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ABSTRACT

In thefield of bridge engineering, columns suppaed oncast-in-drilled-hae (CIDH) shafts
are common dueto the elimination of acolumn-foundation conredion, simpicity of
constriction and reduced constriction coss. Dueto thesebenefits, this combination of column
and foundation is fequently usedin high seismic regions. However, themodeling of lateral load
behavior of the column-shaft systemis acompex matterdueto theeffects of soi-foundation-
structure-interadion (SSl) and temprature effects. Theresearch presented within this projed
report identifies nunerous clellenges assciated with thecurrent gate of pradice of accouning
for SFSI in colesive sols, derelops a mw methodthat accountsfor SFSI in cohesive sols,
examines thecurrent date of cohesioress sl models, examines temrature effects on
constriction maerial behavior and providesa design methodadgy for columnssuppated by
CIDH shafts.

Theprojed undertook an extensiveliteraturereview as well as anexamination of codes and
guidelines to iéntify the challenges within curent practice Within thistask, it was canduded
thatexisting methodsare able tocapture the kehavior of column/shdt systemsin cohesionless
soils. Havever, theprocess also found #i althaugh many modelsexist to Smplify the useof
theWinkler soil sping concept, none othe simpified modelsare able tocaptureboththe elastic
and inebstic lateral load response oén integrated column/foundation system in cohesive sois.
Thechallenges arose for thefollowing reasons:

1. some modis aeonly appliceble in theelasticrange;

2. modelsemmmended for use incohesive sols andcohesionless sals were orly verified

against experimental data obtaired in cotesionesssolls;

3. nonineaity of materials (i.e., soil, cormrete and ged reinforcement) was not accounted

for in thedevelopment of the modis; and

4. plasticadion within the diferent methods isgenerally lower than what actually will be

foundusingadetailedanalysismethod sah as that bagd onfully implementing the
Winkler spring concept.

In addition to theaforementioned shortomings, the existing methods gnore the effects of

seasord freezing in their development, even thaugh it significantly atersthelateral load

response ofCIDH slefts. However, it was foundthis appoadc is not appopriate, as two-thirds



of the lridges inthe United States ae affededby seasonalfreezing. Thisproblem is orly further
exaceabated by the fact that half of thebridges in hgh seisnic regionsare also dfectedby
seasonalfreezing. Afteridentifying theseissues, anew methodwas dereloped that more
acarately predicts thelateral load response otolumns suppoed onCIDH shefts in cotesive
soils.

Thenew approach presentedwithin this report ugs a &t of three springsto determinea
bilinear force-disgacement response othe column/foundition system ugng minimal input
parameters aboutthe structureand surounding soil. Themodel was developedas a antilever
supporéd on aflexible baselocatedat the expeded maimum moment location. First, a
rotational springand atranslatioral springwere placed at the maximum moment lo@tion to
cgpturethe behavior of the foundition staft at and below the lccation. Thefinal translatioral
springwas locaed halfway between the naximum moment loetion and the gound suface to
cgpturetheresistance of the soil abovethe maximum moment lo@tion. Bybasingthe system on
the maximum moment bcaion, the point at wich the most dmagewill occur is ddined. The
global response othe system, as well as the loal response othe CIDH shaft over theentire
lateral loading range, isalso aptured.

Compaing the aternative method to esults from experimental testingperformedat lowa
StateUniversity and LPILE analyses of several different systemsthenew model was found to
simulatewell theresporse of the column/foundition system incohesive sdls. The dveloped
method ves ableto predict the gcant giffnessto thefirst yield locaion within 10%. Yield and
ultimate limit states were within 10%of the detailed analyses performed in LPILE (Reeseet al.,
2004)and correlated well with thefull-scde experimental testingperformed by Suleimanet al.
(2006). Theoveral comparisons irtluded mutiple disdacmentand rotation factors,as well as
local curvatures developed nea themaximum moment loetion. Theseaforementioned lod
compaisonsof the CIDH sheft, dong with aglobal comparison ofthe entire system,were
performed to ninimize any errors thatoccurred during model development.

Theremaining parts ofthe poject consised of performing controlled matrial tests on
concrete, steel and soilspedmens toexaminetheeffects of seasonal freezing on theirbehavior.
Thesetests vere performed in a Bboratory environment in which théemperature during testing
was maintainedand theresuits would providearealistc model. In eat caseit was determined



that the naterial propertieswould experience significant changes when sibjected tofreezing
conditions.

1 Thematerials testing on concrete provided evidence suchthatan increasein stiength and
moduus ofelasticity occurs wren subpded to sasonalfreezing. However, thecracking
strain of unconfined concrete decreased. The confined concrete specimens eperienced
an inaeasein strength, moddus and strain at peak confined compressve stress. Thisis
of key importance to ersure an accurate momei-curvature resporse of thecolumn and
foundaion stlafts is obtaired for design puposes.

1 Inthe $ed testingit was discowered thatas the spcimens unargo freezing, a quadratic
increase in theyield andultimate stengths of thematerial will occur while experiencing
no change in themodudus of elasticity and utimate drain. This portion of therojea
providedadditional evidence to suggestthat strain rate and bar diameter will affect the
overal strength gain. All of theseresults shold beaccountedfor in the design processto
ensurethatan accurate momert-curvature response ofhe column and foundation stafts
is captured.

1 Theresults of soil testing found thatsagnificant increase in strength couldbe expeded
at -1°C(30.2°F) and-20°C (-4 °F). In thesecases, itwas foundthewarm weahervaue
could be muiiplied by a factor of 10 and 100 to epresent the soil uncorfined
compressve strength attherespective temperatures. Thisis ofgrea importance as these
valueswill grealy modfy the stifness of thesystem during times ofseasonal freezing,
causing an upvard shit in the naximum momentlocation and requiring alarger shea
demand to bexccountedfor in the column/foundation stafts.

Thefinal pation ofthe projed provideda seaiesof flowcharts thatshould bausedduring the
design of columns suppord onCIDH shefts. Thesecharts were constiucted swch that adetailed
compuer-based methodlogy as well as smplified methodolgiescan beused to acountfor all
seasons of theyear during the design process. Therefore, these charts ensure thatall possble
failure modesare examined and prevented duiing the seismc design of columnssuppated on
CIDH shafts.
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NOMENCLATURE

Abbrevations
AASHTO = American Assaiation of Stateand Highway Transporgtion Cificials
ALR = P/fl¥)\g = axial loadratio
ASTM = American Society for Testing and M aterials
ATC = Applied Technology Couril
CIDH = cast-in-drilled-hole
CPT = conepenetration test
CRSI = Corcrete Reinforcing Steel Insitute
PTC = Parametiic Tedhnology Corporation
SFSI = soil-foundation-structure-interadion
UHPC = ultra-high performance concrete
USCS = Unified Soal Classification System
USGS = United SatesGeological Service
VSAT = Versatile Section Aralysis Tool
ult =ultimate limit state
yld =firstyield limit state
Symbols
C = coefficient dependent on end fixity condition (Priestley et al., 2007)
Cs = coefficientfor changing moment patten (Priestiey et al., 2007)
D = column orpile shdt diameter
DNj = effedive core diameter for a circular concrete shaft
’ = reference pile diameter = 1.83 m (6ft) (Priestiey et al., 1996)
Ep = pile modulus oféasticity
Es = soil modulus ofelasticity
Es =Youngb s mo ddasticitgfor mitd sed reinforcement (Chapér 6)
El = flexural stiffness offoundation (Reeseet a., 1975)
El g = effedive flexura stiffnessterm
H = height of column above ground
Hep = height to contraflexure pointfrom top ofcolumn
Hic = distance to in-groundplastic hinge from top of column
le = effedive moment of inertia for pile cross-section
lo = soil plasticity index
lw = we&k axis moment ofinertia for foundation sheft
K = soil sulgrademoddus in unts offorce per length cubed
Ksp = stiffness of sdi-pile system wien subgded tolateral loading
Kc = stiffness of acantilever column when subgdedto lateral loading
L = overdl length of column-pile shdt
La = abovegroundcolumn height
La = normelized aboveground column height
Lcant = equivalent cantilever length from column topto effective fixity locaion
L+ = depth to effedive fixity from goound suface
L+ = length of foundation shaft

