure 25. Location of pile and soil sample

F(kN)

\L f ground level
y
—— A
H - &
D
~
soil sample
N pile

By replacingEquation87 into Equation74 yields the requisite design pile lengthakt

RO | O | 000 ——— [88]
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By further replacingEquation88 into Equation86, the ultimate resistanc&®,, can be
estimatedhs:

Y — [89]

The probabilityof failure, 1} , will be given as:
n 00O Y [90]

and a successful design methodology will hgveOr; . SubstitutingEquation89 into
Equation90 leads to

5 00 —— I [91]

=3 _H
3

It is noteworthy that thé (adhesion factor) and p (perimeter length) have both been
cancelled out of the faite probability calculationsThis indicates that these parameters
have no effect othe resistance factors needed for this investigation. Rearrahgiabove
equation leads to

\ 5 r
hos—— — [92)

Returning toEquation91 for ) calculation, the next two cqmnents are defined as
follows:

O | O | O [93b]
So thatEquation92 can be written as

B0 — [94]

W (distribution) musbe determined in order to solizguation94. If all of the F (random
load), andi¥andcf{cohesion values) are considetede lognormally distributefd 23], W
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will therefore be lognormally distributed as well, atghvialues can be found by looking at
the individual F& &Handa &distributions. If W is distributed in a lognormal way,

Q& o O U e [95]

pr can be derived from the following:

A 06 — Datolili— p | — [96]

where F is the cumulative distribution function (standard normal).

To find i , we have to determiné € s mean andaédse maemhtme anc e
varianceas

3 ‘ ‘ H ¢ r [97a]
” ” ” H » r Cé é lt‘n &‘H, &’r [97b]

Thecomponents of 9Were given byNaghibi[131]:

‘ 4 Oaél Oat-B ® elT [984]
., §#—B B "a a [98b]
” H » r 'O [98C]

where[ O is the variance reduction function, givenbguation82.
‘ r Obé—, ©aQaell [99a]
” r ” r "O [ggb]

where[ O is defined byEquation82.

6¢biébdre —B _ 7 i a a Qéke, o [100]
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wherel? is the correlation coefficient (average) between cohesion across domain D and
cohesion along H. can be defined as

f e—B _ " i 4 4 Qa [101]

As indicated inF i g 2 ¥r & the distance (horizontal) between the centerline of the pile
and the soil sample (centerline).

Substitutingequation98 into Equation101leads to

‘ ‘ [102a]
” ” ” r 'O r "O cr [10%]
The reliability index] will be given as:
i [103]
Thegeotechnical resistance facfor ) canthenbecalculated as

Aoty T, [104]

Cohesionless soil

The friction angle of sand ) is assumed to be lognormally distributed with(mean),,
(standard deviation), ang-  (spatial correlation structureput of a normally distributed
(random field) function[O &, with mean (=0), unit variance, angd- (spatial

correlation length)], a lognormally distributed (random field) function can be created, by
following transformation:

na AoD ., O « [105]
where,

" I1p 0 [1064]
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‘ [ - [1060]

The coefficient of variation df, 0 . X and (z) is the spatial position. A Markovian

correlation (simple exponentially decaying
the correlation function, in the form of

"o Agp [107]
where t = zii z2 is the inter point distance.

In the aboveEquation the —(spatial correlation length) is generally described as the
separation distance between two Inc values that are significantly associated.oThe
(spatial correlation function) has a variance reduction fungtid® , which is defined by

o — . 7@ aQda [108]
In this study, the raran load model was considered similar as the cohesive soil.

Theoretical atpipnrgo apcrho btaob iebshteiymaoh | é as | ssoel of

The soil is first represented as a spatially variable random field to assess the probability of
a pile failing. This esearch investigates a 2D random fieddere the pile is positioned
vertically about the soil samples, as the soil boring, CPT test or SPT sounding, are
performed vertically in a distinct, perhaps different locatioben soil parameters are
spatially vared, as they are in practicie ultimate resistanceRcanthenbe estimated

using the following equations:

Y -0 p i GO DT [109]

wheren is the cohesio (equivalent). The average of the spatially variable coh&sipn
across the pile length H is hypothesized here,

% —. N aQoe -B n [110]

The required minimum design pile length, H, can beinbthby

NGO p | WO | O | 00O
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[111]

The ultimate geotechnical resistance, Ban be written as

Y [112]
The probabilityof failure, ¢, will be:
n 00O Y [113]

and a successful design methodology will haveD” . SubstitutingEquation89 into
Equationl13leadsto:

n 0 O

=0 — [114]
Assumingthat,
O p i O DL, O p i O DLW, | 'O | 'Othend —
So thatEquationl14can be written as
n 0w — [115]

If Y is lognormally distributed, then
GEwae e A& [116]

The probability of failurery , can be derived from the following:

R 0O — dateli— p ! —m [117]

where F is the cumulative distribution function (standard normal).
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The probability of failurgr) ) in the aboveequationcan be determined By

and, , ., , ¢H ¢ & & & and solving the equations
[131]

The reliability indexi hcan be expressed,as

T _ [118
The geotechnical resistance fagtor , can then be calculated as

Aoty - [119]
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Rese®bg¢lRrsti ve

Thmain objectivesaofotéeéval ueaseatrbé different
variability and quantify the special vari a
anal ysis and design of different geotechni

a) Evaluati ng ndwec opearmdnargauda d meanrti ati ons o

soil properties

b)) Evaluating site spatial variations of d
c) Eval utate nbgest spati al i nterpol ation meth
profiles and soil boonnfegstat aSP Bt analau a:
undrained shear strength, Su) from the
specific site

d I ncor ptohremtdsmgci al site variability into
e)l ncor ptoreatsmegci al si teentv agreioatbeiclhintiyc ailn teon
applications
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Scope

Thobjectirnves esdtruaddyri s achi eved t hroudlmxconduc
| aborafoeyydanhdsts t of emehdesumtt ee@ rvatr h /adti il fi ftrye ¢
parameters dierwigt avd fteteoddnhtler t fyer ent ;sdinl pr o
addi tevoanl uwaot i ng the spatial siteitvartadti ¢ it
many geotechnical engineering analysis and

Thebox tests includedacemstal bcttiEB.boager al
wi doef) di fferent types of soils and aggregat
usidng ferent dPCPcebkGdgdpuighat,rg Doatd Sei smi c
Properti esSP)al yNuecrl e(alr ND@)n saGhdy gt et e (
wer e ¢ obnydiufcfteepdernd tho wdhd hc ho peear aetaacrh tseescttad n s ¢
tinegs di ffereme flioelad itoemst s were conducted
DCP lodnonstructed sec3uinedosnatrACFio®ont seamndor
di f feerejneoct each field test, semeaparaments atwe
di fferenThapecraadilommkedac arteloanbaedabi | i ties i n t
COV was eval uatmela sfwresneeghcen B/eBfdAM@VA, and
secmpndctent met hods.

Ty pilcal orteetsarsy t hAattt eirmbcelrgduehdc onn$ sl t @atsd und
(UUW) i axjsaradlitiersdtse stomas o | i datainodn Cadsitfsor ni a |
rati o (CBR)ductsdidf dmpeenmbas soud usypgs

di fferent opesrpaetcanms athadpe vradlomttedabi | ity of
di fferent ismitlerpm¥opeeérstiC@EWE e me do begr astevres a l
on three tslhpeecsamen sodi | type.

Sever al greotsh ad esdme goile sas s eamipv abiabgt amt i
appr.owaclke used to evalwuate the osmathi al site
| abor ataonrdy®ad@Ra €Hdatnacor gotefhe ¢c hp ® dsii ftiec

vari abimaintyy giemt echni ocal searcdi rsearl il ogv & ppilnid
deep foundations settlement and sl ope stab

The Bayesitamrm hangluesuiwdaat eseédetsateaannd abridasdevi e
adCOV, of t hreedneatsaeid egli/ Ipe capacity of speci
var i ambulseisng Itehd opaf ttelse.Trihaw dsvitatlerei abl es wer e
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uséeéo calibrate the resistance foddteorsyp efcarf i
si.t e

The method proposed wé sk eunsteoadnn caonrdp oGraitfef itthhe
in soil ptrlodbgpesttainese &mom soil boring(s) for
foundati ons.

The metbpdsed by NdMWBasi usmdloEotr@an e t he v
in soil properties and distance from soil
foundati ons.
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Met hodol ogy

This sectiondiwiflelr epnrte saepepir act abceheeesi tubseeldi ttyo o f
propertidasf faemrde ntthesources ,ahdggeoaecihhycthev
variability of soil propertiestfgeotachuost
engi neecahngoBAmprsl cuodnedsu: c t(iHbNpgx | abor atory test
diefrfent devices Lsygbhh &l GeomgawWge ght Defl ect
Dynami c Cone Pereft)ireolimikdiGrestglaR)ean d FMDOP
constsectacdmssa nwendceanst secti @oms fprrom eccit fsf; e |
(3)ypical | aboratory tests such as unconsol
consol i dahn(ddo)n dwaslssdtei vrag i@afbi | i tysftom soi
ComPeenetrati ohhiTesgsedtCiPAdn .wi | de cad tsraod tiitsdcdlsu d e
and tewalsrkidquasncorporatadngfereaetvgenakbchnty
engineering apph i &t hoea rssihnagl | coawp afcoiutnyd at i ons
capiaty of pile foundati @dhe, i andrpbopeedt abi
inclspéde i al ceremeivari oign qMigeend etlec hni que,
probabili $tint capamadadchi ffiths method, and

| oxaboodgst

This studypyniduedttueigdliokabortaetsarsy aqgre osreat eerrd lal s
inclddifhgrent tgggsesgdbneockst ammpact ed and
testedeionhetcthei cal |l ab at t haer ClBonuiesri a nLal RTCr) a
Twel ve test sections were prepared, compac:
of 533ffitW34lit. D.Theecti ons wedief ft eersdarendc duesd inogg s

Geogauge, Light Falling WeicghQo nBCee fP eencettornoente
(DCP) at eDiLomtadSei smic Pr-8pAYt Besokeaay yGaugd¢l
(NDG) -Gaawdge&. ded arn il ptdi ons, otfh etihre smee adseuvriecneesn
correspondang eqeaenoerd in AppemdcesAan8Bum
their measur emeTabdl eare presented in

The Geogauge-SPAFWPvandsDwer eogpgeomatuacn £ da wd t ¢
operator tested three times in the front,

res peelcpthie P ewsas run by three oper attores and
test one ti me,amd tbhaec ki rlooncta t proacdabd fétPELST® b o x .
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waper f darnrmeedhe mi ddl e, | ooaimh o¢yo lmnfe tolpetrkmdaxr d
TheDG aduBeweperf arnmedche front, middle and
one operator performed the test.
Table 4. Devicesused to measuresoil variability
Different Devices to Measure Variability
SL Device Measure Units
1 Geogauge Stiffness Modulus MPa
2 Light Falling Weight Deflectometer :
(LFWD) Deformation Modulus MPa
3 Dvnamic Cone Penetrometer Dynamic Cone Penetration Indey mm/
y (DCPI) blow
4 Dirt Seignic Properties Analyzer .
(D-SPA) Shear Modulus ksi
5 . Dry Density pcf
Nuclear Density Gauge (NDG) Moisture Content %
6 Low Nuclear Density Gauge {E Dry Density pcf
Gauge) Moisture Content %
7 Plate Load Deformation Modulus MPa
The reason for taking measuremepésat oar $ hies
evaluateovasoabambboget heespdrhad oartei.loald edi de
variability can also be evaluated@dheéey takin
coll ected testing dat aawesralsygBdBdr{ Kep&df or
ANOVAetmhod to assess the mean wvé&l btesandgt he
devobnteeass ur.ement s
Material s IUBex slienstt he
Tweldv d f e mandlrsgy ewer e used fborx darbdewkitmaray t h
materi aws Par ¢ Palg ldpiidm Pl cll ay PeasiRdm PI 2
(Pl =3 1a)y ewiidm Pl cBaygRHeBB)I c( B, assdl), |
Kenkyicchest oMex i amelsl onaeddhteenstabilized se
albstest edneidn alimu @il m@ xwiBtIYHI3BEN docelment by
vol uhmgh Pl m({ Reidt®®EBi)lme %oedmednt by wwl ®Phe and

(Pl =l Xeidt% c3emeal ubmg. v
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Layout | BBfoxt fTest

The experimentiathhitessti ndgy pwag deonrad botxe dvi t h
di mensi onds3ftoM® 48 Dt evalLuate the variability
| aywesisng di fferent dev.Focre se aacond rtded saty,erfe nwe o g
compacted withheohersamemwiphpy cenasai ndhng t he
of the maximum dry density and optimum moi
inside 6ihrehbolséeses,| | FstgR@8ted beoixnnconstruct ec
sectweornes tested using different deviees (I
SPA, ND&aaumgde )E using di fferFemg@r®eper ators as

Figure 26. Cross-section layout of compacted layersside the box

g" Layer4

& Layer 3

q" Layer?2

a" Layer1

Ei" Buffer Zone
After compacting the | ayers, five operator
the variability of the measurem8RAs ®Badch r
operator took three measuremeéemies siamedi ffer
compacted geomateri al | ayers. The same pro
mat erials. Three operators ran ,t hfeolDCoPwitneg
t he same parlgpeead er € af sr The PLT &abser ciomdulé
mi ddl e | ocation of the box-GaTg®et snaweirt ea i o m
operator in three dFigB8eptesomntas i omes lody o

Geogau8§kPA Dnd pl i g2Bmraes ¢ missfsd mleFEWRLY Out
t edtiglBper esent sfdxCé tagbet | ayout -Gaougd he N
tests arkei gsZié@nei | ar to
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Figure 27. In-box testing: (a)Geogauge ¢ést (b) LFWD test (c) DCP test (d) Plate load test (e) D-
SPA test (f) NDG, and (g) E-Gauge test

(c) DCP Test

(e): D-SPA test

(g) E-Gauge Test
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Figure 28. Layout of test setup in different location of the box
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Figure 29. Layout of the lower levelconstructedsections at ALF
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Figure 31 Layout of the upper level sectionsconstructedat ALF
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Figure 32 Layout of test setup for theupper level sectons at ALF
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Figure 33. Layout of soil cement sectiosat ALF
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Tests werencbhducémdnt qttalbiwloi ded flrasat| &Y
(266+00 and 267+60wewchhanet heclhMeblesre Laf
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per f onaneanmément dtadmliplsitzaetd on ( BLBAL ¥42157), o f
which is | ocated near Fal se bRiswewla@fe rLno.u,i s

whi c hs twaabswi L Bé&d cem&€he | ayout of the test se
| ayout of the devicesFwegd®e tshtehnes alneey of uotr aanl d
tessetfp t hceonusntdreurct ed fi el d base sections

Figure 35. Layout and testing setup of the underconstructed field base sections
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Unconsolidated Undrained (UU) Test

ThEeU tests were caxduwmdt éoh cthdhimreg ot. hlead tasgbi at |1
sampl est bUsUe dt efsbtosw aPrle ( Pl =11)=2 IMe,d i Mend iPum 1P I
(PI =31), Medium Pl 3 )¢cPaypIdeishesd aliegp eRIf ofr
accontadi APTIMS5DS5 for al |l ns wirldega thpheashso.tr et mir 1y e
var i aoldi Isiotiy ,tfhreo pdeJr ttieesdf 3 vweardgparsusnbtolyfyp ee.a ¢ h

Each operator prepared 3 samples of the sa
contFegts.e @ swt he soil sampUewdptrompmpaTolped r fad ro rt
soddmplnesUUwdressdtsd up to 15% s.tkFig®Bmefor all
presents anheexsampal sea bacfaad fwm eldow Pl t(hmdas11) so
perforanmea dpyefFratgd e obwvise &lo b if oichhee same t est

The strengtpheroffortmea sd uadsa e dascd nidd tapml i cabl

field conditions where soils are subjected
consol i dapliacnditisoe ,tfaikeel d stappki edondotiboseas
tests. The shear sUUtesegtphr emsesaesdu riend tferroms tohf
i s commo ntl hgeh & seeednbiaan k ment stabi l ity anal yse
calcul ations, and foundation design.

Figure 36. Samples prepared for UU &st.
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Figure 37. Stressstrain curve of Low PI (PI1=11) soil
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Figure 38. Mo h rciéckes for the UU tests
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used for ofFasshteitstiegiuli sh bestowdamdsitlot a
dit $ ngui sh between diff er eXetv ecroamip ocsoirtrieol nast ioc
beelmvel oped to relate the Ii(pediges plhbastineid
PI' =P0Lto different soil properties and be

Forlaberegtosrgmobl ded soils were used to det
|l T mftthe differ Smmpseis|l weamplpeepared using
cont entdi fbfyepfeerndd or s. Each operator prepare
moi sturte fcomantehnresantd t hpepr oc e sasloltwraesr fd il lowe
t yprisg8bows spoime pamplad @tdernmi nd itahned | i qui d
pl astioneoimit of

Figure 39. Samples prepared for the Atterberg limit t ests
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Dry sandy soildiamfdercémtyl semnwessevettehst ed i n t
t est tdoeevaissuec er t Bepondi ng shearfrsitcrteinogm ha npgal r
and coh)@hb#d awsisnoclliurd ¢teéthset sow PI (Pl =11) , Me d i
(Pl =21), Medium PI 2 (Pl =31), BMedihem Pl 3
direct swaearcoedtct ed by efwlevray hooppearr@aitoanris nger e
sampl es f osomatcer it atlipteee Bdhie,aarlitmag nw aaP nteal
10%train.

Figure 40. Small direct shear test

One Dimensional Consolidation Test

Those di mensional sc damp®al iccdnntehdroane n ed tsoi | s,
are undisturbpedi medivataenupabdey to evaluat e
paramkemnetrbBis study, the consolidation test:
in |l aboratory omeaparadetcemnso(i deatandompr es:

coefficient, gfheoheshti dgt pooncedure and the
specified i n-0tdhea eAErdd nir2ed. 8386 t est procedur e

speci mens of comgpgiastedbesdi $ampahes of soil s
such as chemical alttreersest ida rs,t rwebautthi eorni ng, a
The ¢ on spoalriadraett irsans | determined from the cor

toalcul ate the maatgeamt difupbei mady and secondar
settbefmeamatstruct ufhe oppeani eardbteéirmlned fr«
key significance in the eval ubBtgodbbdawd des
t he-domensi onal cdegbs$esdation test
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Thene di mensiona$ wemsotownwatcwerdhesftecl agwi -
di fferent consistenci es: Low PI (Pl =11), M
Medium Pl 3 (Pl =38)sTane¢vHilghlatRl thRI +2doraad
consolidation @lraatwepeat € ¢ hiwerdecdngp penat or s

whi chpreagam e dit dhgteeed speci memps epfatrtede ag &8 mmu ¢
moi sture content.

Figure 41.0ne-dimensional consolidation test
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California Bearing Ratio (CBR) Test

The Californoa(B8BR)yIi ngs Raisst a hcad mp asr autsiuvad |
amndorcadf t he udthaads mgat she ocfo sirns eh ingahtwearyisala n d

pavement styesstteimsg pirtheet @thon d& TiIMD BTIhBeB 3SCBR t e st
i's generally per fpaaotead )o ns peanonedresd, e (aclotmhdouuce
on undisturbed menkscaRelmel dethpapted to th
weights at their optimum mdihsetser & ad awwretse n tHo
t hGcBR tests can also be performed at the de
Soimplseasstaed afet edenbdbeviangerp f or 96 htolue s 1 n
very poor skFoiigl4 aeootwsiet iCBRs .t est i n the unive

Figure 42. California bearing ration (CBR) test
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pl otted on a graph and corrected foll owing
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are di vhsdeadnddbagt r esses of 1,000 psi and 1,5
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I f the bearing ratio basedpenebnwptdet@r a0i o
corresponding standard penetration stress
in, the test shouiled rbees urletp east esdt,i landsiinfi ltar ,
i/penetration should be reported as the CBR

The matefroral shesas€@88&nd, recycled asphalt pa\
Kentucky | imestonelandr BMex i tlaanbedvraahtecart ye nveahrei
of CBR fvalgeesmepobesi nvol ved i nt epbeoasf or mi ng t h
mat eri al epenatomaphdtpestgaaetic | memes $ame mat er i

Evaluation of Site Variability wu

Il n t hyitshsest e dvarombdpfd6peers were evaluated
semi variobram approach, and the results we
found&t ieddatsa. from si x project sites with mu
| ocawst hin &rad hf csurt eproject sites with mult
di ffer enwi tlhoicna inceaocehs csoi |tTde ® £ &vedtea:A L B@a y o u
Lacass e85 HammomdlCRpPr ojtecd ;MedmBay eu
LaassRiede Rinie d Isi 8Bmubevhr doThegspatieasl vari e
CPT data (corre)ctand ttilpe rempatsitalncwarigabi | it
(eithMroiSPOndr ai neg dhebamasthadusitiegd tdhe
sewmar i agprpandaédehcoefficientabifalvavanmitalbinl due
(COVR)riawas det er mifroed ufser twachl srietseh tse¢ atnlc e
factor.

DescrifpP@int eos

S x different prwjehtseveeal i GPTotuestanperf
used to evaluate the effect of siTthee vari ab
profiles of the different CPT Thaet & iwistth pde
site is iaohMebuBBRRPO@h®MO cnat e ANGRSA n d

90ANIBW,aind is S8idhavedtm¢ée meAhespro]jeuvel cons
constructing five dediOcduBteeewda yr aBropusl eavta rtch ei nit
| ocatMed aiimiJef ferson Parish of Louisiana. l
at different | ocati onsFitg4 8E hdee pstehc oonfd 1s2 Ot ef
Accel erated Loading Facal TtgngpafF)atsi oe BE:
(LTRWEHi ch acno veerregab &afBt@ 0 0 & wii clhodat ed at
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3B 2MNGL2N3amd NjSW.AjlT4den CPT tests were perfor mec
down t de patsh fsthdwgaBe For the third site at
area 19D 73 B@WI0 DY, ml ac a3t0EAM Aa n d NjS\®, Aj5i2n whi ch
CPT tests were performed at di Fifg#a@det | oca
For the fof8@mnASsSi,t e haet dlBM 85 0°CL 2fath )0 Bd m
i's | ocatNglsv npan d NjBWM.ABTWwe wWORT tests were perfo
di fferent | ocations togadeephb dfidaofstittlea
Hammond 5s8addmA®®O0FMm | oc atNGN nah d BljQ2\® A8 9
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For thelss$ixtd, LtARel 5a3FF2 & 0t )6, alboocua tN@OM npahd 30 A2
91 ANJ327 W4 5injn 18hPiTcht ests (75 ft. deep) were pe
as shbwg4Ba
Figure 43. Plan view of the CPT locations for the different sites
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Description Sdaft e$oi | Boring

Four different project softeagrsfigr rheodiiisn aemact
werce®nsidered in this study to evaluate the
drivedhei pesfillamgoadfadrmaailned sheamdy tSPPdngt h
wi t h wleerpet hobt ai nddvof of e¢deh psiofject sites (1
Lacassine) are tChPel 4 a@®@md dJdiatteas FIdd efeomr soi |
at differentirlioec astiitoensdawn MeaRL Q&4 Et Fodept F
t hBeayou Lacasoihe boirtengsl12 75 ft. deep) wer e
descriFbgd4Tne third site is the Red River p
Louisiana. The a6ge4a6(®a0%Indcatsd dNj@aétinsd thblou t

92 AW, nj i n whsiocihl ebiogrhitn gs wse rfet .p ed ef potr hmeadt tdoi |
|l ocati onsFiag4d&déd owme i fno uwitlh Bsaiutsepwiamjde hte si t e
with afn are®dl 22(2O®O®, F@,0 whi ch i sNj3Nlonpaded at

90M1¥W.njIn this site, eight soil borings (1
|l ocati onsFiag4ddown in

Subsurfacet8oi Fa€hanac

The subsuoophdcéei slaEfIffeoejngebe sites were char
results ahdClBd ¢ e@isl s baosrsi oncgisa taeydd tltedsodonr rad sou | t
this study, the site vaT idatid iand offo wri xsiptre
borings and | aboatagad,r yi 1 ewhisc hwetrtee eMatl aii r i ¢
sites have both data. The profilk=zeco{il typ
a) ol furom CPT datfa SHPrld & b uuengdrraafi dnleeds sadhyear st
from sowlrkeodiengs mi Hedaifsort lad Ir astiitesaf t he
of the eodhe VWhametdaMe t he aosreecd i ®fn a@rmnads s he p
area ofcetldetameadone, respwcsi vakeypoAecdiwtait @
pressure measur €drbekimengpeohiel base.soi |l ty)
sitleeesul ts ,bfvadmesdtashtes profqv alepem ff ta.v efraarg ¢
t he €&€IPTai ned &r empt bfsiegplifEdde i 8i t e consi sts ¢

soi |l s abownt t300 ft. deep, followed by a sanc
clay soils to abawut|l 8& &nhot deeps alae oway ér
profile whs&€®d testbassify the subsurface
fis oi | hedbtavimariiomt rmedthoad by [ZlhZdnjiga dadniat i Tourma
t hGPT sloadsi fication pd a@apsd ssendo vbny gidRb et ehret s on
Met ai rTihee spirtoef i | eas@BT <L®IT|I dgl atshsd fprcaaftii loenss

SP-Nval uesf carndt lSe amtdh esroi CPalh er ipm g seintteesdd i n A
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Figure 44. Plan view of the Soil Boring locations for the different sites
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Figure 45. Profiles of soil boring data, CPT Data, and CPTsoil classification at Metairiesite
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and-11T86 ft. Finally, thewN 9UBaunksfesaiceedsroa v e alos
four soi3l0 Ife6yerf B:OP0 60 .- 20 nfdt .90

Evaluation of SiBtag eWaraihgylsiilsi ty u

I n this studpydattehdsignBeafydellsiadBemsise rwualse used t o

probabidnaltyzaldiyee swpd &stee soathatessere col | e
previ ousAnmstrunbyp aldiptelar sfabk7/rhh or der t od agteat an u
information (i.e.ThRpgeseahor gdeusharsgpbad ded)
MATLABHein, theclBaggee®artoel me@x Mmeasur ed/
predicted ul t)i neantde sptidned acradp ada bttiyait n wihe forf o m
pi | e | oad ctoelslte cdtaetda bfarsoem di f f(e3rde nsth tpersejiveir o ut so
updaamnddf or the new specifi @aslictame Thedupdat
design of pil e f ountdaaktiinogn iifrotro tttheen snipednwe sditt e
variability

Pilead Test Dat abase

The dautsaebda stehi s st8i@yecassi ptesbfessed conc

piles of different sizes and | engths that
acrloswsi sFiiaggnistl e pt bes |l ocatobihBe®©étdda hite pi | es.
piles in the database were square precast

|l oaded to failure underr asngdaldi@cridimtadd0 & est s .
ftel)(imand the pil @84w356 Hhitp@n6 a®@ £ )mmonm each
site, several CPT tests and soil borings w
classification and eviaflfuearteinotn soofi Is oliay eprrso pe
|l engt hs.

The pile | oad tests wer e spedrefsocrrniebde db absye dA SoT
Dl11d48sting[ARB®&fldhckurtest s were performed 14
parti alnltyedacicoor pil e setup. %Tlhe 1656adfwaédei o
l oad up to 3 times the design |l oad (or wunl
measured for each | oad increment. I n this
the maxi mum | oad wesreet tcloenmse dte rcewdr. v €l hfeo rl oeaalc
interpreted to evaluate tiheumeagutbhd Dhvim
interpretpl1®fhmeitdnedidfoidlreed oamad causes the
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defl ection to be equal to thieqf.81 84t mm)cpmp
1/ 120 od wihaet tp/i dieamet er . I n this study, the
close to piles wer & euspad eQyoc agpsatciCageet, BPe tl ree u
design|[ ®éfhmael moded GhlpasamGdctioe, correspondi
devi aitwieore, cal cul ated for the collected dat

Figure 46. Locations of PPCtest piles[57]

Geotechnicali dfarDadtadraiszatSi t e s

As stated earlier, the pil edilfofaedr enrets tp rdajteac
i boui ibamaned from|[a&,7Tdlr3e8/P To ut se sstbsa daynndg ss o i |
were conducted cl o®eltoadacaclkopisli sCIPGAdiIi Né D

osoi l borgs adai Wpoes tatnedd jpgrodp Hye s ;aodfrdeGRIT t da tod
SP-Nval uelsabaonrdat ory testing (rsthieeasr, wshtircehn)gt h,
were coObbblepeibleei | oad test | ocation. Detailed

conditions of the 80 pile | oad[ 18Ri}l dsocat.
wer e dri vensanndtyo dilfafyeeryeHhotave dhedr apyréer dcodmisnoa nlts
type in most pFigédpeeseaht examptyyepoifdnde s
| ayering, soiJ, ppoperimeef (epgdmectlisd ance
CPT cl aswsipmgpbaabohi stic relglddojreatitmati omnl
| ocated |latt rkhcwma (la|lC. WHt\Ve d gvass itreoj ect
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Thead uati on e$§ upshtebgrciapaanaliysi s methods a
reveamser ¢ hahan 70% of t heup8 Mdépiclagpgsacd d me § of
the sideThesi meanset hat most ocfontshiaedseprielde s
friction piles.

Figure 47 Subsurface soil condition at Houma I.C.W.W. Bridges project sit¢138]
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Updating Data I nformati on

ThBayesi anwaecheeghts spdey me@am)nhli s andar d
devi athieorinmhdsl tes obt ai npead ef rlcoma dofyteessét ohues n e w
speci fTihe siptdeat eddivpaleuecsoldfecti vely represer
form; and the bias values of pilealgadenes
a dataset, D, t hen spiotsyt eafi otrh eDpodoradom dbtieet rys db
evaluated as foll ows:

O ——0 QoG [12 2 ]

Il n the abobbe BpgubheooncpfOditional joint pr
par amet(esrts)p.({ b)) bis typically referred to as
updated whbBn heow mMeds Ray ai sabhe. | p&lel 1 hofodt K
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anal wsiBg, sutes) of the data for given para
observed data D. Sincedapt,®d3tehdeo epso sntoer ivaarr yd i
of b is proportional to tdde, paoddiecde roif bd dc ei
above equation

I nitial l y,dawhBesne st hues efdi r(sitn | ev el 1), the pr
existing data/ knowledge and engineering ju
p ( dd), a probability distribution for the bias values,lsucas | ognor mal , nee:
assumed. For example, assuming that the da

di stributioné) tdhaen viae utev kilfnogp t(edddu a thieo n
nNoxw B O HOM [12 3]

wheriw@;s nt he number o&t 88t i madii nvtisd uian tdhaet a |

and LMO)Drepresents the probability density
parameters bhThe abwaetueqgoét Donjetqgrueaaltisy.each
However, data points can also be given a w

i mportance to cohti deadhsmaegiotientpgriamet,er for |
purposenegpglte wemghts fw,camadble odatoaveamsi Mt ,

n'oxw b 0 0O [12 4]

With the prior distribution and the | ikel:@
i's pr opor &jpdrcanlbe sanoplepusiphMea r k o v Gloanit e Car | o

( MCMC) mehhobdassesd on the principle of rando
simulation is the technique to draw sampl e
it is posterior PDF) with a Mar kravb uQ@h aoinn,

When the Markov Chain reaches convergence,
Chain are the same as those in the target

can be used to study the propefrtilkiss omet he
does not rely on the | arfgea nseammlveara sasnu mpiCiV
al gor iGohond nmayn a[nd3Mear evas | mpl e meé 4 Osp du sbeyd . Gr

For tlhdeatekteyvel 2 of the analysis), the ab
can be used to determine the posterior2 by
the new prior2 distribution. Herein, the p
paametric joint multivariate density funct
function that was i mplemented in MATLAB.
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Evaluation of Site Variability us

Probammdlisdicimerneitws emdhnadl y z eobtt me n@RA fld aatma
site inThou@Reathast s werd péadnfOowamed at LA
per f arhmemmungpH otyhpen g gr a m AShGerMsSc.t er i sti c of geo

ot her stochastic methods is dhtheabedtiitmatt e
confidence intervals are derived from cumu
a cumul ative distribution is known, the op

empl oy are up to the usernaexteandi bg BAngmn
100 %.

Descriamtdi dmubsur f acleA SElaredi ti on at

I n this sSlsude, inhd oA penhaearPaie tWwa ss ea&useerda lt o e
the probabilistilcsanal ys$ iel, cbffelln, @BE abAut

| ocaBed\pidenpnd NBAWZS5inn whPiTch elst s (75 ft. de
performed at diffeFeg48€ocations as shown

Figure 48. Locations of the CPT points at LA 1 site
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(a) Location of the CPT points (b) Location of CPT points in SGeMS

The subsurface sollsicobeadwas oanlaract ¢ hiez &d |

CPT tests, as well as, thlee apec®f&iPdd ¢eé skt abo
t hceorrespondi ng CPUlsismg |t lcde apsreagd sobnmé ti sotnis
met jddB8and CPAe soi | classificalla&abpepe Dprotsed

i Rl glL4c®kf Appelnednax i Bhum, ,aandi auv err acgoer rGEaxM eodf
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tip regveal mecesli(tqe, arand. 7550t dih,e rsestpee ct
consists of ahdesamadynigagémyeyFlme the purp
subsusrofdacnel bt Actiwees di vi dedi li nklady ef r8s4:, 0L O,
346 ft:7harfd .46

SGeM> obabilistic Analysis

TheGeMS can read data frdndn lelssa nrBaad foiwn
format, whi ch sitsaangraetdt f omunah tfloe geostati s
poi nt 4 Aisdi ttehacFhoary,ertt hd aver agasfoal eakat €&
then incobp&edliSedai e floawmatthmegutve i n the
l' i ke X, Y, and Z (data). IHetriet,ud e, aduga qintad d
(wmeage CPT) for .ed8ddenCWE Ipooaticamnl taned odart a |

After plottingamhaenwawtas ¢ 6 1t chikec tveadtihoegrvar i ogr
anal ysiksrirgeismghhe ,done. In this kEtudyhgwe fc
do Krhieginn & GeeMsn, eeexdp amd t t mat e on |egnotrriyt homs tphaen
and selektipgh®8gmnttdlyead gparttbomst panel shoul
t wo (Gamearnadl Dat a arfdrVasrpieocg rfaymm)n g itrhge tphaa a m
kri gromges, S50 edéxtzati ons of CPT usi wg@r®equen
genesat ¢dcaatn wlewm t he probabilistic anal ysi s.

What the SGS mdsgdirsi tthhne rveaarlilegyggoam ofF ank & on o
dat a, awhdtc hc ovmpcuatneedt . sWebtyd s sumi ng t hat the v
t he nsocromael transformeg dacth WwWoukdt heokaveoc
data scaled to a unit sill. This is the ca
porosity distribution is in fact reasonabl

| fhe probabifotytHestrudd®(gddonehens Nt §zcimhyl
di stridgiutemnas sfoll ows:

0i édd o 00 | —0 [12 5 ]

Ther obadstliimaitse easntdi mati on variance compl et
of t he( hvearrei aGfPeTo md awhai)ch one can cal cul ate t
any threshold or interval
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Suppose,t owegente etdh e pmhoebna btihlei tdyatvgaditussedeert we e |
and:, &sgty . heevnh.heT corresponding equation wil/l

01 €y i Qv Ag i Q0 01 é@ AR i QU
01 €@ nAf [ QU [126]

Application of SiteaVYadidlyi IAintay yism

|l n oo detrudy the effect of the spatial wvarieé
of two soil | ayer and embankment was model
mo dreé pr es gpbahbhhusrofialc ec.onTdhiet agdlmy ayer on top
|l ayer under it .s hdwhinmptfed Sloeelt apd sp amien e s
mo dfedsrl ope anhald{yfdoirs yYdr ai ned andaruendshowredi rco
Tabil e

Di fferent sceendao i ®tsudvertehenoaefeffect of vari al
embankment properties variability on the e
Bi shop simplified, Jsalnihehtodismmwleirfei aids ealnd nSg
Brief descriptinmenhodstbdantlypi caabhhndgthudyeAppert
126 scenarios were run to i nvcersetaisgiantge Qe o
frictiboolhegilcent ,ygandhthanging the vertical
correl as)i ooom ltehnegtchoef fi ci ent variation of t

Figure 49. Case study modefor slope stability analysis

100 kNfm2
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Table 5. Geotechnical Proerties of soil layersfor drained and undrained conditions

Layer Properties Symbol DrainedValues | Undrained Values
Cohesion c 1kPa 1kPa
Filling | Friction Angle f 35° 35°
Unit Weight g 20kN/m? 20kN/m3
Cohesion c (or Q) 20kPa 40 kPa
clay Friction Angle f 25° 0
Unit Weight g 20 kKN/m?® 20 kN/m?
Cohesion c 1kPa 1kPa
sand | Friction Angle f 35 35°
Unit Weight g 18 kN/m? 18 kN/m?
I n this study, we aoemdsi deoridd ptalrea mea rege afc c

variati onlsi tr €mpadarst reseu mineahbli zecda mind efrti fte i@ on

an gfl,feor

sandy/ cl ayey

SOIi

tglas®-1 0 8eroge tdhfe COV

of colewei consi dered tchet 058y e Whfe nCé¢ afr e
consideringwenconsviedgthed
horizont al correlation I ength, we

assumed

| ensgolb . 62 0N)t1.31( 20nj,anld9(6. Bnj,t esfeatcicoeldyng

t he |
vertical

respeaetcicwoeg di ng

i H oew eavt eurrr yee h & i
c orle.l 46 mjj6o.n6 Zirhkt n. gdtri h® 8a shyt .

c al

tto the

correl

ation

iterature

Table 6. Summary of variability of different soil parameters

l engt h,
(

Soil Type

Parameter

Parameter Range

Sandy and Clayey

Friction anglg([7], [78])

COV ranges from 25%

Clayey

Cohesion([7], [141],

(Shahin & Cheung, 2011)

COV ranges from $0%

Sandy and Clayey

Unit weight([7], [55])

COV ranges from 1.0%

Sandy and Clayey

Correlation lengtt{[7])

Horizontal- 20, 40, 60m

Verticali 0.3, 2, 5m
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I n the case of the spatial wvariability ana
sof tware was activated. The coefficient va
value of the st aindarmd]| ce wioaHly ppr adfpodireteyac L at
probabilistic analysis sampling metAhod was
tot 4000f sampl es were generated and used in
normal sample distribution was wused.

Fomcé iteration, the softwarme gPaai rgaurr cco m
5khotwiglel f f erent random gener aitdm:s rmoulmibderes f 2
1, respectively.

Fi gb2Fd gbBaenki gbhsbdowf abhteor (dFf8jdaefremphleet i on o
sl ope a@nyadbiisl iftor scenario 11, 13 amed 4, r es
condition, for cl| d&ylkwadoanyse.rdserferdi cti on angl

Figure 50. Property contour value of friction angle of sample 2 of scenario 6
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Figure 51. Property contour value of friction angle of sample 1 of scenario 34
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Figure 52. Factor of safety and critical slip circle of scenario 11
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Figure 53. Factor of safety and criticalslip circle of scenario 13

Safety Factor
0.000
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Figure 54. Factor of safety and critical slip circle of scenario 4
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Application of Site Variability in

Ef feSttefVariability on Bearing Capacity

Many reseairgditeed timeesftfect of site variabi
sall ow foundhisossudyswidliffleeensedppoosatche
site variability on the bEhRhesegmetapads tiynol
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se como mesnttat asblugsailnsg t he s[e5y 9)a,) itabhgd natnmo n(
and Gr[ilfiif¢itthlod .

To i mpl esmeanti atlh esdrail & iwl afro ydnddsd tigsenc aursd n g

mo ment sanaaluysstiVisgagpler 6 6s&®fdtowanrdeaxta nopd e

pl anmredddsi gn waftent o fRS)X oof 03. sl n this ana
unconsol i da(tlkeW) utnedsrtasi naerdet c p a sTahmedrgeedc hansi ¢ anlp
design paiaametthdce s r ai ned shHhiearpsesenbed (1S
whil e the schermatuindeaxta aoglreesnc roffb gtiiNbee

The first step i n i mpl enseenctonondgesnstpat sal cabr
analiysspildohe semivar yvbgtramarndhev dolengPptee of 1 nf
(a) and the s(cdasewof | f bec teesauditosb each di M ntal g s
setion

Table 7. Su (psf) data assumed for analysis

Depth (ft) | Su (psf)
5 2475
6 2616
7 2518
8 2664
9 2359
10 2541
11 2706
12 3100
13 3072
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Figure 55. Schematic diagram of shllow foundation for analysis
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Thieent on and m@rdieflf iitshsal so used isipathii&l stu
var i ami leivtayhuea tbienagr i ng capacsAgppeh sbafttew I
softwarehRbpat2Dandom. gcdhgmalt hip elch Way a@rsiéfdfmt/ i
to compute thefthaat iomgofno acpoahnesititdyer . Thhge si t e v
mai n software prFamngaléTd o fptweaseenu s @ dl l@if D
shall ow f oundaatnielb @ me fotf 6 Ot @t.Mbitdatlh of 1000
simulwaweéei enpen f tsitimsddy |

0 12790



Figure 56. User interface of Rbear2Dsoftware
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Dilation | 1 ||| |||
Elastic Mod 1 0
Poisson's ratio 1

The vertoircabmamd!| At i oans sluemnmegdbh hiwegrhe verti cal
var i abi6lOi (fi).grmantdor i zont al Vhaimblirl iofy)] eme:
i's 25 -dnrectthenxt baldyletiimmn. The wsamdom distr
propertiegsgigsrehownkei tassetdout variati on,
me samtdh e setcrteosrss vunderarteh e i fmo 0 mdtahtdomriyh earsz a g t
showhi gm& ekli gb9 er es pedthaevtelfoff t he soil vari
investigat €D W forc odniefsfiecramenr@gtinel. f Th & t Intensehs s v e
def or mannastgmmat e i calri @& 0Tshreeeevwo mmauts ual | vy

fol tdhws weakest soil path. At the end of ev
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correspbaddagd deviation values wettehedef in
beari ng exapacietsy. d

Figure 57. Random distribution soil properties

10

Figure 58. Typical deformed mesh at failure for soil without variation
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Figure 59. Typical soil stress vetors for soil without variation
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Figure 60. Typical distorted meshdeformation for soil with COV = 50%

Var i atSoon oPfar ameters

| n t hissansdtyudy,i | s wi4dh °BEFEtsiperctanwegll ¢gs refpr e
dense, dmeydgiredml| o o(swei tshainnd sr anger e nséli ecerad utr @
i nvestigate the ef hbeecatr ionfg scaoaipla cvia rys aobfinlsihtayl
addition, clayey fgoialnsg 38 tolf; 3dPleeL,ai @fd and

2 kweae sel ect esdt itfof ,r emperdd susms, s tir iedslfpdeyert i tvied vy,

drained analysis condition. However, for t
undr ained chthesloes ekRFRected to remrdesent
softs,clreeyspectively.