21



Fibvg20

= depthto the maimum moment locaion from gound suface

= normalized depth to maiimum momentlocation from the groundsurface
= height of column above ground suface

= distance to pant of maximum momentfrom topof column

= distance below maximum moment to first poinbf zero moment

distance to first pointof zero momaeat from top of column

idealized stiain peretration length

= analyticd plastic hinge length

= analyticd length of dastic hinge above the maximum moment lo@tion
anayticd length of gastic hinge below the maximum moment lo@tion
adual length of pastic hinge from cetailed analysis

= analyticd plastic hinge length due to iagroundhinging

= moment

= normelized flexura strength of foundation shaft

= first yield momentcapaaty of shaft cross-section correspondng with f Ijij
= yield momentcagpacity of shdt cross-sedion corresponding withf ,

= ultimate momentagpacity of shaft cross-section corresponding with f,

= beaing cgpacity factor usedin a GPT test

= axial loadapplied to colunm-pile shdt system

= charaderistic length of column-pile shdt = ( I )

= temperature of material

= lateral force applied at top of column-pile shdt

= soil sher force at locaion of soilspring

= soil shea force at theyield limit state

soil shexr force at theultimate limit state

correded lateral load at the top ofthe column

= uncorreded|ateral load at thetop of thecolumn

=firstyield lateral load at top of column

= ultimate lateral load at top of column

= normelized lateral strength of sol-pile system(Chai, 2002)

= width of foundation in Reeseet al. (1975)

exporent in p-y curve cevelopment usng Reeseet al. (1975) suggestions
neutral axis depth inconcrete saft for a given curvature

= undrined $ea strength of soill

=nomina diameter of deformed einforcing bar

diameter of longitudinal reinforcing bar

speified ultimate concrete compressve stress

= expeded ulimateconcrete compressve stress

= average ultimate concrete compressve stress at20 °C (68 °F)

= experimental ultimate concrete compressve stress

= concrete ensile stress

= speifi cation yield steel stress ofreinforcing bars

= yield strength of longitudinal mld sted reinforcement(Chapter 6)
= expededyield skd stress ofreinforcing bars

= ultimate tensile sength of longitudinal mlid sted reinforcement
= ultimate sed stress ofreinforcing bars
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= accderation dueto gravity

= height of soilbetween the maximum andzero moment loetions

= coefficient in L equation for afixed head condition (Priestley et al., 2M7)

=initial p-y moddus u®d in LPILE analyses inunits offorce per length cubed

= consent modulus of suradereaction inunits of force per length squared

= soil sulgradereadion per unit length of pile

= ultimate soil sulgrade readion per unit length of pile

= unconfined compresson strength of soll

= maximum uncofined compressve strength of soil

= water to cementratio

= depth from groundsurface to location of soil springin Reeseet al. (1975)

= distance from bottom of piléo a point alondength of column-pile shaft

= dispacement ofsoil/pile according to Reeseet al. (1975)at depth z

= dispacement ofsoil/pile at one-half the ultimate soil sulgrade readion

= depth belowgroundsurface

= dispgacement ofcolumn-shdt systemat top of column

= design disgacement ofcolumn-shdt systemat top of column

= elastic dispacement ofcolumn-shdt systemat top of column

= correded elastic dispacement ofsystemat top of column from antilever action
abovethe maximum moment lo@tion

= uncorreded elastic dsplacement ofsystemat top of column from cantilever
adion abovethe maximum moment loetion

= elastic dispacement ofsystemat top of column from elasticrotation bebw the
maximum moment locéaion

= dispgacement ofcolumn-CIDH shdt at ground ével

= abovegroundcantilever lateral displacementat column tip

= plasticdisgdacement ofcolumn-shdt systemat top of column

= plasticdisgdacenent ofcolumn-shdt systemat top of column for the ulimate
limit state

= plasticdisgdacement ofcolumn-shdt systemat top of column dueto in-ground
hinging

= lateral displacement ofsoil-pile systemat column tip

= translation offourdation shaft at the maximum moment locaion

= disgacement ofthe systemat the nmaximum moment lo@tion

= translationat the maximum moment loetion for thefirstyield limit state

= translationat the maximum moment lotion for theultimate limit stae

= yield displacement ofsystemat top of column

= yield disgacament ofsystemat top of column dueto fixed head condition

= yield displacement ofsystemat top of column dueto in-ground hirging

= ultimate disphcamentof systemat top of column

= percentincreasein yield steength with respect to 20 °C (68 °F)

= percent increasein ultimatetensilestrength with respect to 20 °C (68°F)

= percentincreasein srength at 0.03 stin with respect to 20°C (68°F)

= coefficientfor compuing the maximum moment lo@tion

= coefficientfor computing thefirst zero momaent locaion
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= coefficientfor computing the maximum moment lo@tion

= coefficientfor compuing thefirstzero momaent location

= coefficientfor compuing the maximum moment lo@tion

= soil strain from laboratory testng

= concrete stain

= concrete cracking strain

= ultimate stain of concrete

= damage control drain for concrete

= damage control grain for stegl reinforcing bars

= strain in mild sted reinforcement at the onet of the stein hardening
ultimate stain of mild stesl reinforcementcorrespondingo fg,

yield strain of mild ged reinforcementcorrespondingto f,,

= soil drain atfifty percent of maimum prircipal stress

= curvature of shaft cross-sedion

= elasticcurvature of shaft cross-section

= limit state curvature of shdt cross-sedion

= damage control limit state curvature of shaft cross-sedion for concrete failure
= damage control limit state curvature of sheft cross-sedion for steel failure
= first yielding curvature of shdt cross-sedion

idealized elasb-plasticyield curvature of cros-sedion u®d in Chai (2002)
yield curvature of shaft cross-section

= plasticcurvature of shaft crosssection

= ultimate curvature of shaft cross-sedion

= effedive unit weight of soil

= effedive maist unt weight of soll

= coefficient tomodify the ulimatesoil sher force to ayield condition

= normalized analyticd plastic hirge length

= dispgacement dutility of system

= curvature ductility of foundhtion staft

= elasticrotationfrom effects below themaximum moment loetion

= elasticrotationfrom effects below thanaximum moment loation at firstyield
= elasticrotationfrom effects below thanaximum moment lo@tion at ultimate
rotation ofcolumn-pile shdt atgroundlevel

plasticrotation ofcolumn-pile shdt

= plasticrotation abovepoint of maximum momaent

= plasticrotation below point of maximum moment

= yield rotationof column-pile shdt at the naximum moment lo@tion

= ultimate rotation ofcolumn-pile shdt at the naximum moment lo@tion
= longitudinalreinforcementratio

= transvase (spiral) reinforcementratio

= percent increasestardard deviation from Df (%)

= percent incressestardard deviation from Df4,(%)

= coefficientfor locating theabovegroundheight (Chai, 2002)

= coefficientfor locating theequivalent depth toiikity (Chai, 2002)

24



<

l

Units

cm
ft
in.
kN
kip
kPa
ksi
ksf
Ib

mm
MN
MPa

psi
psf
°C
°F

= soft soil modfication factor in translationcomputationsfor new method
= appraximately

= centimeter (1 cm = 001 m)

= fed

=inch

= kilonewton (1 kN =1000 N)

= 1000 pouneforce

= kilopascd (1 kPa= 1000 Pa)

= kip persquareinch (1 ksi = 1000 psi)
= kip persquare foot (1ksf =1000 psf)
fpoundforce

= meter

= millimeter (1 mm= 0.001 m)

= meganewton (1 MN = 1E+06 N)

= megapascd (1 MPa = 1E+06 Pa)

= pascal (1 Pa= 1 N/m?)

poundforce per square inch

poundforce per square foot

= degrees Centigrade

= degrees Fahrenheit
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CHAPTER 1: INTRODUCTION

1.1 Historical Background

A bridge, by definition, is atime, phce or meansof conredion ortransition (Merriam-
Webste, 200§. In ancienttimes, ths may have been as easy as a bg thathad fallen across a
river oras compicatedas a Romararch bridge. As theyears passed, thelesign of bridges
becane mae compicated dueto thedesireto provide functionality along with an artistic
appeaance, suchas thepedestrian lyidges locaedin Des Manes, lowa (Figure 1-1). With the
ever changing demandson designers, sgnifi cant advancements of krowledge within structural
behavior and constriction magrias havebeen madeto furtheradvance theinnovationin bridge

design.