I n thisrangeaybdtr@@V i wen caonngt ted b e0¢ @ 15 Gom

(within rangewiitnh larm @Wrramvweses)legate t he effec
var i afocaloihteyyi on, we consiodferceodh et®inm nfs5ddge of
(within range nwehiicnleradased3COdyby he0®fff @ c-
var i afoirliahye vanti altweonassumed high horfi zont a
60;fwhbolre¢ehwiacalatshesmsos sumed hi gh vertoifcal CC
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1 ftaccording Tta®m8 Techb® d d @ tEllrG@rt eusr esnut mmahrey o f
vari at ipanr aonffeaseorisslanredl, cdomaii ti on c¢cl ay and und
respectively

Table 8. Parameters for different types of sandy soil

: Cohesion, ¢ | Friction anglef
Soil Type (kPa) (Degrees) COVf (%)
Dense Sand 0 42
Sand Mediumdense and 0 38 0-25%
Loose and 0 32

Table 9. Parametersfor different clayey soils for drained condition

. Cohesion, ¢ Friction
Soil Type (kPa) ' angle f COVc (%) | COVf (%)
(Degrees)
Stiff clay 7 33
Clay Medium stiff day 4 30 0-50% 0-25%
Soft day 2 20

Table 10. Parametersfor different clayey soils for undrained condition

Soil Type Cohesion, ¢ | Friction anglef
(kPa) (Degreegs) cove (%)
Stiff clay 72 0
Clay Mediumstiff clay 36 0 0-50%
Softclay 14.5 0

Rel i abrnidliysyi A

Meyer hoff glavewitimg¢i on to calcul ate gt hfeorul t i
shall ow foundati on e p tfhofootbisfnign gl Dwi dt h ( B)
R AiIQ 1006i Q m &iQ [127]

wherce oBINd,aNtehe beari ng ¢ apnadarsey tfhaec tsolrasp e sf
andddandarde the depghle fattowsng i s how the
calcul atedtonthelaoilb’"s ultimate bearing c.

QN 0 [12 8 ]
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whersies Pt he vertical lfvade bBerl ebiedstbedg, f B
respectilvredey sedW.BRal &rild a/dfst . ( 4d0 06,0 05 KON / am)
wer e coisda dwemrietd.wei ght, c oweegxi ced2&itd Bfdpic€t i
(20 kN2 0 1p0s flkaRial® 3 0 e s p eMattilvaebvgso deevel oped f
part of anal ysi s.

Application of Site \anr iAanbaillyistiys i1 1

I n this study, Wwd 3ddd pNagh itthjel @Npaicohhdt dboilt @ gy
for both the cohesive and cohesionlness soi
deeopunfdat i oNMe ddd siogrexpanded t hé[ 1la3plplproabhl it
farhe aoml ysd&voi ke anal ysis wé diadayeyr (co
anal ysi s iowe nwisi dRee d SR | odcraitae,d Lot ugi Astieasnaan. |
borings were performed t of9Mehdet Ri e udhietaed |
149ZFor the analysis of mixed soiiln, whé cdchi d o
sobdrings wereepemftorddoedt @atondli@®Fd5fgti e Adept h
detailed discussion on thwitbhésigevandl ao
anal ysfiisr swasgermf drhoaeldeoshses ssiwg Ict ( ofh® awgt Bout
considerienagr itrhge. eSddi wdg icdnoindaeam@d¥wi t h di
values of 0%, 10%, .2 ®MunftfI0DLéemp [4i0Mg alnac Ht0i%0 n
16. 45mj,32. g 0ont4.9. (22 5h)t6.5. (B2 0Nt . 8RdZF8n) wer e

consi ddarsedgairnt tof anal ysi s.

I n this study, we&GBalmed hopddtfo®d Hloe hNzghielsi
mi xed soils) in orkdear itrmg i mapa giotryatien tthhee ec
foundati ons.

| ncornrpaorga End BeariSoglinto Cohesi ve
The unit end bearingapacity of piles tip oglay isgiven as followg142]:
Y 06Y [129

where,Y = unit end bearing of the piland 0 = bearing capacity factor = 9.0. According
to Skemptorj137], Y = average udrained shear strength of clay for 1D below the tip.

Recalling thaultimate sideaesistanceof a piledue tocohesion (c)s givenas follows:

Y R OfH [130]
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Adding the above two equations, the ultimatestesice of a pilbecomes
Y okl Y [131]

Including’Y uxy the above equatidmecomes

vy o —— Ty [132]

-

then,Y ~——— - [133]
Assumi nig’'O 'Y ,the above equath becomes

5 60 —m8 — [134]

thenj 0 —rH’ SE— [135]

Refereeingto the above equatiofor the failure probability calculation, the next two
components are defined as follows:

® - [136a]

n | O | O Y [1360]

By solving thee equations, we will get
n 0o — ODatwll— p ! — [137]

then the geotechnical resistance fadtet,can bedetermineds:

Aogetn I, [139

| ncor pd&mat iBe@ring intdiol Cohesionl ess S

The toe resistance of piles tip on cohesionlesssodlculated using the Nordlund method
as follows:

Y | Geed 1y [139]
w h e rtis the dunen®nless factordependent on friction angle) (sEd g & ) & aeis

the bearing capacity factor (see g @ 2 @& is theeffective overburden pressure (at the
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pile toe); andAt is the crosssectional area of the pile (at the pile toe). The averagdue
within the toe influence zondgrom 3D (dianeterof the pile) above the toe to 3D below
the tog, isselected athef value.

Figure 61. Re | at i o n s h i; queffisient awdsfriction dnigle for cohesionless soils

D = Embedded Pile Length b = Pile Diameter or Width

| | |
"L’!—__I’l_
-— Db Ratio ==
. 05 =
5 | T N
8 207"~
g
3 N
o3 /
45
0.1
15 20 25 30 35 40 45

¢ (Degrees)

Figure 62. Relationship between) & and friction angle for cohesionless soils
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The characteristic ultimate geotechnical resistaiNceis obtainedas:
Y -0 p | %o d&% Y ;where)Y | Oad N [140]
The failure probability (actual), , will be given as:

n 00 Y [141]
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And a successf design methodology will haye@ O m.By includingtheend bearing R,
the p becomes:

no0o =

[142]
letting

O p i ONTI, O p | BODEKkN | O | O 'Y ; and

So the above equation can heitten as:
n 0o — [143]

Then can be derived from the following

n p ! —— [144]

The reliability inde, b, can be expressed: as

I — [145]
Thegeotechnical resistance facfor ) is then calculated dsllows:
Aget n T, [146]

In case of mixed soil {gers, according to FHWA, for the piles terminatetbia cohesive
layer, use the B (unit end bearig) for cohesive sailFor piles terminated into a
cohesionless layer, use thesRunit end bearing) focohesionless sall
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StudQaesfa t e s

CoheSobveée Site

The Red River site was selected here to an
foundat ihemsd vieorsodd soomhdiboiromgsEiwght perfor
down to 105 ft sofdegpdihl. Bdrei n o afeo wetrlee pRed
ear|l Fiegssdm and t he pywhivia befidc e | saanigli fuinda taii omre
shear ate emmgeiegi4erd Ap p eFnodri xt hBev eRrd dsuRt e

soi |l weaydeernst i fi ed-2Dof t alh@.bfpwl Rf0t ., 15 nfdt 70

For the analysis purpose, we assumed our p
correspondiagi di Bbea,R@agrsRI8ofom t he pid4l0e 51 oc a:
ft1.2 .09,36. 8L 4f. 09,2 .6 nldA .fOt3.6 507), r e s paesc tdevsedryi bed
Fi goiBa )The wei ghtoefd uanvddrraa gneedtyrgeonegftfhi c(iSent of
vaatii on(CoOY¥) angdt andar d d@Ei arla ®e2 0dlf1 pSf 3 0

kPa 0.31 and 7he weeisgohetoelSli valelEyr.aggfctoRr2a r e
1773.84p%E WRP&LS5 and .BEvpdlinvesgipelctte @ 8d wer age
COVYy aufdokr8rle957 .83 ps%k WRPaA7 and 44, respect

Cohensionless Soil Site

Since we do mot thavsd Ha mgyhysi tcohesi onl ess so
sitenavetwamgae of fa i=gaditbiefrfangl epef ficients
varisat CQvhradaedfgr om 0%l nho ad@%ti on,i fwerceoansi de
boreholde s fwamemtti sgbhate shatnweean 16. 4 ft. (5
(2 3n)

Mi xed Soi l Site

ThMet airi e sifoeawpzsi sgl ebeéedf foemctdecefp soi |\
f oundatmiaxnresd fsoori.| Fadaicklietnh @omi ngs wer e perfor
| ocations i n MetairiTdhesiltecetal smam [t d ok 0 51 gfst .w
presentiefdi g4 & iselhilesur face soil profil e with
undrained $beaMesane ngnt ddfsidgdifsEFadur nds difler ent
| ayers werbdetdentefsetdetvorcuagdiynlOagaofF 9i
and |11 : wi8 btooh If738nfdt t w,o s(alnld:y 2 % ytea s48 ft .
to 10w tfht .t)dttal of 46
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Figure 63. Distance from thepile and soil classificéion of different point at Red River site
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f t5.7 .09,1 9®f.t5.8 .(0),7 d4R2®. 29 nB,7 r(espashowerel iyn
Fi goiga) Meanwhi @4 d) shows$ uenlsdercafi ned shear s
and frictiocoiandlbe i MArs tamed M11.

Figure 64. Distance from the pile and soil classification of different poinat Metairie site
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Anal ysis and Resul ts

Laboratory and Field Tests

Thesecihochudesutamsalaynsdi s of all expdari ment al
box, fli ®bartatsdrsy Analyses are performed ba
met hod, whi cBaird®Rl unkd h otdh ea nXs i tsiaes IANOVA) ( An
Besides, mtmensegCc8KMOd statistics is also use
coul dphypt -Badmme/ K and the ANOVA met hods are f
System Analysis (MSA) ma21ala9® Bt h Edition)

Resul tsalwndiBfo xo sTest
Tests were permod,damnd itimet lbsd¢krtdmet @ddaemo ntln
appl y-BaheRXand the ANOVA ma&ndoldack tlhec dtrioon

considered aasndgpExcimeanpecgt i2vel y. Data are t
Poionatio Fifghheébsasarwgtes the speci men de

Figure 65. Specimen determination for analysis

30"

Back or

1-8" .
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1-8"| Specimen 1

5'x 3' Blue Box

The Gauge R & R method cdn ghhe d&mplliiedg Wein g
Defl ect omet ebi r(tL FPWD )t adhnl dg z-& € Agheirce afsn onl y t |
FOSM can be appli,eddfGheagBe DEP, GHDGe R &
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cain be applied for thebPCheasurepgeatnaldi For)
EEGaugeproducd bbéi dgt eami ned.

Anal ysiGse oggduwNaen d-SPRataac cor di-Bhagr /tR Met hod

To assess the evadreivabciel,i toyp ewt autémipre atnhalb islpietcy n
repr oduyacnidb islpietcyi me ne vtaor ibaeb.iclo rdyiedhdaree® @y a u g e,
andSWA dataevahulat eBlaru/sR ngettthed Xas thi s met
repeatability (repetitiongndrepeoidmen bvadrnit:
Tablllel l ustrates t he todlad uslaarteiaay €af a (aa/ err aanggees
of HatadiffeaecbDrdpeBarn /oR §rhethiEoddiefffoerr ent
operfborsand soil and Geoguge devi ce.

Table 11. Analysis of data according to XBar/R method for sand soil using Geogauge

Material Location Operator 1
Total Average
Data | Average Average Range Range
MPa MPa MPa MPa MPa
Eront 59.16
ront or
Specimen 1 59.77 60.03 2.00
61.16
Midd 60.55
iddle or
Sand Specimen 2 60.98 60.84 58.78 0.43 1.82
60.98
Back 56.65
ack or
Specimen 3 53.61 55.46 3.04
56.13

0 1400



Material Location Operator 2
Total Average
Data | Average Average Range Range
MPa MPa MPa MPa MPa
Front or 54.04
Specimen 1 | 47.54 50.49 6.51
49.88
Middle or 50.05 49.24 1.47
Sand Specimen 2 48.58 . 49.73 . 2.86
49.10
Back 49.36
ack or
Specimen 3 49.79| 49.45 0.61
49.19
Material Location Operator 3
Total Average
Data | Average Average Range Range
MPa MPa MPa MPa MPa
Eront 59.34
ront or
Specimen 1 58.55| 58.53 1.65
57.69
Middl 55.78
iddle or
Sand Specimen 2 53.52| 55.43 57.75 3.47 2.46
56.99
Back 58.29
ack or
Specimen 3 59.08| 59.31 2.26
60.55
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At

deter mepeat nedi trietpyr yo®dhuecaltbi totrecti on
deter mi halB ¢ Afotme mgc d fheal me n
evat hieott ead .
an elderdni

an

epeatability,

Material Location Operabr 4
Total Average
Data | Average Average Range Range
MPa MPa MPa MPa MPa
Eront 56.04
ront or
Specimen 1 55.52| 55.61 0.78
55.26
Middl 50.75
iddle or
Sand Specimen 2 50.83| 51.99 54.81 3.64 2.05
54.39
Back 55.87
ack or
Specimen 3 57.60| 56.82 1.73
56.99
Material Location Operator 5
Total Average
Data | Average Average Range Range
MPa MPa MPa MPa MPa
Front or 49.79
Specimen 1 50.05| 51.12 3.73
53.52
Middl 51.61
Sand | ol@d€or en49| 51.76 51.02 2.69 2.89
Specimen 2
53.18
50.92
Back or
: 50.92| 50.17 2.26
Specimen 3
P 48.67
ftihres t a | average and averfaogre eraacnhg eo pneereadt o

be

ned. Al

espectively.
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Table 12. Repeatability analysis according to XBar/R method

Analysis- Repeatability (EV)

Average Range| Bias Correction Factor Repeatability or Equipment
(R-Bar) (d2) Vari ati on, (barfdg)
MPa MPa
2.89 1.693 1.7

Table 13. Reproducibility analysis accordingto X-Bar/R method

Analysis- Reproducibility (AV)

Range of Bias EV?2
avg:cage Correction gluen;i?ﬁ;r?; mgggt;g:noefntc (Equipment |Repr oduc
operators Factor P ") ' repetition (r)‘ Var i at | reproducibility
" , .
(Ro) (d2%) repeatability)
MPa MPa
9.05 1.74 3.00 3.00 1.43 5.18
Table 14. Specimen variability analysis according to XBar/R method
Material | Specimen 1 Specimen 2 Specimen 3 Specimen Variability (SV)
Rarge of the Bias Specimen
Data Avg. | Data Avg. | Data Avg. specimen | Correction Yarlablllty,
average Factor (U spe
(Rs) (d2%) (Rs/d2%)
MPa MPa MPa MPa MPa
Sand 55.15 53.85 54.24 1.3 3.5 0.37

Table 15. The coefficient of \ariation (COV) analysis according to XBar/R method

Combined Specimen Average of
Device Variability | Total Variability (TV) Modulus C\(/)a\iigfbi-:-i?tal
Variability (SV) Measurements y
Specimen
GRR (GAUGE Variability, Total Variability, 'I_'h_e
R&R), o N Total Average | coefficient of
a(EV] +4 uspecil a(EV]+AV] variations
(Rs/d2*)
MPa MPa MPa MPa %
54 0.4 55 54.4 10.0
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Analysis of GeogaRfabatbWdDi agdtd ANOVA Met |

Anot her statiesvalcwud b é &ichesa mduedliblosiitean ad v
( ANOVA). This technBguékRi meshpdrasriitoi hbet

specimen interaction. tBogeowaal omarraebulired &a
Tab2d e ANOVA anrafl yrsmesd iwi gpet he Statistical An
program where the probability | sTatbhGeen f or

descthbeprocestshtebbatabvaul abel ity.

Table 16. The coefficient of variation (COV) analysis of Geogauge according tANOVA method

Geogauge ANOVA
Material | Avg. | EV2 AvVv] = d Gauge R &| TV (Total | COV
Type SVv? R Variability)
MSSE| d ]| UJ d] | aJ| a( EV
U| AV?)
MPa MPa MPa %
Sand 544 | 2.2 |145|3.7| 18.2| 0.4 4.5 4.6 8.4

Here, EV = Equipment Variability, AV = Appraiser (Operator) Variability, SV = Specimen Variability,
MSSE = Mean Sum of Square Error

SummarnyheofCOVGdmgaudeandIMD i s pTable/dted i n

tabsé kotwstaie COV f orra nCGeeosg #furgeem 1%5.. B3-Bobaf bR t he X
met hwohdiiltearv es from 7.4% to 18. 1% ftore t he AN
COV ranges from 7.4% to 148a83 %Rameét ®o2%anad

ANOVA met hod, r e&PpiehCcOVNvebpgeBtod PDOD.MBDA- B he X
Bar/ R mwétilvedr;i es from 6.7% to 15.4% for the
the COV was wadismngactthedd att edt aali gwae cesn taend i n
Tabll7e Tehreg aGOVWTF GeogaugergSBD&EaNDa r afgeé% foom
156 10. 9% to 20. %% rmaspé&c Oi%v ¢ddO/NV1 IMetr etohvee r
high PB) (RIiEB 5% | i medand( BR= 2 EH)gedamnRIl mj Pl =5
are the greatest f&PAGeogapgeti LEWD. and D

Whi |l e c o dveaarrii anlgi Itihtey meamenrg al s tested in th
and LFWDtdeevdincuens ,PI 2 (Pl =310 odrhg salolws t h
st atli stteicchani ques, t he b bteadk nfAINADIVa#NQlV ss ewceo n d

mo memmett Botlor, LWRWDXxh. datode 20 r&% pecti vely. I n
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D-SPA, t he maxs mumelCays wiag t he AeNNOMAM mRelt hd d
(PI1'=383) so

Table 17. Summary of COVs of Geogauge, LFWDand D-SPA data accading to the X-Bar/R and
ANOVA methods

Geogauge LFWD DSPA
Second| X- X- Second| X-
. Momen | Bar/ |ANOVA | S€cond | g | ANOV | o men| Bar / ANOVA
Material Moment A
t R R t R
cov (i/O cov cov (i/o cov cov (i/o Ccov
% % % % % % % % %
Sand 7.6 9.9 8.3 10.9 7.4 13.1 6.5 55 6.7
RAP 7.1 7.2 7.4 11.4 12.9 12.4 5.9 4.2 6.8
Low Pl
(PI=11) 11.4 8.8 12.2 14.2 11.6 19.1 - - -
High PI
(PI=53) 7.2 51 8.3 11.3 10.6 11.8 10.0 54 10.2
High PI
(P1=53)
+5% lime 14.9 12.5 16.5 15.9 10.3 18.4 - - -
+ 4%
Cement
Medium
Pl 3
(PI1=35) + ] ] ]
5% lime + 11.0 10.8 11.8 15.6 12.4 18.7
4%
Cement
Kentucky | 117 | g7 | 137 | 119 |131| 134 - - -
Limestone
Mexican | g | 84| 86 | 78 | 88| 82 : -]
Limestone ' ) ' ) ) ’
Medium
Pl 1 6.7 7.2 6.9 16.3 11.7 19.4 - - -
(P1=21)
Medium
Pl 2 15.6 13 18.1 20.8 14.3 24.4 9.2 7.8 10.2
(PI1=31)
Medium
Pl 3 14 10.1 15.8 16.8 11.3 18.3 13.4 9.6 15.4
(P1=35)
Low Pl
(PI=11) _ ] .
with 3% 15.2 15.3 17 16.9 9.5 20.4
Cement
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Anal yPysamic Cone Penkatraometer (DCP)
The DCRettosiduclzZidf oamantrgi@blse ibnpgx of The of
DCPndex i(rDC(Pmm/ bl ow) was <cal cui$ adaedi hdirc ati
ot he strendbwihtd bogfT Hrea titedrieaDCPI , t he hi gher t}
geomatFemri dlhe compacted materials with high
moi stur ¢ h@MIt emweelr eeFlil g@® e e seexnatnsp f e DCP |
pr of estaewch,i ch s howsaltuhees DNERIr ease al ong the
Figure 66. Examples of DCPI profiles for and
San[:i(f';}':ll:ltp[zg;:inn Sam:J -c :f;:i‘?i;:arﬂiclzliun San[)dcfpl;pa':kp:zgiinn
DCPI (mm/blow) DCPI {mm/blow) DCPI (mm/blow})

—t—(PERATOR 1

OPERATOR 1 il (JPERATOR 2
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P
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-
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3
>
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Penetration Depth {cm)

g

;'f P = o J i T

! ) #\A s \

n‘m'u \ i \\ 2.0

Ad he tDCoeper f or med byt hdepyereaddgueareatadn 4, ti es
grouped intses. thheee®egamebtthded ound for, oper a
and operator 3TahiBa & oims t hleo wm eninmae lgatoefd t h e

vari abCDMtayngetltif&@% Moo TITbhe valuehefl| C@W¥sivabo
Kent ic kngst orhe gdireds tttHhiegh PI (PI =53) soi l
Summary of rtehebleadadtiilony of the DCPI aver a

i mabl% i ntwkO\ BAnge 4% anO0L8. 1
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Table 18. Summary of operator-related variability of DCPI avg. (mm/blow)

Material Operator 1 Operator 2 Operator 3
DCPI| SD | COV | DCPI| SD | COV | DCPI| SD | COV
Avg. Avg. Avg.
mm/ | mm/ | % mm/ | mm/ | % mm/ | mm/ | %
blow | blow blow | blow blow | blow
Low PI (PI=11) 158 | 15| 95 | 159 | 0.7 | 45 | 1563 | 05 | 3.0
Mexican Limestone 27 | 0.1 | 21 31| 03 |100| 23 | 0.1 | 25
High PI (P1=53) 525 | 86 | 16.4| 485 | 5.0 | 104 | 50.7 | 55 | 10.8
Medium Pl 1 (PI=21) 279 | 10| 35| 271 09| 3.2 | 31.7| 3.8 | 12.0
Medium PI 2 (P1=31) 283| 08| 27 | 314| 20 | 63 | 346 | 1.8 | 5.2
Medium PI 3 (P1=38) 36.8| 47 | 12.8| 353 | 54 | 15.2| 37.0| 59 | 16.0
Sand 247 | 1.3 | 53 | 269 | 0.7 | 24 | 27.7| 3.4 | 12.3
RAP 90 | 04| 40| 80 | 0.3 | 38 | 6.8 | 0.4 | 53
Kentucky Limestone 33/ 01] 18] 36 | 01| 16 | 3.0 | 0.1 ] 3.9
Medium PI 3 (P1=38)
with 5% Lime & 4% 178 | 08 | 47 | 179 | 20 | 110| 178 | 0.7 | 4.2
Cement
Low PI (PIEIT) with 3%/ 1,71 11| 74 | 131] 09 | 70 | 150 0.7 | 44
Cement
High PI (P1=53) with 5%
Lime & 4% Cement 202 | 2.1 |102| 202 | 20| 9.7 | 20.7| 13 | 6.3

Table 19. Summary of location-related variability of DCPI avg. (mm/blow)

Material Locationl Location2 Location3
DCPI| SD | COV | DCPI| SD | COV | DCPI| SD | COV
Avg. Avg. Avg.
mm/ | mm/| % mm/ | mm/ | % mm/ | mm/| %
blow | blow blow | blow blow | blow
Low PI (PI=11) 15,0./0.(]16./0.|5.]15,/0.]|65.
Mexican Limestone 2 . 0.113, 2. 0.118. 2. 0.]11.
High PI (P1=53) 58.5.]10,50.,2.|5.144.,2.]| 6.
Medium Pl 1 (PI=21) 31./4./12,32.,4.(13.,29.4.|15.
Medium PI 2 (P1=31) 32.,3./11,/31.,3.(11.,30.2.]|8
Medium PI 3 (PI=38) 38. 1.2 40.,1.]]2.(130.1.] 3.
Sand 27.01.13.124,)1.|6.|27.,3.|12.
RAP 7 1.]16.,| 7 0./111. 8 1.114.
Kentucky Limestone 3.70./120,3.70.(09. 3.10.]10.
Medium PI 3 (P1=38) 18.,1./8.(18.,0.4.]|17.,0.] 3.
with 5% Lime & 4%
Cement
LowPI(PI=11)with3%| 14 .0 0. | 3. (114 .1 9. 113./1.]|11
Cement
High PI (PI=53) with5%| 2 0. 2. |110.20.2.1]9 20,/ 1. | 6.
Lime & 4% Cement
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Anal yBusl edr Densi tDpt@auge (NDG)

The NDG t esfitosr meedr @ nped hree di fferent | ocati
Ther eofndryke otchaeteiloanaedabi | ity anal ysDG wae per
| ocartelomnaedabi |l ity can be analyzed@ab2oOe dry
anidab2iresdet | oebhwbodabi lities for dry dens
content of, trhees pneactte rviedlys

It can be seen ffCO¥Vm trhae glieathdd@d@riOEdty tdleensi t
fr ot 4% ©b o@2dbi.slt ur e cont ehnhHei ghFoPrl d(rPyl =d5e3n)s iw
Il i M&ge meand Mdixmesathon dnmeshiomvum an€OMisni mum
respectihelmt uF@er content, GCaWweée mumbaedvmdnif
t hhely PI=%3®) with =2WelhnittnmEzwd P4% (Pl =édmmmenwith
respectivel y.

Table 20. Summary of location-related variability of COV of NDG (dry density)

Material Front Location Middle Location Back Location
Data | SD | COV | Data | SD | COV | Data | SD | COV
Avg. Avg. Avg.
pcf pcf % pcf pcf % pcf pcf %
Low PI (PI=11) 1046 | 1.3 | 1.3 | 105.7 | 1.7 | 1.6 | 1046 | 1.8 | 1.7
Mexican 1254 | 08| 0.6 | 1242 | 06 | 05 | 1253 | 1.8 | 15
Limestone
High PI (PI=53) 777 | 24| 31 | 780 | 1.3 | 16 | 769 | 21 | 2.7
('\ﬁ,elfg‘lr;‘ Pid 103.1| 29 | 28 | 1021 | 0.7 | 0.7 | 101.2 | 1.0 | 0.9
Medium PI 2
(PI=31) 936 | 27| 28 | 954 | 29| 31| 947 | 18| 1.9
('\ﬁ,elfgg‘ PIs 915 | 24 | 26 | 908 | 1.9 | 21 | 886 | 2.1 | 23
Sand 1013 | 1.7 | 1.7 | 101.0 | 1.9 | 1.9 | 1004 | 1.1 | 1.1
RAP 1224 | 51| 42 | 1235 | 51 | 41 | 1227 | 52 | 4.2
Kentucky 1393 | 16| 1.1 | 1384 | 21| 15 | 1385| 1.2 | 0.9
Limestone
Medium PI1 3
(P1=38) with 5%
i g 4% 934 | 13| 14 | 916 | 08| 08 | 923 | 0.7 | 07
Cement
Low PI (PI=11)
with 306 Coment | 1003 | 31| 31 | 973 | 06 | 06 | 996 | 0.9 | 09
High PI (PI=53)
with5% Lime& | 1007 | 6.2 | 61 | 885 | 1.7 | 2.0 | 937 | 16 | 1.7
4% Cement
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Table 21. Summary of location-related variability of COV of NDG (moisture conteny

Summary of NDG (Moisture Content) Based on Locations

Material Front Location Middle Location Back Location
Data| SD | COV | Data| SD | COV | Data| SD | COV
Avg. Avg. Avg.

% % % % % % % % %

Low PI (PI=11) 16.8| 0.7 | 4.1 166 | 0.8 | 4.5 16.4 | 0.7 45
Mexican Limestong 10.1| 1.0 | 10.2| 10.1 | 1.2 | 122| 96 | 1.4 | 146
High Pl (P1=53) 369 17| 47 | 370| 15| 41 36.1| 15 4.2

Medium PI 1
(PI=21) 189| 07| 36 | 193/ 08| 44 | 193 | 0.8 3.9
Medium PI 2
(PI=31) 2231 11| 50 | 211 09| 40 | 20.8| 0.7 33
Medium PI 3
(PI=38) 235/ 07| 29 | 235| 14| 59 | 239 | 15 6.4
Sand 9.3 1 10.7| 9.1 (11| 123| 94 | 0.9 9.9
RAP 54 | 11|1198| 54 | 11| 195 56 1 18.5

Low PI (PI=11) 16.8| 0.7 | 4.1 166 | 0.8 | 4.5 16.4 | 0.7 45
Kentucky 66 | 05| 73| 66 | 05| 69 | 67 | 04| 65
Limestone
Medium P13
(P1=38) with 5%
Lime & 4%
Cement

Low PI (PI=11)
with 3% Cement
High PI (PI1=53)
with 5% Lime & 17.7 | 3.4 | 25.1 20 0.6 | 2.8 173 | 1.6 9.1
4% Cement

234 | 11| 48 | 244 | 1 4 24 | 06 | 2.6

163 | 11| 6.8 17 | 07| 42 | 169 | 04 | 24

Anal yE-Gaupéat a

Like the NuclearGhegsesitgstGCGawge, altde Eer f or
| ocatit nstnkdee boxGauGkest Ewas al so performed by
test can imldersyurdee nbsatthy and moi sture content
moi sture probewsotneduemmeso i nternal probl e m:
case, onl y ofhet hwee tt edsetnesd tnyatTeab2@nidabluéd be
23 ummar COD&ishtheced by dry/ wet denrseistpye catnidv enh

Tab2Zhows t het retahieg oGO 0. 37 % r t®don 481.94 %t % adn.d0 2 %
drdyensaindy wet densTh®@OV mefs pédateenvte bvpar i es fr o
1. 76% t((@ahb2BpeTh%a xi mum andCOVi fiomumrrye densi ty
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notichedhfl®d5 3 eamdP 1 ( PIlIFB@n4d%einten t5 %
respectihel gas€oof tmmeaxt muen @ o CtOavin tvje me m
obseff iegha rfd g hwiPtl hli B@®n4d%e mentr espectively.

Table 22. Summary of location-related variability of COV of E-Gauge @ry/wet density)

Material Front Location Middle Location Back Location
Data | SD | COV | Data | SD | COV | Data | SD | COV
Avg. Avg. Avg.

pcf pcf | % pcf pcf | % pcf pcf | %
High PI (P1=53) (Dry | 88.65 | 6.92| 7.81 | 88.06 | 6.94| 7.88 | 87.07 | 7.13| 8.19
Density)
Medium Pl 1 (PI=21) | 114.85| 1.05| 0.92 | 115.97| 2.71| 2.33 | 116.11| 2.68| 2.31
(Wet Density)
Medium PI 3 (PI1=38) | 116.74| 0.60| 0.52 | 116.24| 0.93| 0.80 | 115.91| 0.96| 0.83
(Wet Density)
Sand (Wet Density) 106.36| 3.46| 3.25| 106.93| 3.74| 3.49 | 106.41| 4.28| 4.02
RAP (Wet Density) 120.94| 2.88| 2.38 | 120.94| 3.25| 2.69 | 121.40| 2.92| 2.41
Kentucky Limestone | 158.01| 0.64| 0.41 | 157.82| 0.82| 0.52 | 158.23| 0.84| 0.53
(Wet Density)
Medium PI 3 (PI=38) | 95.98 | 0.53| 0.55| 96.77 | 0.50| 0.52 | 97.40 | 0.42| 0.43
with 5% Lime & 4%
Cement (Dry Density)
Low PI (PI=11) with 105.27| 0.55| 0.52 | 106.33| 0.81| 0.77 | 107.30| 0.50| 0.47
3% Cement (Dry
Density)

High PI (P1=53) with 92.93 | 1.16| 1.25| 87.00 | 0.70| 0.80 | 81.70 | 0.30| 0.37
5% Lime & 4%

Cement (Dry Density)

Table 23. Summary of location-related variability of COV of E-Gauge (noisture conten)

Material Front Location Middle Location Back Location
Data | SD | COV | Data | SD | COV | Data | SD | COV
Avqg. Avg. Avg.
% % % % % % % % %

High Pl (P1=53) | 25.11 | 4.54 | 18.10 | 2426 | 4.19| 17.26 | 25.44 | 4.78 | 18.80
Medium PI 3
(P1=38) with 5%
Lime & 4%
Cement

Low PI (PI=11)
with 3% Cement
High PI (P1=53)
with 5% Lime & | 24.17 | 0.72 | 2.99 | 2497 | 2.05| 8.21 | 26.23| 0.46 | 1.76
4% Cement

21.07| 042 | 198 | 20.20| 0.36 | 1.78 | 20.50 | 0.60 | 2.93

1420 | 0.46| 3.23 | 13.87| 0.60 | 435 | 13.87| 0.35| 2.53
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Anal yBRl atefLDatda Test

| pl at e b@Aa)t hdees €er mi nati on of amounts of pl &
are desirable. Besi des,mddud rien ietviad lu ammceedu lwi
hep of normal stress vs de&tPtLITdmgnt amldot heT
moducdan be £wamuthe dtieg#ity eruess inigt & h(e f ol | owi |

1. 182 P
EpL T : [ 147

where: P = appil tdcefll eoadoonBptrabadpluatef ph.

The sReTe performed in thdhmedtdsembhpcandt obe
incladedatyze for variability asatbrswieéest
one repetiti @ao.ndulct 2 Rhipaldsre .wieales t oi dket er mi ne
modul us @§mddhier st ] r el o[aEHR InTg( Rio)djul u s

Figure 67. Plate load test of bw PI (PI=11) il

Plate Load Test - Low PI (PI=11)
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Refer Fig@rtehoe 1 niti al mo dfurl aum tchaen ibrei teivall um
st rseestst lcaamavieer e t he sl ope of the initial m ¢
the i ni t;aaldhfleioragdti nrgel o a dienvga | nuoad veldu sf rcoam tbhee
part of Thekettomdeng modulus is the average
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curve of the fiinrgstc ucrycel eofandn er esl@areodi d ad y alne
rel oadi n gp rnmeosdeu & b2bder ien

Table 24. Calculation of initial and reloading modulus of lowPI (PI=11) soil

Type Stress| Load | Poison's| Radius| Deflection| Modulus | Modulus
Ratio of Value Value
Plate

psi Ib inch inch psi MPa
'(rl‘E'tF'fi'T'\(’i')‘;d”'”S 65 |2872| 04 | 375 | 0035 | 11700 | 80.7
Reloading
Modulus 65 |2872| 0.4 3.75 0.067 6112 42.1
(EPLT(R1))
Summary of initial and reloadianzysé¢medul es o
maxi mum EPLT( if)orwakse inotrbessekrgwvnetdd ( 3d e i MRian) an
was obt higme dPIfsoprP| MPaBo wevtv de, maxi mum and mi
EPLT (wWRals) o bftoari nkeethmerstk yne (mR2d 2.h5 PMPA)Pla5 3)
MPa) respectively

Table 25. Summary of plate load test of all materials

Summary of Plate Load Test
Material Initial | Reloading
Modulus| Modulus
MPa MPa
Low PI (P1=11) 80.7 42.1
Mexican Limestone 3112 163.5
High PI (PI=53) 23.5 11.7
Medium P11 (PI=21) 44.5 24.3
Medium P12 (PI=31) 38.9 19.4
Medium PI1 3 (PI=38) 32.0 12.4
Sand 23.6 42.1
RAP 68.1 54.5
Kentucky Limestone 344.9 222.5
Medium PI1 3 (PI1=38) with 5% Lime
& 4% Cement 114.6 43.5
Low PI(PI=11) with 3% Cement 150.8 41.8
High PI (P1=53) with 5% Lime & 4% 110.3 332
Cement
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Results and Analysis of Constructed Field

Anal y s bceo nosft r uc tdeadt o ived rde tpeesrtf ortrhiesilo x he sam
t ecaTa¥Bar/ R antheANOWA can ta@esoog abueg ea papnl d eldF
tests in three flidelsdec tTihoenhdec oveeh et attetietdoati ng
(ALF) seeaumns were constr aeaatome remhoauninsse n t
were construcdwvdar analdbeveba ldseankes iex steltdati ons

were copnpstembahedd ment Imocama olke sagpa rpcahr tproofj e ¢
t he case of dynamihoep ecroanteo rp eanedd arthoonbeaitasi €loint y

anal yzedeuwg®nodmgemnmtthestsati sti cs. I n the case o
(NDG) -Gaadge&, onlyetmaeldabati oy sd aticeebe eval i
devices wer esicroqlde claged Gedtpoma. t he tphreopledr t i es
constructehcatbevadlnahgzed for the variabil it

Table 26. Properties of the14 constructed sections at ALF

Section Type Properties of the sections

Section 1 Low PI (Pl = 11) with 7% Lime + 15% Flsh
Section 2 Heavy Clay (Pl = 38) with 7% Lime + 6% Cement
Section 3 Low PI (Pl = 11) with 8% Cement

Section 4 Heavy Clay (PI = 38) with 3%Lime + 2% Cement
Section A Low PI (Pl = 11) with 5% Lime + 11% Fly Ash
Section B Heavy Clay (Pl = 38) witl2.5% Lime + 2% Cement
Section C Heavy Clay (PI = 38) with 6.0% Lime + 4% Cement
Section D Low PI (Pl = 11), 5% Cement

Soil Cement Section 1 8% Soil Cement, No Micr&racking

Soil Cement Section 2 8% Soil Cement, Low Micr&racking

Soil Cement Sdon 3 8% Soil Cement, Medium Micr@racking

Soil Cement Section 4 8% Soil Cement, High Micr&racking

Soil Cement Section 5 6% Soil Cement, No Micr&racking

Soil Cement Section 6 6% Soil Cement, Medium Micr@racking

Anal y&6eegatdedWhedst Dat a

Anal yses of t heFVHEEogh uX/eBRaMNO\fahned de n d

mo memdét hodsesullThe bf anal yses aoef preisemt edf
vari ati)onTOMCWt h t he GebpfWDgween ndde ttehremi ne d
fot ot al vywreatrdteotlalt yvariability is grouped i
reproduci bility amdbd&®Ehewsmanswummiaalyi loift y.he
Geogauge and the L BWDAROVaAaNngEdicdgpmMbmenhe X
met hdlhe tabl et €DV wEot hahangeoogmau/ger % t o 21.

0 1539



t heBaXrx / R met héoedi oo @m ANONA rmoemh hlold. 1% t o 20
and f or tohme nste croentdh ondl . L AMWR,NOMNWVi v mge $ off r om 7.
t o 320 .f orBatrh/eR XMme® hod 18. 9% f or ,t haen dA N7QVOA% mtec
16. 7% ®owdotnmeents met hod.