Figure 1-1: Arched pedestrian bridgeover 1-235 in Des Moines, lowa (lowa DOT, 2009)

1.2 Sesmic Engineeaing Practices

Structural engineering is an expandingfield based on knowkdgeascertained over the
decales. In the spcialized field of seismic engineeing, the asign of stuctures has ben
consently evolving as knowledgeaboutearthquakes andtheir effects on strgtural resporse
progresses. Te earliestrecrdsof earthquekes go bad asfar as 1831BC, in the Shandong
provinceof China(USGS, 2009. However, Chinais nottheonly location intheworld to have
recorded early earthquekes. In theUnited States, European settérs experienced earthquekes as
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ealy as 1663AD (USGS, 2009. From this pointin time,eathquekes within the United Sates
have been sealily recorded in time histories.

Oneof themore significant sets okathquakes inthe history of the United States isthe New
Madrid Series of 18111 1812. This eries catained three eathquakes with a nagnitudeof at
least 8 and bd devastaing effects on straturesin thecentral United States dueto the efficiency
of the geological feaures to propgate sismic energy (USGS 2009).As time pogressed, rore
information was gained aboutdynamics andstructural behavior, as well as characteristics of
eathquekes fromwhen afull eathquake groundaccderation record was @lleded duing the
1940Imperial Valey eathquale. Thisinformation allowed strictures tobe designed to target
groundaacelerations usinga force-based approad thatrelated tothe ground accelerations
measured duing past earthquales. However, it was not unil the 1980s when engineers began to
realize that aforce-based approach comhbined with an allowable stessmethod would nobea
soundappreoech for the seismic design of stuctures (Priestty et al., 2007). Theproblem with a
force-based approah without emplsizing adequate displacenentcapadties became prevalent
with damege causedby the 1971 San Fernando earthqueke, the 1989_omaPrieta eathquake and
the 1994Northridge earthquake to namea few (see Figure 1-2). Today, an appracach that relies
on thefinal performance of structures when subgcted to diferent intensites of eathquekes is
slowy taking over. This methodensues anappropriate design is aeaed such that the dsired

performance of the structure is met overthe lifespanof the strcture.

Figure 1-2: Observed earthquake damage: San Fernando (left); Loma Prieta (top right);
Northri dge (bottom right) [photos acessed through USGS website (2009)]



1.2.1Seismic Loading

Sincethefirst full record of groundaccderationswere first @ptured duing the 1940
Imperia Valley earthquake, the undrstanding of seismic loading has been constntly evolving.
This evolution in seisnic loadinghas generaly comefrom two diferent sources. Thefirst
source of evolution is the impovement ofdata aaqyuisition systems ovethe yeas, which hasled
to more data collections withenhanced accuracy in capturing seismic accd erationsacross the
entireworld. Theincreased amountof data collected res led to naps and time histoy datafiles
able to povide mae localized accéerations kased on previously recorded events as vl as the
geology of theareas. The second majorpoint of evolution is thecontinuaudly learned
knowledgeof structural behavior and its dfects on theseismic design process. A ley component
of this ewlution is the umderstanding of material behavior and how thenonlineaity in the
materia propertiescan be usedto ensue a structure that performs as dsired when subgded to
eathqueke excitation. By using the nonlin@rity of material properties, stuctures ae now
designed toform a hinge point and essentidly deform in aductile manner while losingminimal
cgoacity. This evoluiton of design alsoled to a letter understanding of hysteretic damping and
how it may beused to dsdpate theseisnic energy applied to a strature.

Although agrea deal of evolution has ccurred with deta colledion and understanding of
structural behavior, theanalysismethods usetbr determiningthefinal seismic loadinghave
been relatively unchanged. Theanalysismethodsare generally classiied intotwo areast afull
dynamic analysisand asimplified analysis. The full dynamic analysiswill use gorevioudy
recorded or artificially generated eathquake time history in a nunericd integation methodhat
will generate thefull responseof the structure, forces anddispgacements,dueto the energy
imparted by an earthqueke ground mdion. Thesimplified method ues anappraximation based
on the priod of the stuctureto establish aebign baseshearforce that is hen didributed tothe
different levels of the stucture usig the appraoriate modal shpes of the structure. These
distributed shkea valuesarethen usd to deerminethe design forces forindividual members of
the strecture. No netter what methodis chosen for determining the ®ismic loading, the
response othe stucture should beunderstood inthe design progessto ensire an adequate

response dung a seismic event.



1.2.2Capaity Design Philosophy

In high seisnnc regions of theUnited Sates, seh as California, Alaskaand South Carolina,
structures ae now designed to enste an adequate response toasmic loading. To maintain a
satisfadory performance, structures ae designed in ac@rdance with stand@rdsas speifi ed by
the avningagency. The standrdswithin the high seismc regions generally follow adesign
philosophy that ugs @padty design principles (Priestiey et al., 199§. Theseprinciples as stad
by Priestiey et a. (1996)are summaized as follows:

1 thestructureis allowed to respond irlastically through flexural yielding and formation

of plastichinges undr design-level earthquekes;

1 plastichinge locationsare pre-determined and carefully detailed toensure that ductile

response othe stucture can occur; and

1 undesirable mechanisms (e.g., stear failure) arepreventedthroughoutthe structure by the

provision ofasuitablestrength mamin.

Currently, the cgpadty design principles ae not widdy used aroundthe United Sates
(Priestley et al., 2007)even thouwgh theprinciples can beusedwithin aforce-based design. The
future of earthquake engineaing, however, is seadily progressng toward the principles of
cgpacity design as the rformarce-based methodof design takes ower by ensuringall possble
scenarios, includng sesmic events, ae accounied over thelifespan of the structure. Designs
will befurtherimproved, as well, since thecgpacity design principles will ensureothermodesof

lateral loading shall notcollapse thestructure.

1.2.3Behavior of Plagic Hinges

The predetermined placement ofplastichinges isvital in seisnic design. Plastic hirges are
designed and cktailed todissipateenergy by respondinginelasticaly during aseismc event
without experiencing significant grength degradation (Priestiey et al., 1996. Thelocationsare
determined by identifying thecritical section ofthe flexural membes. Theseplastichingescan
beposiioned in a stratureto allowfor a bridge superstructure to peform elastically or to
provide redundancy in buildings to proed human life during aseismc event. If designed
properly, thecatastrophicfailures depicted in Figure 1-3 and the collapseof the entire structure
can beprevented.



Figure 1-3: 1971 San Fernando earthquake damage, (a) Confinement failure (b) Shear
failurewithin a plastic hinge (Priestley et al., 1996)

In addition, flexural membeas containng the pbstic hingesmustbedesigned in sich away
that they meet the disgacement ordisgacement ductlity requirementsat the ultimate limit state
as speified in thecodeof pradice (e.g., ACI, AASHTO, etc.). To attain this disgacement
ductility, the preselected hinges urdergo inelastic deformation dumg the design seisnic event.
Theflexural membe's should also balesigned soundesirable failure modes, suches shar and
buckling, do not dctatethe memberés performance during the structured design life.