Table 27. Summary of COV of Geogauge and LFWD according to X8ar/R and ANOVA method

Geogauge LFWD
Soil Type Second| X-Bar | ANOVA | Second| X-Bar| ANOVA
Moment Moment
Cov | cov cov Cov | Cov | cCcov
% % % % % %
Section 1 13.2 17.5 14.3 7.1 9.1 7.9
Section 2 155 7.7 16.3 10.9 13.9 8.2
Section 3 12.5 15.7 15.3 9.3 19.8 10.0
Section 4 14.4 10.3 16.1 14.2 18.0 13.2
Section A 20.2 16.4 23.6 7.0 7.3 8.1
Section B 11.1 12.3 11.8 7.5 7.4 13.0
Section C 18.6 14.7 21.6 13.9 9.4 14.9
Section D 11.6 18.9 11.4 12.5 13.6 14.3
Soil Cement Section 1 12.1 17.0 14.0 8.5 8.0 9.8
Soil Cement Section 2 13.2 21.0 16.3 14.7 15.1 15.8
Soil Cement Section 3 12.9 18.1 14.9 16.5 18.3 18.9
Soil Cement Section 4 11.6 9.2 13.6 16.7 20.3 18.6
Soil Cement Section5| 11.9 10.2 14.2 12.1 10.3 13.1
Soil Cement Section6| 11.6 17.2 13.9 8.9 9.0 9.2

Anal ybPysamic Cone Pehkatraoometer (DCP

ThBCP tests wer eoft ochodnescttreudcdadnd Adadecht iThve t hi c
of each sewn id0OFi5gd&EotwleCP est rewal ts for

sectiSoatsi ore ddt ianmBCR est s owaluet ed by three o
ad as trleredfeo®uwe l ocations of each constructe

DCP tests four times. From €0W oospuemaatroyr o f
relaaedabil i t32%rtacn g2Gwigi@ecyh e hel-nebhat ed
variabili 2y 6Wa mdoe vafi tdim a rTea bgl BeenTe b2t%e d i n

respectti hmelcpgroaE@ir ng €O0Wt i diCldPUucatthees from 14,
to 20. 1%, whi Tdab3i0s presented in
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Figure 68. DCPI profile s of section 4 and sectioiC at ALF site

DCP-PR (Section 4) DCP-PR (Section C)
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Table 28. Summary of operator-related variability of COV of DCPI

Material Operator 1 Operator 2 Operator 3
[/155_' sp | cov i‘\fg' sD | cov 516; 'l sb | cov
piow | blow | **_| biow | blow| % | biow | blow | *
Section | 264 | 15 | 56 | 27.2| 0.9 | 32 | 27.7 | 1.0 | 37
Segtion 129 | 23 | 17.7| 190 | 33 | 17.1| 178 | 1.9 | 10.4
Sedton | 68 | 04 | 63 | 68 | 0.4 | 66 | 93 | 10 | 108
Sez“O” 152 | 1.3 | 84 | 186 | 28 | 149| 160 | 08 | 51
Segtion 263 | 17 | 63 | 263 | 23 | 86 | 269 | 1.8 | 6.9
Se;“"” 332 | 56 | 167 | 323 | 65 | 20.1 | 32.2 | 4.4 | 136
Secion| 133 | 21 | 158| 116 | 17 | 150| 112 | 0.9 | 82
Segion 113 | 23 | 203 | 129 | 21 | 165| 11.2 | 09 | 8.2
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Table 29. Summary of location-related variability of COV of DCPI

Material | Location 1 | Location2 | Location3 | Location 4

25 ou 55 ov 55 o | 5 cov
Seition 270 | 49 | 266 | 26 | 270 | 76 | 278 | 2.7
Se;“"” 181 | 20.1| 16.2 | 29.4 | 14.4 | 21.8 | 175 | 205
Segtion 74 | 136| 7.4 | 163| 7.6 | 199| 7.6 | 19.2
Sezﬁon 17.1 | 184 | 165 | 3.9 | 156 | 84 | 17.1 | 212
Se;“"” 247 | 78 | 265 | 7.2 | 270 | 48 | 278 | 29
Segion 312 | 50 | 327 | 36 | 26.7 | 7.8 | 39.7 | 2.9
Segion 11.3 | 168 | 108 | 51 | 13.4 | 88 | 126 | 19.0
Segion 10.6 | 43 | 123 | 208 | 134 | 86 | 108 | 17.2

Table 30. Summary of whole setion variability of COV of micro-cracking sections

. DCPI SD Cov

Materials
Avg.
mm/blow | mm/blow %
Soil Cement Section 1 10.7 1.9 17.5
Soil Cement Section 2 12.3 2.5 20.1
Soil Cement Section 3 10.3 1.6 15.5
Soil Cement Section 4 11.2 2.1 18.8
Soil Cement Section 5 9.4 1.4 14.9
Soil Cement Section 6 9.8 1.7 16.9
Froimb2&nidab29% it se&malbe s éoowt iPdln (PI( = 11), wi

ce me mMto)w esdmatxh ecudnt ocorp e r-rad loara e d awbh d rnf&eyst i on 2

(Heavy Cl ayt7@P Il i =me3eamedw 6§ % sdhaxwiemdu mh@OV f or
| oc arteiloant e d aTbhiei imi ynum COVs are foavurPd f( &Pl Sec
11) wiitnhe 7% dl 15 % TFa& 3l 0& bnea)x.i nFurmo na n € OMisni mu m
are observed for Seoill CohoemmevtCt) Santdi Gmi 2 (C&%
Sectiosnobl (6&Tntrespectively
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Anal yBusl edr Densi tDpt@auge (NDG)

The NuclteyarGabDuegnesei§ NO®DGywer aef @ @ord Wfditfvdel)r e n t

|l ocations of each seaatgil @nTohpee mNEDtGo trt.ensatss rwenr €
per f ornmedur | cecghti oaosnsati( Geesd-d omrdt Beasi on
A-D)Howeveicrtooacdke mgreict i ons ( Soi | Cement Sec
Cement Section 6), the NDG tests were perf
(Sections 1, 4 andi 6be mwhmnmlentB®ectiecn s2 .03
did@nwor ki m& a W3llHeEmntlda b3l 2er e s elnac artlei¢domnaedabi | i ti e
for dry density of nilk-eoacgdditgisercd, omes merdt i

Table 31. Summary of location-related variability of NDG (dry density) at the eight sections

Location 1 Location 2 Location 3 Location 4
Material Avg. Avg. Avg. Avg.
Dry cov Dry cov Dry Ccov Dry cov
Density Density Density Density

pcf % pcf % pcf % pcf %
Section 1 83.9 0.8 80.2 3.9 76.6 1.7 78.7 0.9
Section 2 97.3 0.6 99.9 3.2 99.3 11 84.5 2.1
Section 3 97.5 0.6 96.3 1.0 100.6 | 0.6 98.9 0.9
Section 4 72.7 2.1 75.5 0.7 70.7 14 71.2 2.0
Section A 76.6 1.5 76.8 1.2 75.1 0.2 78.2 2.0
Section B 74.2 1.3 72.8 2.9 70.9 1.3 71.0 1.9
Section C 95.4 0.7 96.2 0.2 92.9 1.2 89.4 0.4
Section D 93.1 2.6 92.2 4.2 96.8 1.7 90.9 2.0

Table 32. Summary of location-related variability of NDG (dry density) at the threemicro-cracking

sections

Location 1 Location 2 Location 3 Location 4 Location 5
Materid Avg. Avg. Avg. Avg. Avg.

Dry cov Dry cov Dry cov Dry Cov Dry Ccov

Density Density Density Density Density

pcf % pcf % pcf % pcf % pcf %
Soil _Cement 140.6 2.9 146.5 1.1 1404 1.8 126.7 | 2.4 138.6 1.4
Section 1
Soil Cement\ j40 3 | 53 | 1466 | 1.6 | 1405 | 1.8 | 127.4 | 2.0 | 1279 | 20
Section 4
Soil Cement\ 472 | 50 | 1372 | 1.9 | 1370 | 15 | 1197 | 1.4 | 1317 | 14
Section 6
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't canr b®&alBelema tif otctarde lo@D\VOd t he droy deédresietiy
sectriaonngse fromo.0.12%itso a4Ts2b3 Zeb b il o&kthe fi ooam

rel @aowd t he droy deees dvbicirmg c gmemgte $a otm dn A
to 2. 9%.

Thalcusabf olmed athieadrabi | i ti es for moisture ¢
densi ty ,c awhciyclrhe tsieg gerta b3HZE mTaha b3l 4eore teh ght secti
and thectlmae&i mgc tcieamesn,t rseespectively.

Table 33. Summary of location-related variability of NDG (moisture content) forthe eight sections

Location 1 Location 2 Location 3 Location 4

Material Moisture COV | Avg. COV | Avg. | COV | Avg. | COV
Content m.c. m.c. m.c. m.c.

% % % % % % % %
Section 1 28.0 4.0 24.2 3.8 30.3 | 2.2 30.6 4.1
Section 2 20.2 2.3 19.0 5.3 158 | 1.7 24.7 6.9
Section 3 17.8 4.4 18.4 3.7 17.7 | 2.0 19.3 3.2
Section 4 38.2 1.4 34.7 2.0 394 | 0.7 39.0 3.9
Section A 30.9 4.4 31.7 2.4 32.0 | 3.8 28.8 2.6
Section B 38.0 4.6 34,5 13.3 | 374 | 54 33.1 1.8
Section C 19.8 1.3 18.2 2.2 179 | 15 19.2 1.9
Section D 25.4 5.6 19.4 9.8 21.4 | 17.5 23.1 9.6

Table 34. Summary of location-related variability of NDG (moisture contenf) of the micro-cracking
three sections

Material Location 1 | Location 2 | Location 3 | Location 4 Location 5
Avg. | COV | Avg. | COV | Avg. | COV | Avg. | COV | Avg. | COV
m.cC. m.cC. m.cC. m.cC. m.cC.

% 1% % % 1% |% % |% |% |%

Soil Cement| 1,51 95 | 136| 7.0 | 15.1| 54 | 13.9| 58 | 13.7| 1.4

Section 1

Soil Cement| 1, 4| g7 | 132| 90 |16.1| 7.2 | 145| 7.8 | 148| 88

Section 4

Soil Cement| 121 99 | 112| 99 [128] 99 | 109] 99 | 99| 99

Section 6

The r eBal3t3Esh oiwn tlhoact arteiho@O¥®d moe s¢ dokre it
eight secti ons .5%ar wh il toecnatt 8 lo@@tf 0 mMb7 st ur e
content vl%rtydefd.odn fdréda arkicmrgl ashd8l et i ons (
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Anal ys-Gaugé Bat a

Li keNOG,e Gheagst twelr®o comtdhcechetdrocted sectic
si.Tleedry density and moiaornfugral eoccoanteiéoant ear e ar
variabiThetyesults for dahbhlznddadldgeyf amr et Ipeg es
el glotnsucted sectiiomesoacnkdi ntgh es etchtriecensm r es pe
Sshowt hllecactartel lo@hO¥ ch nfgreo 18 O .%f%.rEx it g®tnst ruct ed

sect i dérnosm aln. dl%o ftoor 2t.h%-crtalcrke evgmsect i ons.

The | acdtaiaerd abt hmeoti s tfudre cont eTnatb3l@me pr esen
Tab38or thkhemsughed sect iioameoacnkdi ntgh es et chtriecen sr
respecltei v ealbyl tehbsa ts htohwe COW.s2 % atndg @> & ir §p %t

constructaedd o aooti 0dlnA% ftooi d-thiea d khirrege strect i on

Table 35. Summary of locationrelated variability of E -Gauge(dry density) for the eight constructed

sections

Material Location 1 Location 2 Location 3 Location 4

Avg. COV | Avg. COV | Avg. COV | Avg. Ccov
Dry Dry Dry Dry
Density Density Density Density

pcf % pcf % pcf % pcf %

Section 1 92.0 1.9 95.7 0.9 93.5 1.2 95.4 1.4
Section 2 94.4 3.1 100.5 0.9 103.0 1.2 100.2 1.4
Section 3 94.9 0.8 94.5 1.1 94.2 1.1 95.1 0.7
Section 4 67.7 0.3 75.2 9.3 69.7 8.9 61.0 4.6
Section A 76.4 0.1 68.5 1.3 75.9 4.2 74.4 0.3
Section B 77.8 0.7 77.2 0.5 72.9 4.7 77.5 2.9
Section C 97.3 1.2 1055 1.6 132.9 1.5 102.2 2.1
Section D 98.2 4.3 93.0 0.5 94.2 4.5 92.0 0.2

Table 36. Summary of location-related variability of E-Gauge @ry density) for the three micro-
cracking sections

Material Location 1 Location 2 Location 3 Location 4 Location 5
Avg. |COV | Avg. |COV| Avg. |COV| Avg. |COV| Avg. | COV
Dry Dry Dry Dry Dry
Density Density Density Density Density
pcf % pcf % pcf % pcf % pcf %
Soil Cement| oo | 59 | 1478 | 1.1 | 1415 | 1.8 | 1248 | 25 | 1386 | 1.8
Section 1
Soil Cement| 50 5 | 56 | 1506 | 15 | 1432 | 1.7 | 1286 | 2.8 | 1289 | 20
Section 4
Soil Cement| ;555 | 4 4 | 1393 | 14 | 1330 | 14 | 1107 | 1.4 | 1317 | 1.4
Section 6
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Table 37. Summary of location-related variability of E -Gauge(moisture conten) for the eight
constucted sections

Material Location 1 Location 2 Location 3 Location 4

Moisture | COV Dry cov Dry cov Dry cov

Content Density Density Density

% % % % % % % %

Section 1 20.8 19.5 19.5 0.8 21.7 4.0 20.6 4.4
Section 2 21.8 19.2 20.5 0.8 22.8 4.0 217 4.4
Section 3 19.5 2.8 20.1 1.3 19.6 1.6 20.4 1.2
Section 4 47.3 0.2 43.0 8.9 46.7 8.8 53.1 4.6
Section A 33.3 1.2 48.0 0.7 37.5 4.4 36.9 0.3
Section B 27.6 0.8 30.7 0.3 33.1 4.4 30.0 3.0
Section C 21.8 1.6 12.7 7.8 14.8 6.7 20.5 5.2
Section D 21.8 4.2 21.3 0.7 24.3 4.5 27.0 0.6

Table 38. Summary of location-related variability of COV of E-Gauge (noisture conten) for the
three micro-cracking sections

Material Location 1 | Location 2 | Location 3 | Location 4 Location 5
Avg. | COV | Avg. | COV | Avg. | COV | Avg. | COV | Avg. | COV
m.cC. m.cC. m.cC. m.cC. m.cC.

% | % |% |% |% |% |% |% |% %

Soil Cement | 11 51 99 | 118| 9.9 | 135| 99 | 11.5| 99 | 99 | 99

Section 1

Soil Cement | 1o 91 g5 | 137] 10.9| 15.1| 7.2 | 145| 7.8 | 159 | 8.2

Section 4

Soil Cement | 1551 14 | 136| 1.4 | 169| 54 | 138| 1.4 | 137 | 1.4

Section 6

Anal ysis-CohstUndeted Field Test

Analysis -obnsheuvandepérn fedurdnmencg & ¢t & o @ st

stiastt i cs, whiGdhogauge,pl NBE@DI b CR,e . weTd er e

two uwdestructed sectiounsnatsedttb8haAndldnen
whitchheest s wer dapkefeoesedelsctdfpttitoen t hr ee unc
constructed sections at LA 98 and LA 417.
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Table 39. Properties of thethree under-constructed sections at LA 98 and LA 417

Section Descriptionof the sections

LA 98 Station 1 Cementstabilized base course material with 7

LA 98 Station 2 cement by volume

LA 417 Cementstabilized sbgrade material with 10%
cement by volume

Anal y&esgatbddaeWnddat a

I n order to assess thelLVai alkisttist warteh@® eGd

di fferent | ocadn otnrsu otflend dsherdstyidaerss, . t he oper
locatriecdmaedabirlei die¢®ws wehgegakr / R and .t TdneANOVA
results -afdolpeecattiberd variabilities for the

i MabdlG@niabdle respEelte itvaeblyes i ndifc dthe tolpatr atth
and t her dloaxtadbdi dwvnatriies rangb%fand 2008 %2003%
respectively. The maxi mum COV value is see.]
(32.5%) ;t wehillowest value of COV is noticed

I n the case of LFWR,ndt h e erddastuelrdt sv aorfi aobpielriatti
presefdabddzentta bd3e respElte itveblyes show that ¢t
operradlomaedabi l ity range from 11.7% to 37.E¢E
| ocarteloenaedabi |l it y%rtamg2lf8%Bm 18. 6

Table 40. Summary of operator-related variability of Geogauge

Operator 1 Operator 2 Operator 3 Operator 4 Operator 5
Material | Data COV Data CoV Data CoV Data covV Data coV
Avg. Avg. Avg. Avg. Avg.

MPa % MPa % MPa % MPa % MPa %

LA98 | 5365] 20.4 | 269.7| 27.1 | 246.6| 315 | 290.0| 25.8 | 278.4| 20.3
Station 1
LA98 | 5403] 203 | 281.2| 306 | 255.8| 325 | 334.1| 265 | 285.7| 225
Station 2

LA417 | 267.5| 244 | 272.0| 28.2 | 246.6| 31.5 | 299.0| 25.8 | 273.3| 20.4

0 1610



Table 41. Summary of location-related variability of Geogauge

Location 1 Location 2 Location 3 Location 4 | Location 5
Material
Data covV Data coV Data coV Data covV Data cov
Avg. Avg. Avg. Avg. Avg.
MPa | % MPa | % MPa | % MPa | % MPa | %
LA 98
Station 1| 282.4| 29.1 | 251.6| 25.9 | 238.4| 25.5 | 284.2| 31.7 | 258.0| 20.5
LA 98
Station 2| 313.2| 29.9 | 244.8| 25.5 | 2727 | 31.0 | 312.6| 31.9 | 245.1| 20.4
LA 417 | 302.4| 25.2 | 245.1| 28.4 | 241.5| 21.6 | 298.1| 26.4 | 259.9| 20.3
Table 42. Summary of operator-related variability of LFWD
Operator 1 Operator 2 Operator 3 Operator 4 Operator 5
Material
Data covV Data cov Data cov Data cov Data cov
Avg. Avg. Avg. Avqg. Avg.
MPa % MPa % MPa % MPa % MPa %
LA 98
Station 1| 182.9| 21.3 | 208.9| 17.4 | 188.8| 21.3 | 202.2| 23.8 | 143.0| 11.7
LA 98
Station 2| 192.7| 24.2 | 219.4| 18.9 | 198.3| 23.1 | 212.6| 24.8 | 150.2| 13.3
LA417 | 2146| 312 | 223.5| 35.0 | 184.8| 22.8 | 227.0| 37.5 | 224.3| 34.0
Table 43. Summary of location-related variability of LFWD
Location 1 Location 2 Location 3 Location 4 Location 5
Material
aterial| Data cov | bata| ~q\, | Data | ., | Data| -5, | Data| -,
Avg. Avg. Avg. Avg. Avg.
MPa % MPa % MPa % MPa % MPa %
LA 98
Station 1| 188.0| 23.2 | 183.9| 22.7 | 205.8| 24.7 | 152.4| 20.0 | 180.6 | 23.8
LA 98
Station 2| 197.7| 27.5 | 192.5| 22.7 | 217.3| 259 | 164.7| 25.2 | 186.7| 26.8
LA417 | 220.0| 31.8 | 178.8| 31.6 | 272.6| 26.9 | 230.5| 18.6 | 172.3| 21.9
Anal yPysamic Cone Pendatraoometer (DCP)

The
COVs

wer e

DCRRetespserfor med

0

162 9

poi htheof esatbaptriochnf,
det er mi neAln d&loys it sh eoafw étoH eurdBn@tegt i o n
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t he -ofridresrt meoemcenR @S M) akmiad y@se st bes DCPI1 ) ( mm/ bl

profil e fioaln, LAWh9 & hStwats t dbeebase favyer
1 i s amoulthelOaverage values of t he mDtCed
i n ftihgeurien ewhDERIt Hbmm/ bl ow) varimms/ bfrowm
f olrA S &t iacWlA2%&tg onedpectively.

Figure 69. DCPI (mm/blow) profile of LA 98 station 1

LA 98 Station-1

DCPI (mm'blow)
40 60 80 100

L b

Average DCPI(for 25 | _Point A
cm|or 10 inch Tayer
A=l5 8 mm/blow

B=|4.4 mm/bloyw
C=3.1 mm'blow
=+7.2 mm/blow
E = 6.0 mmblofw T omrE

—Point B
=—Point C
—Point D

Penetration Depth (om)

o

100 T+ ]

Summar yCOVfsotrheahds iss aThidlegwmhéne t he maxi

pbaiAn
( mn
4.1

mu m

mi ni mulmuezcsOVofare 29. 8% and 15. 4%, respectiyv

COV is seen fowhelr 88 nHtnatm®mhVviakuebstkr
LA 98 Station 2.

Table 44. Summary of the DCPI variability for the under -constructed sections

Stations DCPI Avg. SD Cov
mm/blow | mm/blow %
LA 98 Station 1 5.8 0.9 15.4
LA 98 Station 2 4.1 1.2 29.8
LA 417 4.8 1.1 23.6

0 16390
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Anal yBusl edr Ghegei DHEDG@)

Al t hough the Nucl ear Deatsitthye Graeurgtee r( NoDIG) e aw
| ocati on daf esrl epltcaadedoanbi | i ty can be applied
taken t hradéndatdl€®&h dawleo c arteiloanaedabi | ity of t
density and the moiBhartaltloems enlig MDEIspte ctt h e
rmge from 0. 2% t% t20 320 .ah%, ffrom tOhe&8 dry den
cont emect irveesl y

Table 45. Summary of location-related variability of NDG (dry density) for the under-constructed

sections
' Point A Point B Point C Point D Point E
atera Dgrzgity Cv Dgrgity Cv D([e)r:}s,/ity Cv Dgr:)s/ity Cv Dgr:)s/ity Cv
pcf % pcf % pcf % pcf % pcf %
oo | 995 | 23| 99.3 |08| 1051 |0.8| 99.1 | 14| 99.1 |14
o0 | 1017 | 14| 101.2 | 06| 102.3 |06 1065 | 0.4| 115.7 | 1.7

LA 417 956 |02 9.7 |0.2] 1019 |10| 101.7 | 0.8| 95.7 | 1.7

Table 46. Summary of location-related variability of NDG (moisture content) for the under
constructed sections

Point A Point B Point C Point D Point E
Material | Avg. cov | A9 | cov | AVS- | cov | AVO- | cov | AVS: | cov
m.c. m.c. m.c. m.c. m.c.

% % % % % % % % % %

LA 98
Station 1 76| 35 | 178 | 39 | 13.2| 0.8 | 171 | 34 | 17.1| 34
LA 98
Station 2 170} 30 | 189 | 11 | 172| 15 | 138 | 33 | 174 | 49

LA41l7 | 143 | 2.7 | 143 | 54 | 154 | 10.2 | 14.7| 9.3 | 153 | 8.7

Anal ys-Gaugé Bat a

The tests and anbad ydBaeusg epee rsfionrinheagr utsoi mvdghiec INLC
tests were performed at the ceEaldleémndof each
TabdGresdret summ@OyYsohet ey densddmnyt emtd, moi
resped@dti swdloywn i n the thamimeD, 10RE r @DMBs 7% raq
t@ad% for dry density and moi st uCWalome £nt ,
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f dorot hder y

density
mi ni BOW al uers tbhoet hdr y
417 and
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moi stur e
density
LA, 98BesSpacti ionely.

Table 47. Summary of location-related variability of E-Gauge @ry density)

ovthhihtbtent ar e
and d hfeormoli A t 1

Point A Point B Point C Point D Point E
Material Dry Dry Dry Dry Dry
Density Cov Density cov Density Cov Density Cov Density Cov
pcf % pcf % pcf % pcf % pcf %
LAQB 1059 | 0.3 | 1024 | 0.9 99.3 11 | 1055 | 21 | 1048 | 15
Station 1
LA 98
. 1075 | 1.1 | 1074 | 0.2 | 1076 | 0.7 | 1100 | 1.0 96.5 2.1
Station 2
LA 417 116.0 | 0.3 | 1093 | 35 | 110.7 | 0.1 | 1019 | 0.3 | 109.9 | 3.7

Table 48. Summary of location-related variability of E-Gauge (noisture conteny

Point A Point B Point C Point D Point E

Material | Avg. CoV Avg. cov Avg. cov Avg. CcOvV Avg. COvV

m.cC. m.cC. m.cC. m.cC. m.cC.

% % % % % % % % % %
LA 98
Station 1| 153 | 14 | 162} 09 | 166 | 1.3 | 153 | 30 | 163 | 3.2
LA 98
Station 2 188 1.3 | 20.7| 0.8 | 20.1| 10 | 151 14 | 215 | 2.1
LA 417 35| 82 | 55| 42| 36 | 32 | 34 | 120| 3.8 | 15
Anasliys of Lab Test Dat a
Anal yses of | ab t datsedh awne t hseeeocpiea bad toa dnea ch d

var i afbhid hltstyeisntc huenceons ol i da(tleWw)r uadit ®&irbed g

li msi t s ma l
( CBR)

0
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Analysis of Unconsolli daTkeesdtl Udnadtraai ned ( UU)

UUt ri aemveélbe performed by five different op:¢
tested three speci({oewnditigph Pnieei®amme®l sdi,l 2t wn
soi.TBe opemdtoprel ameerd variabilities were e
Bar/ R and &AMNODOVAhe r es ThblkIrradachSifPer eesepeedi val
The 4 avhew that the @@QVy dfr ohU 1t &9 troe sLDI. t9s
3WBto 17.1% fospebe memarcadtadi |andes, respec

Table 49. Summary of operator-related variability for UU tests

Material | Opeiator 1 Operator 2 Operator 3 Operator 4 Operator 5
Su, |[COV| Su, |COV| Su, |COV| Su, |COV| Su, |CoOV
Avqg. Avg. Avg. Avqg. Avqg.
psf % psf % psf % psf % psf %
|(_|Fi?=hS§)l 621.7| 1.2 | 8143 | 55 | 8453 | 6.9 | 6725 | 9.2 | 8624 | 8.3
'('F‘,’I":lel') 3799.8| 10.5 | 3984.8| 6.4 | 3248.7| 9.6 |3200.3] 1.0 |3113.8| 2.8
Medium
PI1 2536.3| 2.8 | 2521.2| 6.1 | 2959.6| 7.4 | 2659.1| 7.1 | 2524.9| 3.9
(P1=21)
Medium
Pl 2 2087.8| 8.4 |2195.3| 1.4 |2341.1| 4.4 | 2257.2| 10.9 | 2272.2| 6.2
(P1=31)
'l\D"Ieg'“m 1888.6| 5.8 | 1440.0| 8.6 | 1736.9| 4.5 | 1678.3| 6.9 | 1675.2| 4.3
Table 50. Summary of specimenrelated variability of UU tests
Material Specimen 1 Specimen 2 Specimen 3
Su, cov Su, Avg. cov Su, Avg. cov
Avg.
psf % psf % psf %
High PI (P1=53) 748.9 17.1 804.8 14.5 736.0 13.1
Low PI(PI=11) 3421.8 9.1 3488.5 15.6 3503.5 13.7
Medium Pl 1 (PI=21) 2632.9 3.8 2689.0 10.4 2598.8 10.4
Medium Pl 2 (PI=31) 2244.1 3.8 2228.5 6.5 2219.6 11.0
Medium PI 3 (P1=38) 1651.9 11.2 1666.0 10.6 1733.6 10.6

0 1660



Anal yAi seonlhes gD&at ani t

TheeAber g sl iwpietefoesnted by f i ve ooppeertaattoorr s t o
relaaedami lwehawmier at or prepar edatthhreee speci

Sspeci mémbedalbaibbl lethyws t he bpemmdrayerdi abi |l ity
anldabSlZzer esents tbepesumbhabyedabi | ity. The res
t hGOVef the | iquid | i #jatn dvGOMesff rtchne .1 9% tticc

ranfgreon¥o 14892 %. AddyCO®whHa the plaahgeifyomnde
1% to 26. 4 %.

Table 51. Summary of operator-related variability for the Atterberg limits

Material | Type | Operator 1 | Operator 2 | Operator 3 | Operator 4 | Operator 5
Avg. | COV | Avg. | COV | Avg. | COV | Avg. | COV | Avg. | COV
% % % % % % % % % %
LL 32 1.8 31 3.2 31 3.7 35 1.7 34 7.8
PL 21 4.8 20 2.8 18 8.6 18 | 11.4| 20 2.9
Pl 11 | 10.8| 11 | 143 | 13 4.4 16 | 141 | 14 | 16.9
Medium | LL 42 5.5 41 1.4 43 4.0 41 2.4 39 6.8
P11 PL 26 5.9 26 7.7 21 2.8 25 | 18.2| 19 6.0
(PI1=21) Pl 16 9.8 15 | 136 | 22 6.8 19 | 119 | 20 | 10.6
High Pl LL 88 4.5 92 25 | 100 | 4.7 94 1.8 99 4.8
(PI=53) PL 35 4.4 38 7.6 50 7.1 41 5.0 48 8.6

Pl 53 6.0 54 1.1 50 4.0 53 4.4 51 4.1
Medium | LL 55 2.1 48 1.2 50 3.0 52 3.0 49 6.3
P12 PL 19 3.1 19 7.9 22 5.2 24 2.4 20 8.7
(PI1=31) Pl 36 4.8 29 5.3 28 6.2 28 7.1 29 | 157
Medium | LL 62 0.9 61 1.9 64 3.6 58 4.6 62 0.9
P13 PL 30 9.7 30 1.9 30 2.0 28 5.4 31 1.9
(P1=38) Pl 32 8.3 31 4.9 34 6.7 30 | 10.3 | 31 1.9

Note: LL = Liquid Limit, PL = Plastic Limit and PI = Plasticity Index

Low Pl
(PI=11)

Analysis of Small Direct Shear Test Dat a
Smal | direct shear tests were conducted on
oper atsprecamemaedabi |l ity. I n orpglerattor o so

conducted the tests on three speci mens.

Figbpeesents an example of dirkicgosdear te
presents ameexamnhmlearofteewitPIr g(shull=algl sai t heTh
fricti fowasdetegninedforeah t est f r ommotrhneals hsetarre ssst rpe
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determ

The cohesion, ¢, for c¢clay soils was
str-assmal stressxila ne with the vy
Table 52. Summary of specimenrelated variability for the Atterberg limits
SpecimerrelatedVariability
Material | Type Specimen 1 Specimen 2 Specimen 3
Average| SD | COV | Average| SD | COV | Average| SD | COV
% % | % % % | % % % | %
Low PI LL 33 2.2| 6.6 33 2.2| 6.6 32 19| 5.8
(PI=11) PL 19 1.8] 9.3 20 11| 58 20 2.3| 11.7
Pl 14 15| 11.2 13 2.6| 19.6 12 2.8| 22.5
Medium | LL 42 15| 3.6 41 29| 7.0 41 15| 3.7
Pl1 PL 22 3.4| 15.6 24 3.4| 141 25 42| 17.2
(P1=21) Pl 20 2.6| 13.1 17 44| 26.4 16 3.9| 24.6
Hiah Pl LL 98 73| 7.4 93 58| 6.3 94 23| 2.5
(P?=53) PL 45 7.5| 16.7 41 6.7| 16.5 42 54| 12.9
Pl 53 09| 1.7 52 25| 4.9 52 3.4| 6.5
Medium | LL 52 23| 44 50 25| 5.0 50 3.8 7.6
Pl 2 PL 21 2.2| 10.6 21 2.7| 13.1 21 2.2| 10.2
(P1=31) Pl 31 2.7| 8.6 29 3.7| 12.7 29 5.3| 18.0
Medium | LL 62 16| 2.7 60 3.1| 5.2 62 28| 45
P13 PL 30 1.1 3.7 29 1.3] 4.6 30 22| 7.2
(P1=38) Pl 32 20| 6.3 31 24| 7.9 32 3.3| 10.3
Figure 70. Example of direct shear test results onand soil
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Figure 71. Example of direct shear test results on clay soil
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TalbB r e stehoep e rrad loawt e d aolfi Isintay | di rectoidhear t
whi ¢ h tshhaotGv@tVse c o,hem,nge %r b on .B 9\VBEa@sa b5l 4e
presents flkeé¢aspedcivmenabil ity owhemabshodsre
that the COVs of ¢ range from 5.7% to 20.0
The opreerlaattoerd amal astpec i me&mi abi l ity &nd mal l
soil are TabxFpdabslée r especti vely. The tabl e

operradlo@OV¥af rangefrom0% t o 1. 8%, andl ahedsg@EO¥YEM
f range from 7.8% to 8.8%.

Table 53. Summary of operator-related variability of small direct shear test onclay

Material Operator 1 Operator 2 Operator 3 Operator 4 Operator 5
A::’g' cov A::’g' cov Azg' cov Azg' cov A‘C’g' cov
psf % psf % psf % psf % psf %

(L,glvgf;') 816.0| 13.4 | 868.8| 9.1 | 868.8| 14.1 | 897.6| 15.8 | 859.2| 14.6

Medium

PI1 633.6| 11.8 | 576.0| 5.0 | 648.0| 10.2 | 561.6| 11.8 | 628.8| 3.5

(PI=21)

Medium

Pl 2 436.8| 5.0 |446.4| 14.1 | 422.4| 12.0 | 484.8| 7.5 | 436.8| 8.3

(PI1=31)

Medium

P13 321.6| 6.8 | 321.6| 11.3 | 369.6| 125 | 331.2| 7.5 | 379.2| 195

(PI1=38)

High PI 5

(PI=53) 59.2| 14.7 | 220.8| 16.4 | 288.0| 10.0 | 297.6| 7.4 | 254.4| 14.2
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Table 54. Summary of specimenrelated variability of small direct shear test for clay

Material Specimen 1 Specimer? Specimen 3
CoAr\l\(/egs.ion cov CoAr\l\(/ags.ion cov CoAr\l\(la%ion cov
psf % psf % psf %
(LF?I";’ 1'31') 933.1 5.7 751.7 8.8 901.4 8.9
('\g?f;“{)" PIL1 5990 10.8 607.7 10.1 622.1 10.0
?ﬁﬁf;“lr; P2l 4608 9.4 463.7 7.7 411.8 8.4
('\ﬁ)?fgg;‘ PI3| 3744 15.4 334.1 11.6 325.4 8.6
'(4;?:52)' 256.3 20.0 267.8 13.5 267.8 14.0

Table 55. Summary of operator-related variability of small direct shear test on sand

Material| Operator 1 Operator 2 Operator 3 Operator 4 Opeator 5
Avg .| COV| Ay g.|COV| AV g [ COV| Ay g. COV| AV g |COV
Degree| % | Degree| % | Degree| % | Degree| % | Degree| %
Sand 311 | 18| 364 | 05| 303 | 05| 354 | 09 | 353 | 04

Table 56. Summary of specimenrelated variability of small dire ct shear test for sand

Material Specimen 1 Specimen 2 Specimen 3
Avg. COV | Avg.| COV | Ay g. COV
Degree| % Degree| % Degree| %

Sand 33.9 8.2 33.7 8.8 33.6 7.8

Anal y®n®i ménsi onal Consolidation Test Dat a

One di mensionalwemesdilondad iaggn stpestisnens r an
PI (Pl Fgh) Pto(RI =53). Thidittmepgemeatsor royp etrat
evaltuhaep e rrragd loaw e d awhillig yevery operator condu
tisheo deter mirteat epeviamemabi | i ty. For geotech
significancedeotfertnhiinse ttehset ciosnstod i dati on par
consol Cidatompr es s, eno mpdesswsei |3 nh d(goxr, a nCd

preconsol i da)tihan @r essssseeresapegdPhtéecoude and t i me
consolidation ssettl ement of c¢clay soil
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where: o = time facor for 90 percent consolidations time corresponding to the

paricular degree of consolidatiohly =

l ength

of

dr ai

nage

T a b5l @ndT a b5l §resent the operator and thgecimerrelatedvariability for the

preconsolidation pressurecJPThe tables show that ti@OVs of Pc range from 5.0% to

pat h.

19.9%, and fom 3.3% to 20.4% for the opaor and specimen variations, respectively.

FromT a b5l 7éhe maximum and the minimum valuesopferatosrelatedCOV are seen

for mediumPI 2 (P1=3) andmedium PI 3 (PI=38)respectivelyHoweverfromTa b | e

5 8the maximum and the minimum valuesspecimerrelatedCOV are observed for

high P1 (P1=53) andow PI (PI=11) andnedium PI1 1 (PI=2), respectively.

TheoperatofrelatedCOVs for the compression indexd@re presented ifi a b5l 9e

which vary from 1.4% to 16.8%whereas thepecimerrelatedCOVs for G range from
0.8% to 18.4%, as showniha b6l Oe

Table 57. Summary of operator-related variability of preconsolidation pressure (Pc)

Material Operator 1 Operator 2 Operator 3

Pc Pc Pc

SD | cov sb | cov SD | cov
(Avg.) (Avg.) (Avg.)

tsf tsf % tsf tsf % tsf tsf %
Low P 157 |021| 133 | 1.78 |0.10| 58 | 1.60 |0.10| 6.3
(Plo11) . . . . . . . . .
('\ﬁfl’f'zulr;‘ PIL} 135 |022] 161 | 148 |020| 136 | 1.42 |010| 73
'(\g,elféulr;‘ P2l 113 |015| 135 | 1.07 |021| 195| 113 |012| 102
MediumPI3| 4 58 | 018] 137 | 152 |008| 50 | 1.43 |015| 10.7
(PI=38)
High P!
(PI53) 065 |005| 77 | 068 |012| 169| 048 |0.03| 6.0

0 17190
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Table 58. Summary of specimenrelated variability of preconsolidation pressure (Pc)

Material Specimen 1 Specimen 2 Specimen 3
P¢ |'sp|cov| ,P¢ | sp|cov| P | sp | cov
(Avg.) (Avg.) (Avg.)
tsf tsf % tsf tsf % tsf tsf %
Low PI
(PI=11) 158 | 0.18| 11.1 1.73 0.06| 3.3 1.63 0.23 | 14.1
Medium Pl 1
_ 1.62 | 0.13| 7.8 1.77 0.06| 3.3 1.60 0.26 | 16.5
(PI1=21)
Medium PI 2
_ 1.13 | 0.21| 184 1.07 0.12| 10.8 1.13 0.15 | 135
(PI1=31)
Medium PI 3
_ 1.52 | 0.08| 5.0 1.37 0.25| 18.4 1.35 0.09 | 6.4
(PI1=38)
High PI
(PI=53) 0.65 | 0.13| 20.4 0.55 0.10| 18.2 0.62 0.13 | 204
Table 59. Summary of operator-related variability of compression index(Cc)
Material Operator 1 Operator 2 Operator 3
Cc Cc Cc
SD | CoVv SD | CoOV SD | COV
(Avg.) (Avg.) (Avg.)
% % %
Low PI 0.158 | 0.007| 4.4 0.141 | 0.024| 16.8 | 0.139 | 0.015| 10.6
(PI=11)
Medium PI 0.189 | 0.015| 8.1 0.199 | 0.016| 7.9 0.208 | 0.016| 7.7
1 (PI=21)
Medium PI 0.236 | 0.004| 1.9 0.261 | 0.024| 9.3 0.227 | 0.003| 1.4
2 (PI=31)
Medium PI 0.289 | 0.031| 10.5 | 0.263 | 0.015| 5.7 0.284 | 0.029| 10.2
3 (PI=38)
High PI 0.448 | 0.023| 5.1 0.414 | 0.021| 5.0 0.377 | 0.006| 1.5
(PI=53)
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Table 60. Summary of specimenrelated variability of compression index(Cc)

Material Specimen 1 Specimen 2 Specimen 3

Cc Cc Cc

(Avg) SD | CoV (Avg.) SD | CoOV (Avg) SD | CoV

% % %

Low PI 0.128 | 0.024| 18.4 | 0.138 | 0.015| 10.7 | 0.138 | 0.015| 10.9
(PI=11)
Medium PI 0.184 | 0.014| 7.5 0.200 | 0.006| 2.8 0.212 | 0.013| 6.1
1 (PI=21)
Medium PI 0.233 | 0.002| 0.8 0.244 | 0.021| 8.7 0.247 | 0.030| 12.2
2 (PI1=31)
Medium PI 0.262 | 0.021| 8.1 0.277 | 0.027| 9.6 0.298 | 0.021| 7.1
3 (PI=38)
High PI 0.416 | 0.033| 7.9 0.408 | 0.029| 7.1 0.415 | 0.053| 12.8
(PI1=53)

The operator andgpecimerrelatedvariability for therecompression index (Care
presented i a b6l EndT a b6l 2eespectivelyThe results show that tloperator
relatedCOVs for G range from 5.6% to 18.2%while the specimerrelatedCOVs for G
range fron3.6% to 17.1%The maximunoperator and specimen CQOMlues are seen
for Low PI (PI=11)and Medium PI1 1 (PI1=21), respectivegnd the minimunoperator
and specimen COValues are noticed for Medium PI 3 (P1=38) and Low PI (PI=11),
respectively.

Table 61. Summary of operator-related variability of recompression index(Cr)

Material Operator 1 Operator 2 Operator 3
Cr Cr Cr
SD | CoOV SD | CoVv SD | CoV
(Avg.) (Avg.) (Avg.)
% % %
Low PI 0.021 | 0.003| 11.8 | 0.022 | 0.004| 18.2 | 0.016 | 0.003 | 16.8
(P1=11)
Medium PI'1| 0.032 | 0.003| 9.5 0.030 | 0.002| 7.0 | 0.035| 0.003 | 9.9
(P1=21)
Medium Pl 2| 0.041 | 0.007| 16.8 | 0.038 | 0.002| 5.7 | 0.042 | 0.003 | 7.5
(PI1=31)
Medium PI 3| 0.058 | 0.003| 5.6 0.064 | 0.004| 6.5 | 0.068 | 0.008 | 12.3
(P1=38)
High PI 0.107 | 0.013| 12.4 | 0.117 | 0.009| 7.4 | 0.108 | 0.008 | 7.0
(P1=53)
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Table 62. Summary of speémen-related variability of recompression index(Cr)

Material Specimen 1 Specimen 2 Specimen 3
Cr Cr Cr
(Avg.) SD | COV (Avg.) SD | CoV (Avg)) SD | CoV
% % %
Low PI 0.014 | 0.001| 3.6 | 0.017|0.002| 13.8 | 0.022 | 0.001| 6.6
(PI=11)
Medium Pl | 0.034 | 0.006| 17.1 | 0.031|0.001] 3.9 | 0.032|0.002| 6.7
1 (PI1=21)
Medium Pl | 0.039 | 0.003| 7.9 | 0.038|0.002| 5.7 | 0.044|0.005| 10.7
2 (P1=31)
Medium Pl | 0.064 | 0.009| 14.1 | 0.065 | 0.006| 9.3 | 0.061 | 0.007| 11.0
3 (P1=38)
High PI 0.110 | 0.010f 9.4 | 0.112|0.013| 12.0 | 0.110| 0.010| 9.2
(P1=53)
The opersapteocrH mbnedaedabi | ity for the Joaféi ci

presefnabodzEnha blde respectively. dperatadl es s
rel eov¥vd yoanfGeom3® t o 200h.iSIpee ctiiheet ROV d f or C
range %rom 3056 %.

Table 63. Summary of operator-related variability of the coefficient of consolidation(Cv)

Material Operator 1 Operator 2 Operator 3

Cv sp | cov| © sb | cov| ©V sp | cov

(Avg.) (Avg.) (Avg.)
inZ/min | in2/min % in2/min | in2/min % in2/min | in2/min %
Low PI 0.101 | 0.016 | 15.4 | 0.127 | 0.024 | 19.2 | 0.147 | 0.011 | 7.2
(PI=11)
Medium | 0.161 | 0.017 | 10.5| 0.197 | 0.038 | 19.1 | 0.168 | 0.014 | 8.1
Pl 1
(PI=21)
Medium | 0.118 | 0.003 2.3 0.108 | 0.014 | 13.0 | 0.120 | 0.025 | 20.9
Pl 2
(PI1=31)
Medium | 0.116 | 0.010 | 8.9 0.194 | 0.017 8.8 0.166 | 0.012 | 7.3
PI 3
(PI1=38)
High PI 0.140 | 0.017 | 12.0 | 0.102 | 0.020 | 19.2 | 0.099 | 0.008 | 8.6
(PI1=53)

0 17490



Table 64. Summary of specimenrelated variability of the coefficient of consolidation(Cy)

Material Specimen 1 Specimen 2 Specimen 3

Cv sb |cov| 6 ©v sb |cov| 6 ©v sD | cov
(Avg.)