Thecurrent pracedureto design for theultimate limit statefor seisnic condition is presented
by the AASHTO LRFD Bridge Design Spedfi cations with irterim revisionsand/or theACI-08
code(ACI, 2008;AASHTO, 2007. Both souces, ACI-08 Chapter21 and AASHTO Sedion
5.7.2.2, us¢heequivalent stress bock method tadeerminetheflexura capadty of aflexural
memler and provide provisions on tansveasereinforcement near the endsof thesemembers to
incorporate ductility. The equivalent dress bbock method,as shown irFigurel1-4, reaedaed
from ACI-08 Sedion 102, assunes the na-uniform concrete compressve stress contour
provides aotal force thatcan berepresentedas a stress ock with dimension€).85* by Bi*c,
where B; is thefactor relating depth of compressve block to neuta axis depthc is the neutral
axis depth ad f . Sjthe concrete compressve stress. All mild sied within the £dion isassuned
to beat yield, fy, orat thenominal flexural capadty, fys, in prestressedsedions @ACI-08 Sedion
18.7.1and AASHTO Section 5.7.3.). From theseassumptions, onecan determinethe ulimate
flexural capacity of the sedion. TheAASHTO codealowsforthe0.85* concrete strength to
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bemodfied for sections if experimentation @n provethe rew value accurate and dependable
(AASHTO, 2007.

), = 0.003 irfin 0.85%d c

A A |
3 |
X |
c ) !
2 dl x \ Equivalent
StressBlock
—Y '4—[:'4,—» > Asfy
(a) Cross-Sedion (b) StrainProfile (c) Stress Profile

Figure 1-4: Flexural design method based onthe equivalent stressblock (ACI, 2008)

Theequivalent dress bock method las limitationsand dissdvantages. Ths methodénds to
beconsevative (Priestley et a., 1996, leading to morecosty sedions. Theunderesmation of
flexural strength may lead to additonal funds s@nt on etrofitting of existing structures where a
moreprecise nethod ofanalysis may deem the secton adequate. The equivalent stess bock
methodcannot acurately depict thetrueflexural capacity of the section kecause theresultant
compressve force location varies bagd on theassumed naterial behavior of the cross-sedion.
This includes theconcrete compressve strength which changes based onconfined orunconfined
concrete behavior. An inacairacy in thesedio n fiexural resistance may causeundesirable
faillures, suches sher failure, to ocur because thedemand is too tgh. Finally, thedesigner has
no control owr theductility of the system lecauseit cannot be dtermined with theinformation
provided.

In Section 8.4 ofthe rewest AASHTODesign guide, AASHTO Guide Sdfications for
LRFD SeismicBridge Design, amoment-curvature approah for designing sdions is provied
(AASHTO, 2009. Thisappraach ismore consistentwith the Capcity Design Philosophy and
also contains infamationon material models that can beused inlieu of material test data. This
design guidewas createdin response to the vuénability of columns withinadequate ransvese
reinforcementand anchorage of longitudinalreinforcementevidenced in the 1989Loma Préta
and 1998 Naothridge eathquakes (AASHTO, 209). Themaierial models provided in ths



documentallow mild sed reinforcement,concrete and prestress sed responses to becgptured.
However, utilizing this material informationmay leal to erors inthe moment-curvature
response ithedata ugd in thefield isnot acquately representedby the models (e.g., the stain
hardening region not beingfully captured).

Upon thecompetion of designing for theultimate limit stak, the rvice limit state should be
chedked. After an event, no remedal action should beequired at this stateas no crushing of
concrete, extensivecracks thatrequireinjedion grouting, or sgaling of the concrete should fom
under service and/or mnor eathquake loading. Currently, thisis satisfied in codes and
guidelineshby extra provisiors, suchas aack control reinforcement spdng or defl ection chedk
requirements.

To better esimatethe acual behavior and cgpadty of flexural members for ultimateand
service limit states while naintainingthe mostost effective section, amomert-curvature
approach can be used. Thestress quantiftaionsare refined tomore accurately predict mament
cgpacitiesand an idealized force-dispgacanent responsecan befound. However, theLRFD
method indrectly spedfies the maimum dsplacement posible for asection, as the dutility is
empiricdly integrated irto the equations formoststructures, while other sandardsrequirea
pushower anaysis (Caltrars, 2006.

1.2.4Temperature Concerns

Thecgpadty design principles, as stad above, heavily rely onalowing flexura yielding
and preventing undesirable effedsin thestructure; however, little reseach has been performed
on theeffeds of sasonalcold tempeaatures on dictile behavior of structures when subgded to a
seismic event. This isamajordeficiency in thefield of earthqueke engineering, as sane of the
largest earthquakes (e.g., 1811-1812 New Madrid Series andthe 1964Great Alaskaearthquake)
acdualy occurred in the earthqueke affededregions of theUnited Satesduring winter morths
thatcausegroundfreezing. It hasbeen shown inan exploratory research program by Sritharan et
al. (2007) that the seasnally frozen effeds can causebirittle failure of bridges designed to
respond in auctile manner unless theieffects ae accountedfor in seisnic design. Theeffects
of cold tempeature are furtherexacerbated by the unknowneffeds causedto the moment-
curvature resporse of acritical membersection, an important element in detrmining flexural
yielding. Thesignificance of thesetwo issuesre madezaven mae critical as trey arein direct
violation of the cgpacity design principles. Theseprinciples statehe designer shouldallow
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flexural yielding while preventing an undesirable failure mode, suchas a hittle failure. In the
exploratory research thatexamined the grformance of continuouscolumns supposd on dilled
shdt foundations,Suleimanet al. (2006)drew the following conclusionsregarding the ktera
loadresponse o full-scale testin wintry conditions with espect to theresponse oén identcal
system in varm conditions:

1 effective élasic stiffnessincreased by 170%,

1 latera load resistance increased by 44%,

T maximum moment location shfted upwardsby 0.84 m (33 in.),

1 plasticregion length reduced by 64%in thefourdation slaft, and

1 gap opening at the base of the column reduced by 60%.
Results forthecyclic responses of thetwo column-shdt systems ee presentedin Figure 1-5.
Theresults demonstte thedrastic difference between seasonalwintry conditions and summer
conditions wtere onecan seea significant dfference in thelateral force at acompaable
dispacement ketween the two experiments. Dueto thelargevariation inthelatera response of
the system,any new development in theseismic design process ofan integrated column-

foundaion staft should gve consideration tothisissue.

Displacement (inches) Displacement (inches)

-15.75 -7.88 0.00 7.87 15.75 -15.75 -7.87 0.00 7.87 1575
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5 0 00 6 5 O 00 8
Y -100 225 % Y -100 L 2259
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- ©

-400 -89.9 - -400 -89.9
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(a)SSl1at23°C (b) SS2 at-10 °C

Figure 1-5: Cyclic load testing results (Suleiman et al., 2006)

1.3 Typesof Foundations

Over theyears lridge superstructures have undergonemany changes insasmic regions for
both atistic and strictural reasons. Havever, bridge subgructures have essentially remained
unchanged and can be classfied into two maingroups:those utiizing shallowfounditionsand
those utiizing degp foundations. Shallow founditionsare fourdations Iacated oncompeent
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soils that ae able to suport the structurediredly through beaing for vertical loads. Shallow
foundaions equirealarge enough base to prevent oveturningand slidng tohandlelatera
seismic loadirg. When thesoil is notcompeént enogh to suppda the structure or a shallow

foundation is not costféedive, deep foundation systemsare usedl.