(Avg.) (Avg.)
in2min | in2/min % in2/min | in2/min % in2/min | in2/min %
Low PI 0.126 | 0.030 | 235 | 0.122 | 0.029 | 239 | 0.127 | 0.028 | 22.0
(PI=11)
Medium | 0.167 | 0.017 | 10.0 | 0.176 | 0.010 55 0.183 | 0.049 | 27.0
Pl 1
(P1=21)
Medium | 0.092 | 0.028 | 30.6 | 0.117 | 0.013 | 109 | 0.127 | 0.010 | 8.2
Pl 2
(PI=31)
Medium | 0.161 | 0.041 | 25,5 | 0.145 | 0.036 | 249 | 0.170 | 0.042 | 245
PI 3
(PI1=38)
High PI 0.127 | 0.027 | 21.0| 0.115 | 0.027 | 23.3 | 0.100 | 0.019 | 18.7
(PI=53)

Anal y€abki bbrnia Beari bgt #8ati o (CBR) Test

The California BearciomgluRateido b(yCBR)v etheepte rvad

operradlomaedabi |l ityciamenent oheealrepmd etdhe s
vari abhkitgsts wer e cotndwactteerd ailns :f oKuern tduicfkfye
Me xi can | i paensdt osnaen,d RsAeFnlal ylzre drrdaquti @ evato

cort bsetteads nedsssadwigoigtthe adj usted origins
formed from the slope of the cdrveomndheéhey
axi s -f mind6 0gle2n e tsrTehtei dsihgouwse t KBRR ptl @st ofwhi ch
indicates the adjustedesct & g s8 sanadf-iddn.20wilt h
penetration.
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Figure 72. Resistance t@enetration (psi) vesrus penetration plot for Kentucky limestone
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The opesapteocirméméiedati ons of CBR results we
resul ts ar el ashtl ®m@a hclHoees peacti vely. The resul
operragdlo@0¥d f or CBR2W & rog el 5f. r&aPpme car nedk @att heed

COVs for CB&mrang® fFfoaridGe@@obase,t fe omaxi mum
anmdi ni mum ©vakuouaslo®@O¥d are oshbs e rMesxd cfanmr

Imest one, Hesvedrearfa\b@ feyet maxi mum and t he mini
obpecirmé@OVWd ar eMesxiemar obi RMRABt omes padt i vel.y

Table 65. Summary of operator-related variability of CBR

Operator 1 Operator 2 Operator 3 Operator 4 Operators
Material | CBR CBR CBR CBR CBR

(Avg)) cov (Avg)) cov (Avg)) cov (Avg)) cov (Avg)) cov
% % % % % % % % % %
Kentucky | 43.3 | 81 | 56.7 | 6.2 | 420 | 6.3 | 493 | 12.2| 50.3 | 5.0
Limestone
Mexican 400 | 6.6 | 503 | 6.1 | 393 | 53 | 36.7 | 42 | 393 | 64
Limestone
RAP 257 | 119| 240 | 83 | 23.7 | 10.6 | 23.7 | 106 | 243 | 8.6

Sand 13.7 | 11.2| 12.7 | 12.1 | 11.7 | 4.9 123 | 4.7 13.3 | 15.6
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Table 66. Summary of specimenrelated variability of CBR

Specimen 1 Specimen 2 Specimen 3
Material CBR CBR CBR
cov Ccov Ccov
(Avg.) (Avg.) (Avg.)
% % % % % %
Kentucky 46.4 13.9 48.2 11.7 50.4 15.1
Limestone
Mexican 40.8 10.2 40.6 14.6 42.0 16.0
Limestone
RAP 23.6 8.8 22.8 5.7 26.4 57
Sand 12.4 9.2 12.6 14.4 13.2 9.9
Analysis of Combined Variability from AMRL

Analsyod combined vaAASHTOI Mgt érioaml oR&f ¢ he
Laborat orayn d bAMRLs)t data can be determined u
techniques. It is simple to calculate the
valuesdand seanati ons dartealdpgtveamdeome arf f er
avelpagddiffeommnitnadatoaife w)yicCa ne tei mat ed st at i
using the following equation:

G n+G np+ §y* na+é Q) y
Av er ag es fr——— [ 194
I n order to estimate theombimbehepoahaddaoi
di frfterpopul ati baksesat §r omamplebh dp emmad sari eo n

t hvear i,encfeor .edbk spemobi/iandei,ds%mcamhbe evaluated
using the foll owing equation:

B (-192 _ ( pL93+( pl93+é € p1df

82 = =
p Bik :(Ti'l ) ni+ npt+ é 'Hk-k

[1 6]

The collected data from AMRL and | ab tests
variability for different tests. Topesti ma
odatasiendi cati ng 3s.etT hle, AdVERiL 2 ad red adleftacd mpgo
2; whereas | ab test8dhtacios | iect egpg A&t edaiv
2002900 tao2@®D16Here, the Atterberg Limits an
evaluavoebihed | ab variability.
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For eatchheetbes{ averdgepasébrrencbal cul ated, a
mean, of the thedisi sgt EquaBlkaald@adBodevi at i c
vari aslkeal c float deahtcahsientanleloygbitned variability
calcul ated and etxaomaeasrsecgsdnetvi e tedramesf fafci ent o
var i pgGVoalol fer e stehnet scal cul ati on oAt tcomibeée mg d

I i nift dPlowsoi | s f AMRILh @00iEMmbd meallTak tcesnbi ned
COV fornqtuuha | i.MB tafdL)he scdmbi nedd@OVi § or

6. 79Aa.b6l&u mmari zes the calcul doed dCOVerentAtP
(Low medium, and high POptasEeER@AIhoelddi ff er e

2017) .

't can TBeaebél@ hfart@OOVise vary f r% nf AL L3t%wdt dres . 4
| owest hagtesthd@ONe) 116/ ea n dl @2a0tCGx9s & te slpyect i v e
Howe,¥t &®@@@0OVs ofr a mepetPs amb, 9wi mihnitmem and
maxi mdmCiO¥s -RPBhdl13R@, respectively

Table 67. Combined variability analysisof Atterberg limits for combined AMRL and lab data

AMRL Data 20162017 Lab Test Data Combined
Low PI Sample 1 Sample 2 Sample 3 Variability
(PI=11)
Soil No. No. No.
of Avg. | SD| of Avg. | SD| of | Avg. | SD | Avg. | SD | COV
Data Data Data
n M1 U1 n, M2 W N3 VK] Us U a %
LL 1588 | 331 | 14| 1588 | 327 | 14| 15 | 325| 20| 329 | 14| 43
Pl 1588 | 188 | 1.3 | 1588 | 188 | 1.3 | 15 | 195 | 1.7 | 188 | 1.3 | 6.7

*LL = Liquid Limit, PL = Plastic Limit and PI = Plasticity Index
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Table 68. Summary ofthe COVs of Atterberg limit t estfor AMRL data

Low PI Medium Pl 1 Medium PI 2 Medium PI 3 High PI
(PI1=11) (P1=21) (PI1=31) (P1=38) (P1=53)
Year
LL PL LL PL LL PL LL PL LL PL

CoOv | COov | Cov | Cov | Cov | Cov | cov | cov | cov | cov

% % % % % % % % % %

200910 8.3 8.0 8.3 8.2 8.3 8.0 8.3 8.0 8.4 8.6

201011 7.7 7.4 7.7 7.5 7.7 7.4 7.7 7.4 7.7 7.9

201112 6.6 7.5 6.6 7.6 6.6 7.5 6.6 7.5 6.7 8.0

201213 5.9 7.8 5.9 8.0 5.9 7.9 5.9 7.8 6.0 8.2

201314 6.6 9.2 6.6 9.2 6.6 9.2 6.6 9.1 6.6 9.4

201415 7.4 8.5 7.4 8.6 74 8.5 7.4 8.4 7.4 8.9

201516 5.2 7.0 5.2 7.2 5.2 7.1 5.2 7.0 5.3 7.5

201617 4.3 6.7 4.3 6.8 4.3 6.8 4.3 6.7 4.4 7.0

The summary of COVs of CBR tdsbm AMRL datafor the different geomaterials
(sand, RAP, Kentucky limestone, and Mexican limestareesummarized i a b6l %e
The results sha that the COVs range from 184b(for Mexican limestonand 2009
2010 AMR data) to 34.9% (for saathd20122013 AMR data).
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Table 69. Summary of COVs of CBR testfor AMRL data

Sand RAP Kentucky Mexican
Limestone Limestone
Year CBR ot | CBRat| CBRat| CBRat| ., .| CBRat| CBRat| CBR at

cinal 02 | o1 | 02 | SR8 02 | 01 | 02
: inch inch inch ' inch inch inch
COV | COV | COV | COV | COV | COV | COV | Cov

% % % % % % % %
00| 168 | 247 | 168 | 245 | 168 | 243 | 165 | 243
7% | 318 | 305 | 317 | 303 | 315 | 246 | 316 | 247
5(2)11- 273 | 262 | 272 | 260 | 270 | 257 | 269 | 258
iglz 349 | 329 | 348 | 324 | 344 | 320 | 337 | 313
27| 315 | 300 | 314 | 209 | 311 | 206 | 312 | 207
M| 331 | 243 | 319 | 285 | 304 | 281 | 304 | 282
01> | 339 | 242 | 338 | 241 | 336 | 240 | 337 | 240
2010 | 333 | 220 | 332 | 220 | 330 | 227 | 331 | 228

Eval uati on of Site Variabil i

Site Variombi CPIiTt gat aPiabnedl eMChPoCd

To investigatesite variabilityfrom theCPT data and its effect on the LRFD design of
piles using th&.CPC PileCPT design method, tlerrected tip resistance, gere
collected fronsix different project sites (Metairie, ALF, UH), andLA 85, Hammond,
BayoulLacassine, antA 1) for evaluatiorper site. The CPT location points for each site
are presented earlierihi g 4 BThe soil profile, soil propertie€PT data and CPT soill
classification for Metairiesite withdepth wee presented earlier bi g 4 5The soil
profiles, soilproperties, CPT datand CPT soil classificatiorier the other sites are
presented in Appendix.Bn order to investigate the effect of site \aduility for each site
using the geetatistics tools, all the collected data for eachrssted tdbe first transferred
to stdionary data without any trermtior to performing the sew@riogram analyses. The
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CPT data collected for Metairie site and ALEegjas examples) were transformed from
nonstationary data (with trend) to stationary data for each layer by removing the trend
values using the equations presenteéfong 71 @ andF i g T 4 eespectivly. The
corresponding transformed CPT data from Metairie site and ALF site are shéwngiu r e
7 BandF i g 1, eespectively. Data transformation from nonstationary data (with
trend) to stationary datwere also performed for the other four CPT sites insthidy,
following the same procedure done for Metairie and ALF séted are presented in
Appendix D All the data used to evaluate site variability from CPT data for the six sites
are stationary atawithout any trend.

Figure 73. Transferring the data from non-stationary to stationary data for Matierie ste: (a) non-
stationary data with trend line; (b) stationary data
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Semiariogram analyses were perfornmtthe CPRy daausing the JeoStat software

for each solil layer of the six CPT sites. The resulted experimental semivariograms for the
six soil layers at Metairie siter vertical and horizontal directiorsse presented in

Fi gommelFi g1 BrespectivelyThe spherical model presentadEquation20 was
adopted here t o fgiamn with theexparondredatdljo defnetheé v ar i o
vertical and horizontal correlation rarsga, and &, for each soil layeiThe resultsalues

of a, and a for the six soil layers at Metairie site were determiasdghown in the

figures The valusof a, for the Matierie site are 5.90 ft., 8.80 ft., 8.08 ft., 12.20 ft.,
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12.40,and 80 ft. for the soil layers 1st, 2nd, 3rd, 48th and 6th layers, respectively.
However, hevalues ofa, for the Matairie site are 100 ft., 150 ft., 110 ft., 100 ft., 117.5 ft.
and 100 ft. for 1st, 2nd, 3rd, 4th, 5th and 6th layers, respactivegparently, the range of
an values (00 to 150t.) is much higher than the range ofvalues(5.9 to 12.4t.) due to

largespacing between the CRast location§ O 2 4 which will)resulton minimal
effect of the horizontal variability.

Figure 74. Transferring the data from non-stationary to stationary data for ALF Site: (a) non-
stationary data with trend line; (b) stationary data
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Semi variogwene¢dsowaldyslesll bpa to fit t-dpe expe
data into spherical seminwvg@es ogfr aunesr t iamal t ar
correhandoa or eadhesoiebul & gee retxipeali memd a l
hori msemtiavlar i ogfroasnosi | f dltaAysdhrese aar e Fpg&dent ed
ankKi g8 er espEklte i veeifyesLAls® t e are 5 ft., 11.
and 11.9sftn@dr @ oatnfdahyke rls, ;r ewlpiel@dndgbeked &

12.5 ft., 13 ft.  1s14 fRtnd,tlha&8gdr, § Anfiédepectovw
horizontal coyrEA@aY eonal SachSoigisd naary aenogr am
anal yses were conducted on ftohlel oowihnegr tfhoeurs a
procedur e donée Afsdirt eMsehteaainrdiseu latnsd ar e present
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Figure 75. Experimental and spherical vertical semvariogram models for the CPT-q: data of soil
layers at Metairie site
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Figure 76. Experimental and spherical horizontal semivariogram models for the CPT-g: data of soil
layers atMetairie site
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Figure 77. Experimental and spherical vertical semiariogram models for the CPT-g: data of soil
layers atLA 1 site
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decreases wift helif§ahcernrBMheeinn egivbhenDsbBN&ry | ar ge

(i .e., a vaeil Y gs lawmrbteictodimegse )vaeprpyr osantpahlels (z er o
However, i n sil/uaantdinhag saaWwtezerirdobobef fecti ve
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Figure 78. Experimental and spterical horizontal semivariogram models for the CPT-g: data of soil

layers atLA 1 site
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t hheori zont al ranget hveerttwa atlo rfamwre )t idregse nafi |
i mportance of tdecpnmogrecdt i wWhGamesgabhb of I

adoptedheTaEmwm be
andnfD/ @dingL 2 e

e x t rtahcet edd nbeyn su soinfigess Vv a

Whehdéari zont gd amdédtger,mianbdas ™Mbe axmidbAe 1f or

si tbews ,h vabandwialolf ke usaus itFregyd ¢Tawl uviantvee st i gat
site variability (inclaqdanhg hodi zoet affeaht
design od thiCeE€EsPRITBemesi gn tdnat hodol t et gd fr
t wo sites LAVeltualevlnke uanhded separately. The C
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t he stism@® e p reeasrelnktieegdt 3 @mahned | stpir of i | e, soi | pro

data ar e Fpirgetisiteend eAdp pifemrd | xh 8 Metsdiitreise, and

respeclthievdlityosti nsvteespt i gate the effecgt of si.t
t he-stgetoi sti canstbled scolslt ®@otseadhtd @oathary data wi
t r eflnhden devel op the experimental vertical &
the correlvandfomar feaaddlor soial | ayer per site.

Once the vanadlaaees eovfao au actaecdhe d i ¢ vi, dxa dofeabé or ,
deterusginreg t he di mensandldyss Fsagrhigbdbe es L/ a
spatial coef fGQW epiticah bhrwediqdaeing enand t he
|l oad coefficiegpt cain baer ekl abhl edOMe,i ntghe |
wi slea,nd t he mean, m, warae acdlucsuinat ¢ dvef Jem Stt
The resistance factor sgaxndiioderiacd spati avlas
eval ua tBEqgdu a®slionng

The val ugesphafcdMe®\Ms irtiee (datain geinegat ke a
a=2y@anb/v@awere cal cu.l2ated atn@. D®4spP,ectively. T
correshBRDingsi stance f act oresath aasreed 0o n7 3s4p2a,
0. 72%08l, 76t,hgceo e rppat=@¢a nad ndJraespecti vely.

The val uesphafaL@BGE t e (et an @si ngn t=ER gener ¢
andnnpDWeare calculated to be 0..Thh44, O0.1058
corresponding LRF®sedsoBst apashi:f kacrvea ros adb2i2loi,
0.9206 and 0. 93, n=2ar anth @Ddgemec tait veal ya.

These resistance factomrSspaw@lke. cBh e ull RER dr ais
facteome sw cal culeastiegdn unseitnhgo d hree sdi st ance c¢C 0¢
COW, methowhisclerqual to @CPI1 dfecrn UIBCTTHEh giolde
corresponéi mesmett mewds eaf oactt&€P,C desi gn met ho
whi sht he same for all scenarioxartioetrhis s
incorporate both g bhpptiantiet har mabhrh fetf yor r COW
in the LRFD calibr abidaonsionfg rtehsa sfeoglnlacewibnag tr
[ 143]

w8 0 @ @ 0 ¢
W o

[ 1} 9

00 @

The cal csdamad edh€O&¥orrespondfiancg( etjast i bhat ed |
di fferent scenarTiadd80ealrte isst memaaearzetdhatnh when
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variability than the CasdpgiE OMedenedt var v albu e
of threiwidlVlebereeased and the corresponding r
increased, and vice versa.

The table shawsgatt@GaMainh .0 COWet aeruei ng the
gener aadaread (. 21, 6/@¢d 0. 86 3 Vs e &Pk hGBOMeslp ¥t.i al
0.214%,:5Q026Rd =1 0. 616 &2 v arhDefd® a,& ée

COVW, spat i GROVatn@doia Br D0 2&5mE. 6 7r espectivel y.

FolbA, 1the tabhe shbwesshHhmbGEIMAMAJIusi ng t he
generpared 0al104dd 0. 2092 Whreas psatulp@ hgy .
COVW,spztiQrL 1088 5CQYNT @ «tolrag 086.7 4Fi nal |l y, the va
COVW, spat i GONVa Rid dt a f ocra stéh/edafar e ®. 2dgd 0. 75,
respedti bceatng n Tabd@mhtaie effect of considerir
range in analysis isshmplsfghaeataocoahnhpysi Fhew
assumaoD/ a

Table 70. Calibrated resistance factorsgr, for LCPC design methodfor Metairie and LA 1 sites

Parameters Metairie LA 1
Generate@n a=2a mg T Generatedn a=2a mg T
COVr spatial 0.2167 0.2149 0.20 0.1044 0.1058 0.10
CcoV,
R,method 031
(LCPC)
COVr total 0.2633 \ 0.2624 \ 0.255 \ 0.2072 \ 0.2079\ 0.205
COVQ? 0.0111
Cspatial 07342 | 07293 | 076 | 09229 | 0.9206 | 0.93
.method(LCPC) 061
Gotal 0.660 \ 0.6582 \ 0.67 \ 0.7498 \ 0.7486\ 0.75
Thervability anal yserse f d®entehbee voetamognat aflour s

(i .@ssumi da@3Dnalee bBoO6fezONta|INnostangkdinit f o cank y
the minimum spactegt b eabreea echoonhssied eGPeld | ar ge
the pile whesdjesed in

The vertigalf cArlakt dgssst,e aar ef t3. ,f tard t142 .fZtn.d tf.dBrr
and 4th | ayers, respectively. I n case of B
l1st, 2nd, 3rd, 4th and 5thllafyer samde84385"
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respectiTlvelwer t,i f dleSOr@amdes ,siate are 4.9 ft.
ft., 6.8 4t8,f¥4. 9fdont .lstand2nd, 3rd, 4th, 51
Hammond site, thea weiret ilcsal, Ramlg easn2l. &8,df fl oa,y
andf1.5%5 respectively.

The calcul ated coefficients of wvariabiliti
resi stanfae ffoarc ttohrkd Baypob us L g PVdxsnddAhe and

Hanmond sites) dr&/kxulmmairs zeldeam t hat when -
variability than tHe . desdyaPMBEW)htakde vvaaliuaeb i
ofCOW tdiescrsaasdet he correepdmdit mg ained irvetacsee v e |

Table 71. Calibrated resistance factorsgr, for LCPC design method for the other four sites

Parameters ALF BL Uus9ao Hammond

COVR,spatiaI 0.11 0.08 0.09 0.16
COVr method (LCPC) 0.31

COVRotal 021 | 0195 | 020 [ 0.235

COV? 0.0111

Cspatial 091 | 09 | 094 | 083
‘method(LCPC) 0.61

total 074 | 077 | 076 | 0.70

The r eBal/ltesh oiwvn t h ag sptahiGROUDW &k ofa0r ALF site a
0. 11,an0d 201. 74, respectivetllye rREGOY: G@AYooau Laca
andoaae 0.08, 0195 and 0. 77Rg, sk GONataidvel y.
Gofa®@r t9NEENHMAS5 site aardO000B6, Or@®pectively.
Hammond hGO¥ epzti@Q1 16,7 OBIT toFklg 01 7 can seen
frdamb7l@enTda b7ldehat t heaiocaaludsfd&frent for the

basidgwaéviayroi abi | I Rysp@fnaitt thee THiIOtVe el at i vely hi g
variyabdfl iMet airie resul ted-aio0ohatdovemp areesd stt &
ot her sites; whil eBatylbeu I|Loave assisties dv aorni ahbiiglhietr

facteagd. 77t han the other sites.

Site Variabil ity Dermrsd ghmHW?e tShtoadt i ¢ Pi | e

The FHWA pile design method adopted the Nordlund (effective stress) method for the
sand | ay eToslinsom(thtal stiess) méthod for clay layers along the pile
length. Usually, the SPT data are used to evaluate the friction ardggediund method;
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while the U Tomlinson method is based on the undrained shear strengBorites

consist of sandy soils, the Nordlund design method is usually used for pile design; while
for sites with c oTomlmsowvdesigo mEbgigusualt/asedfa, t he
pile design. However, for mixed soil conditions, both design methods are used.