1.3.1Shallow Foundations

Shallow founditions areypically referred to as pread footings andconsist of arectangular
pad of concrete that bears directly on the soil as @picted in Figure 1-6. This method of
foundation constriction generally requires lessexcavation and no sgcialized equipment, making
this acog-effedive foundation on compeent sals. Although aspread footing is easy to
constrict andcan lesen building costs, thecross-sedion ofthe spead footing may beinefficient
becaise he footing mustbeextremdy large to prevent afailure dueto bearing capadty,
overturning or slidng, especially under seismic loading. Inefficiency also apgas within the
spreal footing because of how seismc loadsare handled. When deding with seisnic loads, the
typical method ofdesign for ashallowfourdation is to allowinelastic adion to ocur within the
bridge column for easeof inspedion, repair and design. By allowing theinelasticadion to ocur
in thecolumn, conversely, extensiveamourts ofreinforcementare generaly required to keep the
response othefooting elastic dueto large shea demandsat the interface between thecolumn
and footingin bath thevertical and torizontaldiredions. Tlerefore, thistypeis not commoly
usedin seignic bridge design practice Another disadvantage to the spread footingis that the
footing mustbe placed on acompeent sal that will not cause sinifi cant settlenent. Spread
footings cannot be ued in most bridje locations dudo dte constiints andthe availability of

compeent sals to support the stature.

Bridge Column Ground
\/\Q / Surface

Spread Foating

/

Figure 1-6: Typical configuration of a spread footing
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1.3.2Dee Foundations

When speal footings are not a suisble substrature support, éep foundations ae usel.
Dee foundations use piles ahdtsto transmit verticad and rorizontal loads to theoll,
respectively, thraugh thedevelopment of skin asvell as tp resistance and passve lateral eath
pressue. Deep foundation systems comén many different forms and materials, as @picted in
Figure 1-7, with spedfic advantages and disadvantages to ech. For example, pile suppored
sprea footings are generally assumed to maintain elastic kehavior below the ground suface
unlike acontinuous olumn-foundaion staft, known as drilled or ast-in-drilled-hole (CIDH)
shdts, which are typically designed to fam inelastic plastichinges below the gound suface
Differences between types of pilesalso ocur within the paang methods(i.e., diven versus
cast-in-place). Unlike driven piles,cast-in-place concrete pilesare able todevelop anextremdy
high axial load,as the piés ae designed for theultimate condition. Thestesl non-dispacement
driven pile distubs less sal area during placemert, allowingfor abetter characterization of soil
propertiesand amoreeconormicd despn. In general, both driven and cast-in-place piles are very
advantageous inareas where:

1 environmental concerns prohibit excavation,

1 wedk sois @use excessve settlement,

1 sprea footings are not cost dfective, and

1 bridge locaions, wlere deamedappropriate.

= O UO

Typical cross-sections
(@) (H-pile, circular, rectangular, octagonal)

~ .

|
"l ]
(b) Pile supportedspread (c) Continuouscolumni  (d) Continuous column with
footing foundation oversizedfoundation

Figure 1-7: Different deep foundation sysems
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Currently, columns that extend intothe groundas cast-in-drilled-hole (CIDH) shdts, as
depicted in Figure 1-8, are acommon column and foundaion system dueo the simpicity of
constriction, elimination ofa column to foundtion connedion and reduced constriction coss.
Theaforementioned bnefits continueto make the continuouscolumn-foundaion system maoe
desirable toengineers inthe lridge design community. Sincethe reture of theresearch
performed diring this propad focuses orcolumns supposd by drilled shefts, this foundition

typewill bethefocus for theremaincer of thereport.

Bridge
Superstructure

A

Concrete Bridge

Column Ground
\ N / Surface
| ][]

CIDH Pil
e \.A

Figure 1-8: Typical bridgebent with a continuous column to cag-in-drilled-hole (CIDH)
shaft crosssedion down longitudinal axis

1.4 Soil-Foundation-Structure-Interaction

When performing seismic design, accouning fortheeffeds oflaterd loading is acritical
portion of thedesign process and must bexamined corredly. During the design process of
integrated column-foundation systems, sch as the onedepicted in Figure 1-8, theeffeds of soi-
foundation-structure-interaction (S-Sl) further complicate thelateral loading analysisand thus
the design methodabgy. SFSI compicates theprocess formultiple reasans, butall hinges on
oneissuet how tocorrectly model theeffects of the soil ontahe structural design. A
satisfadory approach to cepturethese effectsis byanumerica analysismethod that models the
soils usngnonlinea springs anddetermines theforce-disgdacementresponseof piles sujeded
to lateral loading in soil aswell as the oeral structural response.

In addition to thecompexity of this analysis, soil progerties involved inSFSI, espedally
those ea theground suface greatly influence the responseof a CIDH shaft and the column

that itis suppating. Soil located rear thegroundsuiface has thegreaestinfluence on the
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response othesystem,as ths iswhere the soil is provithgthe kargest anount ofresistance to
lateral movement. Theamountof resistance provided within this aitical region is thelargest
area of variability dueto the deposiional nature of soll, thetype of soil present, the stiffness of
the soiland theenvironmental suroundings (e.g., tempeaature). In addition to providing
resistance to lateral movement, soil siffnessalongthefoundition depth dctates theglobal and
local displacements of he system, thdocd curvature demandand muchmore.

Theinfluence of SFSI onthe design of continuouscolumn-foundaion systemssubjected to
lateral loading has been reseached by numerouspeople[e.g., Reeseet a. (1975, Priestliey et al.
(199%), Budek et al. (2000), Chai (2002)pnd Priestley et al. (2007)]. In thesestudes, researchers
were typically looking for away to beter defi ne the responseof thesesystems subgded toa
mondonic laerd loading. For example, Reeseet al. (1975)improved onthedefinition of soil
springs in cdiesive sols; whereas, Chai (2002)expanded the dfinition oftheflexural strength
and dutility of an extended pile shdt. No netter what research was undertaken, theend goal
was to obtairan accurate representation of theexpeded latera resporse of the column-
foundaion-soil system. A typical colunn-pile shaft with its expeded dispacanent,expeded
moment prdile and critical locaions is pesentedin Figure 1-9. Thecritical locaions icentified
are (1) the maximum moment lo@tion, the stroundingarea neals themost corfinementin
seismic design, and (2) thetypical fixity point, current models assumehe foundaion staft is

fully fixed against all deformation at tis point.

1.4.1 State of Practice

Today&s plactice suggests smple and compex methods tacount forthe effects of SFSI.
Although thecomgdex methodsnvolving nonlinea material models andanalyses are generally
able tocepture therealistic lateral load responsethey take a consicerable amountof timeto
compete and requirea grea deal of informationaboutthe structureand sal suroundingthe
foundation staft. In thisapproach, itis esgcially important to acarately represent the soil, as
this dictates theresponseon loc andglobal lewels. Toreduce theamountof information and
timerequired toaccountfor SFSI, simplified methodge.g., Chai (2002, Priestley et al. (2007,
etc.] are suggestedfor use in curent guidelines and spedfications AASHTO, 2007and 2009.
Thesesimplified methodgenerally establish arequivalent fixed basecantilever loaded lateraly
at the column tip withoutthe presence of soil betveen thefixity location and groundsurface
Even thowgh this agroach tomodeling allowsfor simple cdculations that can beperformed in

12



significantly less tme than amorecompex approech, thesesimplified mahodsdo not @pture

theredistic resporse depicted in Figure 1-9 and described in Chapter 3.

Column Sheft

Compressed Sal

Foundation Sheft Ground Surface

(a) Typical Column-Pile  (b) Expected Displaced (c) Expected Moment Profile
Shaft Shape

Figure 1-9: Typical lateral load responseof a column supported on a CIDH shaft

Thefirst reason why arealistic response is natgptured is dueto thefact that the baseis
assumed to becompetely fixed against deformation (Figure 1-10). Thefully fixed baseimplies
the maximum moment bcaion accurs at this poirt, and noforces or dispacements will ocur
below this point alonghe length of thefoundation shaft. Theseimplicaions, however, are not
an accurate representation of thesystem, as forces and displa@ementsare expeded to @cur at

and kelow this loction and must beacaountedfor correctly (see Figure 1-9 and Figure 1-11).

V]

M max T T T T T T T T T T - Im
// // _ Deflected Shape
Cantilever Column ~ Moment Profile Assumed (left); Actual (Right) ||

Figure 1-10: Fixed basecantilever with moment and deflection profiles
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== Detailed Analysis

——Equivalent Cantilever 1
Equivalem Cantilever 1 - Fixity

—Equivalent Cantilever 2
Equivalent Cantilever 2 - Fixity
Maximum Moment Location

(a) Integated Shaft (b) Deflection Profile (c) Moment Profile (d) Shear Profile

Figure 1-11: Comparison of equivalent cantileverswith expeded response

Besides thechallenges assocatedwith capturing the dispgacenentand forces alongthe
length of thecolumn and foundktion stafts correctly (see Figure 1-11), anumberof other
challenges arisein thedevelopment and us®f models in existence today. Thefirst one séms
fromtheway in which the different models were developedand verified for use indifferent soil
types. The majorissuethat arises withn the \erification areais that althowgh the modelsvere
developedfor bothcohesive and cohesiorless sdls, they were only verified against cohesioriess
soil experiments. Verificationswere performed in this manner dueto the ability of aresearcher
to bettercontrol the high variability of soil material properties. Even thaugh the diferent
methods were verified inthis manmr, they were still suggestedfor use in cohesive sois althowgh
they do notcapturethelateral resporse of integrated systemstested in clay soils (moredetailsin
Chapter3). In addition, veific ations were performed in acolumn of uniform soilwhich is not a
realistic assumption in actual field condtions.

A semnd challenge asciated with the modelsappeas in the @fining of the lateral response
of a CIDH sheft. Themodel presentedby Chai (2002)suggeststhat aperfectly plasticresporse
between theyield and ultmatelimit stateswill provide agoodestimation oflateral response.
This, however, is not @curate as sen in Figure 1-5, where an inceasebetween theyield and
ultimate limit states ocurs. Theincreasecomesfrom thecomhined effects of material
nonlineaity in sol, concrete and seel when thecolumn is pushegbast thefirst yield stte. In the

method sugestedby Priestiey et al. (2007, thelateral shear forces applied at thetop of the
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column are not easily determined, sincea significant amount of infomationis needed about
dampingand the design level earthquake. The last pant madewithin this areais that same of
the nethods(e.g., AASHTO 2009)are only applicable when all of thematerials belave within
an elastic manner.

A third concern assocéated with the developmentof the existing models is that nonef the
researchers gave consiceration tothe effects of sasonalfreezing in the constriction oftheir
appraeches. Althaugh ignoied in the development, it is clea that wintry conditions significantly
alter theeffects of SFSI and they cannot beeasily acountedfor in the existing modek. The
effects were previoudy mentionedwith the quek overview of the reseach performedby
Suleimanet al. (2006)and Sritharan et al. (2007) atlowa StateUniversity. Thesechallenges, as
well as otlers, are expanded on inthereport thatfollows in thditeraturereview provided in
Chapter2 and theexamination of common methods used irrgdice provided in Chapter 3.

1.4.2 Alternative Approach
When performing adesign oranalysisin engineering, afree-body diagram (FBD) is typicdly
usedto represent asystem and simpify theforce and displ@ementcalculations kased on known
constrints inthe system. Usingthis agproad, aFBD was castructedfor a column supporgd
on aCIDH sheft (see Figure1-12a). In this diagram,theeffective height of the system,L s, Was
taken to be thalistance from thecolumn tip tothe maximum moment locaion. This pointwas
chosenfor thefollowing reasons:
1. the naximum moment will occur here and th's pointmust be dfined for analysisand
design puposes,
2. the mostonfinement will be placed in theareaimmedetely surrounding this pointto
allow plastic adionto form oncethefoundation saft exceals theyielding capadty, and
3. the points the snplestlocaion to cut thesystem without havingo ddine multiple

locations toacmunt for plasticadion and soil siffness.
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Figure 1-12: Alternative approach to acocounting for SFSI

By constucting a FBD for this system, onean se that aflexible foundition systemand the
inclusion ofasoil sprirg, as shown inFigure 1-12b, ismore applicable toaccount forthe effeds
of SFSI. In this aproach, therotational sprindocatedat the maximum moment lo@tion would
acount for theelasticrotations acurring below this pant aswell as all of theplasticrotations,
aboveand below this point, wthin the system. Thetranslatioral spring, as part of theflexible
foundaion, acountsfor thefad that the column-pile shdt system aes notexperience zero
lateral displacement at the maximum momentlocation. Byincluding this sprirg, the
disgacement thaformsdueto the curvature of the pile below the maximum moment is includd
in addiion tothe possbility of avariable ea force along the slaft. Thesewndtranslatioral
springaccountsfor theresistance of thesoil to lateral movementabovethe maximum moment
location, poviding amore redistic representation. Athough onesoil spring is depicted, this
could bereplaced by multiple spings to letter define soil praperties in this citical region more
acarately. Through theinclusion ofsprings into the poposd model, thesffects of soil $iffness
areincluded into theirdefinitions. In the spings at theflexible foundation, for example, the
rotation and the &teral disgdacement will decrease when compaed with anequivalent system
pusled tothe sameforce at thecolumn tip in a séter soil. In addition, thesoil springwould
create alarger resistance to latera movenent, causingthe global displaement to derease.
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1.5 Scopeof Research

In thecurrent date of practice of designing bridges sulpeded to laéra loading, numeous
deficiencies were identifed (moredetails provided in Chapters 2 and 3) at lowa StateUniversity
(ISU), especially in the cohesive soilmodds. Theliteraturereview within thecurrent sudy has
foundthat dficiencies inpractice are located in e range of applicable soils, the mod
verifications, thehandling of seasonal temprature effeds and theateral response ogr the full
elasticand inebstic range. Based on the dficiencies notedvithin todayGs practices, the current
project was urdertaken with the overall scqe being the development of asimplified model
suitable for determining the lateral load responsenf deep bridge pier fourdations inclay that is
also able taaccount forseasonal temprature effects. In order to develop the simplified model,

the poject focuses on théollowing objectives:

1. A cetailedexamination ofthecurrent SFSI pradice through aliterature review.

2. A \erification of existing models pesented incurrent codes andthe literature review.

3. Thedevelopment of a simplified equation-based model to @pturelocal and global
responses oé continuaus column-foundaion system in clay with theinclusion of
seasonal empeaature effects.

Modificaion to &isting sandmodels toacountfor temperature effects.
Ensuwe that slafts encompassedby stesl shells nay be adequately handledin the asign
process.

6. Asystendtic study on the effedsto temperatureto the ehavior of material properties.
Thisincludesan examination of concrete, ASTM A706 sed and soiltypical to the state
of Alaska.

7. Toformulate design and analysisrecommendations sitablefor continuouscolumn-
foundaion systemsn al soil types while ensuring the ability to handleseasonal

temperatures.

1.6 Report Layout

Theremainder of thereport discusses in dail the aforementioned project. Thediscussion
began with the introduction to the projed in this chapter by providing backgroundinformation
and the sopeof the research undertaken in this study. Thesecond chapter presents a @tailed
literaturereview of the current date of practice for thedesign and analysis of drilled shefts
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subeded to laeral loading during al seasons oftheyear. Usingthe information provied within
the £andchapter, the hird chapterprovides acompaison of thedifferent methods though
example column-foundation systems. Thefourth chapterof the report presents a ew simpified
methodolgy for the sesmic design of drilled sheftsin clay soils alang with its veification.
Chapters five through seven present experimental matrials testing performed onconcrete, sed
and soilin freezing conditions. The eighth chapter provides thedesign guidelines sugested for
use in thedesign of drilled shefts subgded to adesign-level or greater seismic event in
seasonaly frozen ground. Theninth and final chapterof this report provides the conclusionsand
recommendations atermined uporncompetion ofthe poject.
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2.1 Introduction

CHAPTER 2: LITERATURE REVIEW

In theseismic design and anaysisof columns suppord onCIDH shefts, SFSI is a

component that must bediidedin any modeling technique. Owver theyears, researchers are

consténtly improving the methods obcawuning for SFSI through experimental and anal ytical

studes, Table 21. Thegaoa of each gudy normally falls withintwo caegoriest improvement

or simplificaion ofthe soil springconcept (described in Sedion 2.2.1)used intodayd practice.