Amongst the four sites evaluated in this study for soil borings, the subsurface soil
conditions in three sites (i.e., Bayou Lacassine, Red River aidW&Boulevard are
clayey soil s, -Tantindondesigamethdd based ort, Sillbe uded in
thesesites.However, thesubsurface soil condition at Metairie sitemsists of mixed soll
layers,therefore, boththeN o r d | u nTdmliasordlesdh methods will be analyzed.

Site Variability $trroem ghhftbrrniddesdomSfle ar

To investigate site variability fronandrained shear streng®,, data for thea-Tomlinson
method soil boring datavere collected from three sites (i.Bayou Lacassine, Red River
andWilliams Boulevard. The distribution ofoil borings for the three sites are shown in
F i g 4 4Fer Bayou Lacassine, the maximumnimum, and average COV of,S
(COVs,) from soil boringsare 0.80, 0.29 and 0.51, respectively. For the Red River site,
the maximum, minimunand average of CQOdare 0.91, 0.11and 0.35, respectively.
For the Willians Boulevardsite, the maximum, minimupand average of COyare

0.39, 0.13and 0.26, espectively. All the $data used in the study are stationary data
without any trend. The profile of soil type/layers andi&a for the Red River site (as an
example) are shown R i g 1 9E&perimental seraariogram analyses were performed
using the JeoStat softwaieevaluate the vertical correlation range far the soil layers
of each site (as shown ki g 8 @Goethe Red River site). alyses were done in the
vertical direction only since the horizont@istanceébetween the soil borings wevery
large. The spherical model, as describeBanation20, was used to fit thepherical
semiariogram model with the experimentldata, and to evaluate the vertical
carrelation range,afor each soil layef- i g 8 @resents the semariogram and
corresponding.avalues for the four soil layers at the Red River site. The valugaréa
7.0 ft., 10.7 ft., 5.5 ft., and 6.0 for thelst, 2nd, 3rd, and 4#vil layers, respectively.

Similar analyses were performed for the other two soil boring sites to fit the experimental
data of Qinto spherical semivariograms, and to evaldlgevertical ranges, afor each

soil layer. For the Bayou Laccassine site, the vertical rande$orthe 1st, 2nd, 3rd, 4th

and 5th layer are 3.20 ft., 5.90 ft., 6.10 ft., 9.50aftd 14.50 ft., respectively. The
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verticalrange a,, for theWilliams Boulevardsite are 19.50 ft., 24.0 ft., 24f0, and
10.80 ft. forthe 1st, 2nd, 3rd, and 4th layer, respectively.

The
L RP

Figure 79. Profile of soil layers ard S, data for the Red Riversite
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Figure 80. Experimental and spherical semivariogram models foS, data of the Red River site
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soi l borings are 0.67, 0.17 and 0.27, resp
mi ni painnd aver ageN Gayewo ff rSPi soi | boandgs ar
0.31, respectivel yydaTthae rweiflolv ableu uhsee dc bteol sec t
var i ablalyietrys liflofromrd ilncor Pbamaltiimo:mon ngiol & hekee s i
and the c-bl dattedi BERTuaa eustehde tsadageeasarlilabarn
'V for integration into, tdep&dNoatdeéluyn.d Tphil e r
cal i brat eNjtewwd smetnirced ETaoatl d rnss;o (e, meent fh® s

met hod) and one (frokorMakdbdbdhdddcdiet hod, the c
variabilityjamdoMPfoltdhatdhewesSs used to calibr
factor fbometdhet@admc(rammadcdtysd ér) enteetnhtoSisrtjudy b
cali brated the FHWA static met holdodiosi gnad .e:
and theoaaldu €M ee cal cu.l ;e @#2r @ spect i vel

Table 72. Calibrated resistance factorssar, f 0 rTontlinson gatic design method

Parameters Bayou Lacassing Red River Williams Blvd
COVR, spiial 0.22 0.19 0.14
COWr, method(D me )t h 0.48
COVR, otal 0.35 | 0.33 | 0.31
COVg? 0.0111
4spaial 0.61 | 0.65 | 0.72
‘method(U me) ho 0.34
otal 0.45 | 0.47 | 0.49

The meadatadaNMddaStPal col | ected from the diff
stte are plotted versus dépghafdan dtbilibee f our |
respecti vealnyd. -NeAHdllatahes®8d in Metairiue site

any trend. BEwagreiro gneamadanasleynses were perfori
software for the foas sbobiwg82awEhe anaMegsas
done in the orlryiacwe tdo rlexngenhorilzont al di

borings. Spheuaicfadwanso duesled(vapoi bgt amhemodemi w
experiSremt-BBat a, wbeadmthmee derti cal ywcoffrorl at i
each sdilgd@awead8Bpr esentvatrhieogsreaams and t he
correspouabduerg Gor the cl ay Fliag@@resFnldg varned | |
8d presewtartimgrsaenai and yvaBuéorr édposdndgl a
IV, respectively. The fwal uehe ofoiVerltaiyeals rl:
8.8 ft., f14.,4 amtd. 241D. 2t . , respectively
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Figure 81. Measured undrained shear strength, § and SPT-N data for Metairie site
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Figure 82. Experimental and spherical semivariogram models foSy data of the Metairie site
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The correlation vertical range;, @etermined from the sewariogram were used to
evaluate the redtion factor,ar, for each soil layer and the spatial coefficient of
variation, CO\& spatiay (for both S and SPIN) usingEquation20 andEquationl19,
respectively. Astsown inT a b7l 3ghe CO\. spatiafor layers | and 111, lagrs 1l and 1V,
and for Metairie site are 0.10, 0.17, and 0.166, respectively. The load coefficient of
variation, CO\4, was evaluated frofaquation23. The resistance factor considering to
spatial variability,«spatid, for a-Tomlinson method (layers | and)lf Nordlund method
(layers Il and 1V), and combined static method (all layers) were calculated using
Equation21. The corresponding resistarfaetors based omspaiaiOnly are 0.82, 0.74,
and 0. 7 @Tonlioson methoe, Nardlund method, and combined static method,
respectively. The resistance factors for the methagls,oq are 0.34, 0.41, and 0.40, for
t h eronlinson method Nordlund rtreod, and combined static method, respectively.
Equation149was then used to calculate the GOMalto incorporate botkite

variabilities, COVr spatiay and COW& methog iNt0 the LRFD calibration of resistance factor,
total, ASSUMING €= &2 = 0.5.T a b7l 3mmarizes the coefficients of variations (COV)
and the corresponding calibrated resistance faciajs ( f o ¢Tontlits@n method,
Nordlund method, and combined statiettrod. It is clear that the site variability foeth
Metairie site is lower than thaesign method variability (i.eGOVR spaai < COVR-method),
and therefore a credit will be given to the site by increasing the resistance fegtess,
andeotay, Used for desi gni ngominsonmeétHod Ndrdundn d at i on
method, or combined static method. Both thtia(0.74 to 0.82 and theeta (0.58 to
0.62) are higher than thehethod(0.34 to 0.41).

Table 73. Calibrated resistance factorsgr, for Metairie site

UTomlinson Method | Nordlund Method | COMbined Static
Pammeters (Layers I and III) (Layers Il and V) Method
(All Layers)

COVR, spatial 0. 10 0. 17 O. 166
COVR, method 0.48 0.48 0.42
COWR, total 0.29 0.32 0.29

COV@? 0.0111 0.0111 0.0111
Cspatial 0.82 0.74 0.70
method 0.34 0.41 0.40
Cotal 0.62 0.58 0.53
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Di scusfsi ®eami vari ogram Anal ysi s

The value of resistance factag, in LRFD design of pile foundations is directly related

to the resistance coefficient of variation (Cg)\ue touncertaintyin subsufacesoill

resulting from spatial variability, statistical error, measurement emdmmadel bias. In

this sectionthe CPT data (gand soil borings data (&nd SPTN) were used to evaluate

the site variability of different soil layers in combinatiorihwthe variation reduction

factor, ar. The main sources of measurement errors in CPT are the soil formation and
equipment error (i.e., cone type, calibration), with less effect of the operator on test
results. However, the main measurement errors sour&slata are soil formation, soil
sampling, specimen handling and transportation, and operator/equipment. In the case of
SPT measurement, the soil formation and equipment error are the main sources of the
measurement 06s err or s equipntent sosrceehempoes¢diseete t h a't
number of blows) are higher than the CPT equipment errors (continuous electrical
measurement).

The resultof site variability using semivariogram analysis showete idlittle effect of
thehorizontal rangea,, onevaluating the reduction facta;, and the resistance factos

(f), since the distance between the CPT tests and soil borings are usually very large
compared the pile diametand the ratid/an @ Therefore, for the simplification of the
analysis, we aaassume Dfga  @&xploring the results presentéar the ten sitesthe

reader can realize that the spatial resistance coefficient of variations &£y from

CPT-q: dataranges from 0.08 to 0.20; the C@¥atiaffom S, dataranges from 0.14 to

0.22; and the COWspatiiafrom SPFN data for Meairie siteis 0.17. Interestingly, the

values of CO¥ spatiafor all ten sites (either from CPT or soil boring) are lower than the
COVR methog Which are evaluated from data collected from many sitesfatetit

locations nationwidgs8] or statewidg57]. In COVr methog NO consideration is given to

the specific site variability, although variability between different sites in Louisiana were
indirectly included in the LCPC pHEPT method and the combined static method. Some
researchers, like McVay et §l4], used the COWspatiaitO calibrate the resistance factor,
spatiaj fOr use INLRFD design of pilesdr the specific site. The authors recommend using
Equation149to evaluatehe COVR tota, Which incorporates both thiee COVR spatia@nd

the COVRr methog @and to calibrate the total resistance facteta, for use in LRFD design

of pile foundatios.

It is clear that fothe sites with lower site variability than the design method variability
(i.e.,COVR,spatia< COVr-methog, the value of the COMwtadecreased and the
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corresponding resistance factegya, increased (as well aspatia), and vce versa. This

means a credit will be given to low variability sites as compared to high variability sites

in terms of increasing the resistance factors, either uspagior tota;, for use in the

design of pile foundations. Since the site variabfligm using CPTq: datais lower than

soil boring data (Sand SPIN), the correspondingspatiai ttotal, for LCPC pileCPT

design met hod ar e-Tdmiingom and the Nomlland debign methodst i ¢ U

Evaluation of Site Marailabsiilsi ty u

Geotechnical Characterizati on

In order to utilize the CPT data for estimatitihe ultimate pile capacitysing any pile

CPT method, it is important to classify the soils and evaluate soil layering and type so

that the proper correlation factorarcbe selected to evaluate the unit end bearing

capacity and unit side resistance of the soil layers along the pile shaft, which are based on
soil type, pile type, and installation method. In this study, the probabilistic region
estimation CPT classificatn method introduced by Zhang and Turfie34] was

adopted in this study to classify the soil
estimation method determines the probability of soil behavior (clay, sand, @nd sil

F i g & epicts an example of the soil description, moisture content, liquid limit, plastic
limit, undrained shear strength, cone tip resistaacdthe probability of soilbehavior

for a test pile located #the Houma I.CW.W. Bridges project.

Bayesian Update on the New Sites
Houma | . C. W. W Bridges Project in Terrebonr

In this study, 33 sites out of the 34 total sites were considered as old sites that will be

used as likelihood in level 1 of the Bayesian anajysisl the site at Houma I.C.W.W.

Bridges project in Terrebonne Parish in Louisiana is considered and used as the

likelihood in level 2 of he Bayesian analysis. In Houmadge site six pile load test

were performed. The Davdapascten@ ortheépils ur ed ul
load test were 110, 60, 117, 115, 107, and 170 tons, respectively. However, the estimate
ultimate pile capacities, Qusing the LCPC methods for those piles were 115.5, 81, 95.9,
108.6, 77.3, and 117.9 tons, respectivéherefore, the biads( & n#Qp) @r 6 pile load
tessare 0. 95, 0. 74, 1. 22, 1.05, 1. 38, and 1.
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standard deviation (0) are 1.04 and 0. 30,
data.

Figure 83. Subaurface soil condition at Houma I.C.W.W. Bridges projectsite
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Af tlteervel 2 analysis, watwi laln dg(geaevyaakedOedrhh e p
= 0). 3flor the normal distributiemidwThéesbeupo
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Figure 84. Prior, likelihood , and posterior distribution with m ean at different Bayesian levels
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f data ar eTashildemAsi s bdwipbniemet updat ed val ue
osterior par apgretlerds akhedB =u B0o.MBPHt we case of
ests of high site da5 imiblie ittegstioorofolldow agi
ew site; whdiatea sfeoer btupte Ussaidmeg twme values of
osterior parampll &2 sdoa®dever, wirer Uwirngdg hwe

amdetastthe valuesi of paprdameds pa.ededude28o

w T 5 T OT O n k-, O S

The values of upda(teend)fpoors ttehrei osra npea rsaeme toefr sd
piles for old database and 5 piles for the
and high satetharnabwidiitteladdride whisompskeswesnt ¢
ncroefa suepeschanfdfe dm1 . 05, 0. 36 )wittoh (ilyf ®rdena Di. B @
to 2. The results for the secand 46t pof eda
the new site) for different site variabili
Tab7lde whi ch gave the same trend of results.
site and |liotwy satt ehewv aiathe da nadf e d pf o egtite.d0 7 ,
0.34) to (1.04, pDram)lwtoh2intHowaseng fWor
variability of old site awmpddaditaegdbesi bé Wwvacrt
froml. 04, 10.0¥%), t0a 3(7) vfwiarm 1 ntco easing w

It can be concluded that when agptihpeewwg t he
site dat agantdhar amdaeéees shift toward the ne:
rationale and wither EREDtresi spdatéenfactor

nati onwide or statewide) taking into consi
w= 1.0 means that the pile | oad tests at t
of confthengri as pile | oad tewti dealdae abfase@!
Siemct he variabilitwidthismpecmbddel sbtasi baof i
that of a region, most of the timbeurterea
wlen thed&gnewlsi tlewmad tceosntp |, (eltmekdee i choonosdi2d) e riast i
be given to the new test data in the Bayes
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guidelines in |iterature on the pr@per sel
can be adopdepmpleddirngy on the specific site
The authors recommend using=alcbnfadenacsth
point.

EffeeandlPdr amet er sDesi ¢iRIFdDS P

The resctsdrla,nfcer fmi l e design according to t1|
design (LRFD) method can be calculated usi
mo me n to dMEQSM) calibration equation proposed by McVay e{ &4.]:

p 00w

f p 60w (1501

- _ Aob 17p 60wp 60®

0
0
ar is the resistance bias factor @ the dead loadnal Qi s t h e kisthedargeto a d ;
reliabi lpiitsy tihredelhx;adoLli sad headt ogpisthedealld f act
| oad bias factor ( me asquistieedive badbiasdaetal.CQw pr edi
is for the dead load and G4 is for the live load. The QL is the ratio of dead and live

load (which is assumed to be 3 in this studyje coefficient of variation of the random

loads, CO\4, was introduced by McVay et &l.4] using the followingequation

0
5066 — [151]
V]

where, CO\p s for the dead load and CQVis for the live load. According to the FHWA
[59], the dimensionless parametersha above equatiortan be defined as the follows

[ P& Y_ PPUOlw TY P& v_ pBTYPO b w T QY

In this study, we will consider the LCPC metH&8@] to design piles fronCPT data. The
LCPC is a direct e-CPT method that shad one of the best performanaefCPT
methods on estimating the ultimate stégnce fopiles driven inLouisianasoils[57]. The
mean resistance biask, and COW for the LCPC method are 1.04 and 0.31,
respectively
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Table 74. Updated parametersat different site variability for different wy, parameter levek

Confidence Bias site Parameter, yw= 1

, Updated
Database New site Parameters Resistance Efficiency
No. No. Mean| Standard| COVr Factor Factor
of | Parametery of | Parametery Bias | Deviation (NR) (nrA)
piles piles (& ( Q)
When new site has lower number of piles; Low site variability
a| 1.10 & | 1.02
75 & 10.40 5 & 1020 1.08 0.36 0.33 0.56 0.52
When new site has lower number of piles; High site variability
o | 1.02 & | 1.10
75 51020 5 & 17040 1.05 0.365 0.35 0.54 0.52
When new site has higher number of piles; Low site variability
a| 1.10 & | 1.02
70 51040 10 & 17020 1.07 0.34 0.32 0.58 0.54
When new site has higher number of piles; High site variability
a| 1.02 & | 1.10
70 5020 10 & 10.40 1.04 0.34 0.33 0.57 0.55
Confidence Bias site Parameter, w= 1.5
When new site has lower number of piles; Low site variability
2| 1.10 & | 1.02
75 51040 5 & 17020 1.062 0.31 0.29 0.62 0.58
When new site has lower number of piles; High site variability
o | 1.02 & | 1.10
75 51020 5 & 17040 1.056 0.35 0.33 0.56 0.54
When new site has higher number of piles; Low site variability
a| 1.10 o | 1.02
70 & 10.40 10 & 1020 1.06 0.30 0.28 0.63 0.60
When new site has higher number of piles; High site vditiabi
a| 1.02 & | 1.10
70 & 1 0.20 10 & 17040 1.05 0.32 0.30 0.60 0.57
Confidence Bias site Parameter, y= 2
When new site has lower number of piles; Low site variability
2| 1.10 & | 1.02
75 51040 5 & 17020 1.05 0.28 0.27 0.65 0.62
When new si has lower number of piles; High site variability
a| 1.02 & | 1.10
75 & 020 5 & 1040 1.07 0.36 0.34 0.56 0.52
When new site has higher number of piles; Low site variability
2| 1.10 & | 1.02
70 & 10.40 10 & 17020 1.04 0.27 0.26 0.67 0.64
Whennew site has higher number of piles; High site variability
2| 1.02 & | 1.10
70 &1 0.40 10 & 17020 1.075 0.37 0.34 0.55 0.51
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However, when using the Bayesiamalysis the values oér andcorresponding standard
deviation,lir (andCOVr = Ur/ @ will be updated te- a makeddmumber of pile

load tests andariability of the specific new sitén this casethe COVr will bealso

updatedromi / &. So b&dneupdae@QVk vélldbe used to realibrate the

resistance factoff &) for the specit new site Forexamplethe updateghosterios values

o f CQO¥)for Houmabridgesite arg(1.0385,0.3) ; t he updated poster]
COVR) forGibson Highway site are (1.03, @)3and the updategpo st er i or 2 v al uce
COVR) for Causeway &ulevardsite are (0.95, 0.30)

T a b7l 4@esentshesummary of thevariableparameter$ &, COVR) for the different
scenariognumber of old piles versus number of piles at new site, different site
variability, and differentconfidence bias site paramgtandthe correspondingRFD
calibrationresistancedctorss (f r) andefficiency factos (f r/8). It can been seen from the
table that the resistance factor increases with decreasing variability of the neve specifi
site, which is also affected by the ratio of old piles versus new piles and the value of
confidence bias site parametes. More credit will be given to sites (in termsfad) for

low variability sites with lager number of piles and using>l.

Evat uan of Site Variability wusing

Probabilistic analAE€FPFT svere perhgrimed B56e M
softwar ecomrfdwietheceeval s (Cl) to the estimate
points. When iabwetuimun ahav ebelestdet er mi ned, t
from a range of confidence ILiAnsilittse ,r aln3g i GRT
tests (75 ft. deep) were per flRoirgeBiehat di f f

subsurface soil for eachf €CPrm aayg@SItE Ifdcat ildn
34 f-46,fB8&43amasdd on CPT soiFlorcleasxsi fsioadt il
CPT test, t-pealaverwage cCaTciunlcaotrepdo raantde dt hient o

dat aatf oasn i nput in YWhi&thi &oddgndiiei dadnéedh ez i s
t hat d ( laeearea g-¢).dhPeTn  t whiel Idab@anpt bet 8Ge Ms. Af t
plotting the dawiall pelatoofe d@ne sawhdalsy soifs vari o
analkrsii@gin@adgcyasnipsbref or med onl n htehidatsat sgpywy,c ewe
t he okdi gaNgtxeapwe generated faqpfiayardabteanbiu
usitrhgeequent i amulGausGad)sm dihado wtehe apr obabil i
anal ysi s.
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SGS Simul ations

TheGeMs swéaswasemaektdhe CPT test data from t
LA sl fTree saitnewdl val ues 817 6B4) &GiseGivenroart e d
knowlofdgtehe site, every image is a plausi bl
di striFbfrteradn wampgear s atten@eGSs ah gkoir g & ghan
depifcivmagést hes e froe adtliremadlh ednts e .

Figure 86. Five realizations(out of 50 realizationg at the 1st layer of LA 1 site

Estimation/ Me&nigsn@rdinary

One of (tftheigmudlags iomn swana t te@ md miagi i rtohme tenhe ¢
real i Zlahtesi t@nmeam/an map tihmdaumbed i fnrgom hav ér0a g
real i zat i esntsi.ma®ianocnefialtpdyv e sod g ea | | real i zati ons
i's expest mdl bGker ibgeapd OFBI]g8 tempaheskriged pl a
ver sues tti menéd amnrhap sblody ehletnsll te. Asn s$hewn
figurme,sutthes of esti matkoingaiviegroyu gchl ossiemu(laal tm:
same)
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