Table 2-1: Studies on hteral loading of drilled shafts

Researcher | Year Typeof Study Overview
Study
Reeseand Development of soil sulgrade reaction-
1975 | Experimental | disgacementcurves (py curves) inclay soils for
Welch . ) o
use in thewinkler soil gring concept
Cronther 1990 | Experimental Modificaion of_curv& byReese gnd Welch for use
in frozen clay soils
. : Determination ofinelastic rotation and ddtility of a
Priesteyetdl. | 1996 |  Anaytical column/foundition slaft in cohesiorless sals
Parametric study on theinelastic seimic response
: of reinforced concrete lridge column/pile stefts in
Budeketal. | 2000 | Analytical non-cohesive solsto smplify Winkler model.
Verified against experimental and in-situ testirg.
Anaytical model for theflexura strength and
Chai 2002 | Anayticd ductility of drilled shdts subgded to laera loads
in cohesiveand nonrcohesive sols
Chai and Experimental testingon full scae drilled stafts in
Hutchinson 2002 | Experimental cohesiorless sdls. Used to erify theanal yticd
model poposd by Chai (2002)
Experimental testingon full scle integated
Suleimanet : column/foundition systemsin cohesive soilto
al. 2006 | Experimental examinetheeffects of sasonalfreezing on the
lateral response.
Parametric study on cohesive and na-cohesive
Suarez and : soils forthe disphcenent-based seisnic design of
Kowalsky | 2007 | Anaytica [ e shfts. Verified against experimentationby
Chai andHutchinson (B02)
Sritharan et al. | 2007 | Analytical Parametricstudy to examinetheeffeds of sasordl

freezing in clay soils.

19




Although mutiple studes have been performed, alack of accurate simplified lateral loading
models incohesive sois exists, even thowgh theseare typical sals aounddeep foundationsin
many parts of theUnited States, includingsomeregions ofAlaska. Cancems with toadyo6 s
methodsare dueto theway cohesive soilmodelswere verified, their inability to capture seasanal
freezing effects, anission of nonlirea material propertiesafter yielding, and the irability to
cgpturetheglobal and bcd latera responseof CIDH shefts over the elasic and inebstic regions
expededat desgn-level and geaer seismic events. Theverifications, forexample, have been
performed usng experimentationin cohesionless sals due to thebility of the researcher to
better control material properties,athough the nodels are still re@ommended for cohesive sals.
Besides theverification concern, sasonalfreezing is a ngjor issueas caitinuous brige
column/foundition shafts may experience cold tempeatures as lowas -40 °C (-40 °F) and stil
neel to peform as sipulated by the capacity design principles during asesmic event. Based on
the retureof this progct and challenges assoiated with curent methodsof accouning for SFSI,
this chepterwill examinetodayd sate ofdesign, analysisand overall behavior of continuous
column-founddion systemsin a soil medium sufeded to gismic loads during al seasons of the

yed.

2.2 Analytical Investigation

During the examination ofthe current date of practice an investigation into the mutiple
methodsavailable for determining design displaementsand the &teral responseof bridge
columns suppord by CIDH stefts was performed. Theinvestigation found that thesenethods
range from simple tocompex in bath theamountof informaion reeded and the numbr of steps
needed to exeautethemethods. Theemainder of this aralyticd investigation sdion will
examinein detil someof themorecommon mehods[e.g., Reeseet al. (1975), Gowther (1990),
Priestley et al. (1996, Applied Technology Courcil (ATC, 1996, Budek et al. (2000, Chai
(20), Priestiey et al. (2007)and American Asociation of Stateand Highway Transyortation
Officials AASHTO, 2007 and 2009] usedfor determining the kteral responseof continuous

column/foundation systems.

2.2.1Reeseand Welch (1975)
TheWinkler foundation method is &ery common detailed nethodin foundation

engineaing that ugs aseries of soil sprigs placed alongthe $aft length, asdepicted in Figure
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2-1, to deérminethe ktera responseof drilled safts. Thismethod beaks down the
column/foundition shaft into aseaies ofequal length beam-column elements. Eah elementis
thencharaderized by specifying the momentesistance and correspondig flexural stiffness,
E.l«, where Ec is the concrete modulus oflasticity and l is the effective moment of inatia of
the ®dion. Theresistance of thesoil surounding thefoundition staft is then modeéd as a
series of nonliner compresson-only springs located at the mid-height of each beam-column
element. Thesprings are characterized by a p-y curve in which p &fines asoil sulgrade readion
(force/length) for a given disgacanent,y, of thesoil. After defining theseparameters along with
the lcading conditions, afinite difference or dired stiffnessmethod igypically followed to
compete thenumeical calculations. Thanethals use aaumeical iteration processto handle
the nonliner material propertiesand ensure thatequilibrium is obtaired between the bteral sall
springs, fourdation element dsplacementsand foundeation element forces. A key component
within thesanethods igo acarately define theresistance of thesoil suroundingthefoundation
shdt through the usef p-y curves. Although soilis highly variable innature, many researchers
have attempted to quanify the bterd resistance of different sals. In clay soilsfor example, an
aacepted nethodto represent thelateral behavior of soil was proviced by Reeseand Welch

(197).
\Y - p
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Compression only soil
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Concrete Sedion Behavior

Figure 2-1: Winkler foundation model

In 1975, Reseand Welch performedexperimental testing on full scale drilled shefts in a stiff
to vey stiff red clay (Beaumontclay). Thegoal of the project was to determinea soil modulus
value thet could beusedin thewell known diferental equation (Hetenyi 1946), Eqation 2-1,
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which relates the soil and straturefor use in theNinkler foundhtion system when adeep
founcition isloaded laterally. Thedifferential equation is kased off of structural equilibrium in
the ean-column element shown inFigure 2-2, where M is theapplied momentand V, is the

horizontal slea force.

—  — (2-1)

where, El = flexura stiffness offoundhtion;
y = lateral defledion of beam-column element andsoll;
x = length along foundation;
P = axial load oncolumn/founcition slaft
Es = soil modulus; and
p =soil sulgradereadion.

x
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y _Il_>VV

VV + dVV<—.L—
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>

y +dy
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X Note:

dv/dx=p

d?M/dx? = El(d*y/dx*)
p=-Ey

Figure 2-2: Beam-column element usedin differential equation derivation

In order to obtain adationship forthe soil modlus, eperimental testing ves peformed
ensuringthe moment profile aongthe length of the shdt could bedetermined. Usingthe
compued mament valwe, alatera defledion ofthe soil andfoundition shaft could be @termined
with a soilreadion at differing depths using stardard beam theory from mechanicsand
numeical iteration pocesses. After competing analysisof thedata, Reese and Welch (1975)
foundthat apower series with the soil readion, p,normalized with respect to the ultmatesoil

readion, p, and the soil dfledion, y, nornalized againstthe dfl ection at one-half the ultimate
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soil readion, yso, would povide agoodrepresentation of thehorizontal soil esistance. Using
this relationship,thefollowing procedures were suggested todeterminethe shot-term gatic p-y
curves in chy soils:
1. Obain thebest estimateof variation ofundrained shexr strength, ¢, or s,, effective unit
weight, g, and stiain correspondingto ore-half the maximum prircipal stiess difference,
650, dongthe length of shaft. If eso is unawilable, useavalue of 0.005 or0.010 withthe
larger value being moreconsevative.
2. Compte the ulimatesdl resistance per unit length usngthe smakr of Equations2-2
and 23.

( — 9 (2-2)

where, x = depthfrom gound suface to point of sging
b =width ordiameter of foundaion
(2-3)

3. Comptethe dfledionat one-half the ultimate il sulgrade readion usingequation 2-4
(2-4)

4. Compte the points dscribing the p-y curve using Equation 2-5. (Note: p =p, for all
values ofy beyondy = 16ys)

— (—) (2-5)

A seond methodvas abko presented inconjunction withthe aboveprocedure, if laboratory
testingwas performed onsoil sampés talen fromthe sie. Theideabeing that the p-y curve can
bederived on thebasisthat itwill follow thesameshae as the soilstress-strain curve. Using
this cancept, the p-y curve could beconstucted wsing therelationship shown in Ecation 2-6 to
find the kteral defl edion of thesoll, where the exporent z is taken to be oe-quarter and

Equation 25 to find thecorresponding soil stbgradereadion.

(— (M (2-6)

2.2.2Crowther (1990)
A key part in constiucting the p-y curves forsoilsis to ensurethatan appropriate exporent is
usedon the @flection criteria in the modl prodwced by Reeseand Welch (1975. Crowther
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(1990) examined the pediction of lateral displacements in fozen layered soils. The
investpation included the useof data obtaired from testing performed by Weaver and
Morgenstan (1981) aswell as Saylesand Haines (1974. During the stualy, Crowther
demonsteted that by modifying the exporent, z, in Equation 2-6, to a \aue of 0.33, a
satisfadory performance could be oldined infrozen clays. This modicationis important to

this propd as thenew methoddogy mustbe able to handleseasonaly cold temperatures.

2.2.3Priestley et al. (1996)

Priestiey et al. (1996)suggested he plastichinge length anddepth of pkstic hingefollow a
hyperbolic trend related to anomalized value besed on theflexural stiffness, Elg;, of the
foundaion staft and asoil sulgrade moddus, K. Thegraphs,Figure 2-3, presented in ths
reference were an initial portion ofthework thatwould belater publishedby Budek et al.
(2000). Although the trends were initially suggestedfor soils, in gereral, theresearch publshed
later states that thetrendswere developedand \erified only for cohesioniesssois. The
aforementioned graphs,therefore, are notrecommended for use in the modelingof a cohesive
soil. Additionally, the £xt in which thesegraphswere presented aes notsuggest amethod on
theirusein thedesign of continuouscolumn/foundation systems. Thenly suggestion povided
for handling a bridge columnthat extends into thgroundas aCIDH shaft was topeform an
elasticanalysisand shiftthe lccation ofthe maximum moment toverds theground suface The

upwards shift vas gatedto be 30% of thetotal depth predicted by an elasticanalysis.
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Figure 2-3: (a) Plastic hingelength; (b) depth to plastic hingelocation [Reproduced from
Budek et al., 2000]
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2.2.4Chai (2002)

Chai propogd amodelto determinethe kteral response oéxtended pile shdts while
acouning for the effects of soil. Themodelrelies on the us®f two poirts, fixity and maimum
moment, alongthe length of thesystem in order to determinethe systems fexura strength and
ductility. A visua representation of thenodeland the two points €fining thefixity and the
maximum moment locaions used to@erminethelateral loading and dispacanents of he
column/foundition system in a unform layer of soil, cohesive ornon-cohesive,are shown in

Figure 2-4.
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Figure 2-4: Equivalent fixed-basecantilever (after Chai 2002)

Chai began the avelopment of the modl by determining the point offixity over theelastic
and inebstic regions, which wouldrelatethe stiffness of asoil-pile system, K, tothestffness
of an equivalent fixed-basecantilever, K.. Thestiffness of thecantilever is defined as the bea
force V, applied at thetop of thecolumn dvidedby the ktera displacement at the top othe
cantilever, D. Thestiffness expresson was furtherexpanded into Equation 2-7 usingprinciples

of mechanics.

STy (7)

where, Ele = effective flexura rigidity of the cantilever;
Lt = equivalent depth-to-fixity; and
L, = above groundheight of thecolumn.
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CohesiveSoll

In order to relatethe equivalent cantilever system to the sdi-pile system ina cohesive soilthe
closedform sdution to ground moement(see Equations2-8 and 29) of a longpile subgded to
lateral loading produced by Poulosand Davis (1980) was used.

(2-8)

where, N—: and

U] (2-:9)

Theclosedform soldion was adled tothe abovegroundcantilever disgdacement,D,,, to
develop Equation 210, which defines the todl displacement ofthe soi-pile system,Ds,, within

theelasticregion.
(2-10)

where, —; and
le = effedive moment of inertia of thefourdation stft.

After obtaining the totaldispgacanent ofthe sol-pile system,its laera stiffnesscan be
determined. At this point,K¢ and K, are setequal to oneanothe, thus leating the equivalent
pointof fixity. In order to efficiently equate thetwo stiffnessterms, theabove ground height and
depthto fixity were defined in terms ofthe characteristic length of thepile (i.e., Ly = XsRc and L;
= xR., where x, and x; are coeffi cients forthe above ground height andequivalent deph-to-
fixity, respedively). The soil-pile system siffnesscan bewritten as shownin Equation 2-11
with the coefficient for the equivalent deph-to-fixity being compued thraugh Equation 2-12.

- - (2-11)

n (2-12)

Oncethe point offixity islocated, the naximum moment locaion isalso nexded in order to
determinethe dutility capadty of the system. Ugngamodfied version ofBroms(1964a) soil
pressuredistribution ading on the pile(see Equation 2-13), skear and mament relationships ee
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developed lased off of static equilibrium of horizontalforces and bending maments. The sba
and mament relationships ee presented in Eqation 2-14 and Equation 2-15, respectively.

() 1 - 1] (2-13)

where, z = depth below the gound suface and
D = pile diameter

_ _ (2-14)

where — and

C =) —( ) — (2-15)

where, —: and

Thenormelized depth to maximum moment andultimate lateral strength of the systemcan
now bedetermined using an idedlized elasib-plasic moment-curvature responseestablishedor

thecrosssection ofthefoundation staft.

CohesionlessSoil

Similar to thecohesive soilmodel, Clai prodwced a cohesiorless s@l model usingthework
of Poulosand Davis (1980) in non-cohesive sois to elatethe stiffness of he soil to that ofan
equivalent cantilever system. This \&s donethrough theclosedform sdution proposd in
Poulosand Davis (1980)thatrelates groundmovementand goundrotationto lateral load (see
Equations 216 and 217)

—I ] (2-16)

where, N—: and

—I ] (2-17)
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Usingthe pocess dacribed in the cohesive soilsedion, the sdipile system giffness and the
coefficientfor the equivalent degpth to fixity are defined in Equations2-18 and 219.

(2-18)

i (2-19)
where, L = xR, and L; = XaRn

In order to comp ete these compuationstherate of change of the horizontal modulus of
sulgradereadion mustbe known. Clai (2002)suggested he useof achart presented in ATC-32
(19%), providedherein as Figure 2-5. This fgure establishes theoefficient as &unction ofthe
relative density, Dy, and thefrictionangle, f par, Of cohesioness sdl. Based on theassunption
this valueshould bedetermined at theworking load, thechart value was suggestedto be divided

by avalue offour for larger seismic consicerations.

Figure 2-5: Subgrade coefficient and effedive friction angle of cohesionless soils (AT-32,
1996)

Once the effedive point of fixity has been establishedthe maximum moment location is
defined to establistthe ductility capacity of the system. This praess was undertaken by using
the soil pessuredistribution alongthe length of the pile suggestedby Broms (1964b) (ee
Equetion 2-20) and theprinciples of staticequilibrium. The principle of horizontalequilibrium
and zero stea force at the maximum momentlocation defines Equation 2-21; while the ginciple
of bending moment equiibrium defines Equation 2-22. By solving thesetwo equations
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